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Soft bioreactor systems: a
necessary step toward
engineered MSK soft tissue?

Nicole Dvorak, Zekun Liu and Pierre-Alexis Mouthuy*

Botnar Institute of Musculoskeletal Sciences, Nuffield Department of Orthopaedics, Rheumatology
and Musculoskeletal Sciences, University of Oxford, Oxford, United Kingdom

A key objective of tissue engineering (TE) is to produce in vitro funcional
grafts that can replace damaged tissues or organs in patients. TE uses
bioreactors, which are controlled environments, allowing the application of
physical and biochemical cues to relevant cells growing in biomaterials. For soft
musculoskeletal (MSK) tissues such as tendons, ligaments and cartilage, it is now
well established that appliedmechanical stresses can be incorporated into those
bioreactor systems to support tissue growth and maturation via activation of
mechanotransduction pathways. However, mechanical stresses applied in the
laboratory are often oversimplified compared to those found physiologically
and may be a factor in the slow progression of engineered MSK grafts towards
the clinic. In recent years, an increasing number of studies have focused on
the application of complex loading conditions, applying stresses of different
types and direction on tissue constructs, in order to better mimic the cellular
environment experienced in vivo. Such studies have highlighted the need to
improve upon traditional rigid bioreactors, which are often limited to uniaxial
loading, to apply physiologically relevant multiaxial stresses and elucidate their
influence on tissue maturation. To address this need, soft bioreactors have
emerged. They employ one or more soft components, such as flexible soft
chambers that can twist and bend with actuation, soft compliant actuators that
can bend with the construct, and soft sensors which record measurements
in situ. This review examines types of traditional rigid bioreactors and their
shortcomings, and highlights recent advances of soft bioreactors in MSK TE.
Challenges and future applications of such systems are discussed, drawing
attention to the exciting prospect of these platforms and their ability to aid
development of functional soft tissue engineered grafts.

KEYWORDS

mechanical stimulation, mechanotransduction, bioreactors, soft systems, soft robotics,
soft sensors, tissue engineering, musculosketal tissues

1 Introduction

Tissue engineering (TE) has the ambitious goal of producing functional tissue grafts
in vitro to replace, restore or repair tissues at a site of disease or trauma in patients. Such
approach uses a combination of cells and biomaterials cultured in bioreactors, which are
in vitro environments providing appropriate physical and biochemical cues to support
growth and maturation. Typical bioreactors often aim to mimic physiological conditions
through precise control of basic biological parameters such as temperature, pH, oxygen
concentration and nutrient availability. TE bioreactors typically comprise a main chamber
that contains sterile culture medium and hosts a tissue construct, a perfusion system
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to provide nutrient andmetabolite exchange with the construct, and
sensors to deliver feedback to a control systemwhichmaintains ideal
operating conditions.

In musculoskeletal (MSK) TE it is well established that tissues
require mechanical stimulation in order to grow and mature. For
example, tendons deteriorate dramatically when in the absence
of tensile stresses: reducing in size and exhibiting lower Young’s
moduli, tensile strength and collagen densities (Schraegle, Millard,
and King, 1951; Yamamoto et al., 1993). This degradation results
from a lack of activation of mechanotransduction pathways which
are critical for maintaining the tissue’s structure and functionality.
Mechanotransduction, which refers to the ability of cells to
respond to mechanical stimulation by releasing biochemical signals
(Ingber, 2006), plays a fundamental role in the development and
maintenance of MSK tissues (Felsenthal and Zelzer, 2017). Multiple
genes are involved in these pathways, such as the PIEZO protein
family, a gene encoding an important mechanoresponsive ion
channel. Mutations of PIEZO2 have resulted in arthrogryposis
(Hall, 1985) or Marden-Walker Syndrome (Rezaei and Saghazadeh,
2016), which are conditions leading to the formation of excessive
connective tissue around the joints and joint contracture.

Studies conducted on primary tenocytes (TC) evidenced two
major routes of mechanotransduction; cytoskeleton deformation
and cell-matrix interactions (Wang et al., 2018). The cytoskeleton is
a dynamic network of interlinking protein filaments present in the
cytoplasm of all cells, regulating cell morphology and resistance to
mechanical deformation (Hardin, Bertoni, and Kleinsmith, 2015).
Cytoskeleton deformation occurs through the rearrangement of
cytoskeleton components, such as actin, intermediate filaments
and microtubules, leading to a plethora of downstream effects.
For instance, actin polymerizes and depolymerizes rapidly, leading
to translocation of molecules into the nucleus, interacting with
the Wnt and TGF-β pathways involved in cell differentiation,
cell cycle regulation and migration (Clevers, 2006; M. Y. Wu
and Hill, 2009). Significant stresses may even affect the stability
of chromatin structures inside the nucleus, leading to DNA
conformational changes and transcriptional alterations (Tajik et al.,
2016). More mechanotransduction pathways are currently being
uncovered, such as the role of Phosphoinositide 3-kinase (PI3K)
in mechanosensing in the plasma membrane in osteocytes
(Danciu et al., 2003), myocytes (Patel et al., 2018) and cancer cells
in a response to membrane tension on the actin cytoskeleton
and the coupling of tension with intermediate filaments and
microtubules (Di-Luoffo et al., 2021). Around the cells lies the
extracellular matrix (ECM), an environment which cells interact
with, under constant remodelling to control tissue homeostasis.
A dysregulated composition, structure and stiffness of ECM often
result in pathological conditions, such as fibrosis in MSK tissues
(Bonnans, Chou, and Werb, 2014). Cell-matrix interactions are
enabled by focal adhesions, linking cells’ intracellular actin bundles
to the ECMvia integrin-containingmulti-protein structures (Geiger
and Zamir, 2001). Integrins are transmembrane receptors that can
be activated upon mechanical load, leading to signal transduction
involving pathways such as Erk1/2, TGF beta and Wnt, ultimately
regulating factors such as cell adhesion and matrix remodeling
(Wang et al., 2018). Beside cytoskeletal deformation and cell-matrix
interactions, other mechanisms of mechanotransduction have
been proposed, such as those involving gap junctions between

neighboring cells. Tenocytes have been shown to remodel gap
junctions in response to mechanical stimulation; one study found
that while levels of the key protein in gap-junctions, connexin
43, were decreased, connexin 43 mRNA levels were upregulated
(Maeda et al., 2012).

The importance of mechanical signaling in regulating cell
fate, as well as developmental processes in vivo has been
extensively reviewed by De Belly et al. (De Belly, Paluch, and
Chalut, 2022). Despite our existing knowledge, there is a growing
need for new approaches and tools (e.g., instruments with high
spatiotemporal resolution) able to assess and understand the
interplay between mechanical stimulation and cell fate (Wang et al.,
2018; De Belly, Paluch, and Chalut, 2022). This is partly because of
the lack of existing in vitro bioreactor platforms that can enable an
in-depth study of the physiological stresses experienced by cells in
native tissues. Such stresses include a variety of mechanical stimuli
which have been summarized in Figure 1. Passive mechanical
stimulation includes cues such as topography and stiffness
variations. These have been shown to modulate migration, gene
expression and cell fate. (Discher, Janmey, and Wang, 2005; Sharma
and Snedeker, 2010; Chao, Hsu, and Tseng, 2014).

Active mechanical stimulation includes tensile, torsional,
compressive and shear resulting in stresses. In vivo, these types
of load exist together in complex loading arrangements which
contribute to proper tissue development, and are challenging to
model. A detailed description of the different types of mechanical
stimulation experienced by MSK cells and tissues is outside of the
scope of this article. Further details can be found in existing reviews
such as by Sinha et al. (Sinha et al., 2017).

Traditional bioreactors do not currently replicate the variety of
physiological stresses. In most cases, they apply basic uniaxial cyclic
stresses, either through tension or compression (Kluge et al., 2011;
Qin et al., 2015). Combinations of stimuli, such as uniaxial and shear
stress (Maeda et al., 2013) or tension and torsion (Altman et al.,
2002; Sawaguchi et al., 2010), have also been explored but these
studies remain limited despite showing improved biological and
biochemical outcomes over single-type stimuli (Altman et al., 2002;
Sawaguchi et al., 2010; Maeda et al., 2013). A major obstacle in
precisely replicating complex loading conditions with traditional
bioreactors is their rigid design. This excludes the possibility of
applying relevant multiaxial motion and to take into account the
anatomy and size of the tissue of interest. Indeed, tissues vary in size
and makeup depending on their anatomical location and attaching
muscle: muscles responsible for high power and endurance, such
as the quadriceps femoris and triceps surae, have short and robust
tendons, while muscles of precise and delicate nature, such as
the finger flexors, have elongated and thin tendons (Bordoni and
Varacallo, 2019).

While traditional bioreactors are still widely used, a new class
of bioreactor involving soft components is emerging. These aim to
address the challenge of multiaxial stresses through the inclusion
of soft chambers, soft actuators, soft sensors and their combination.
In this review, we examine traditional bioreactor systems and their
shortcomings. We also highlight the emergence of soft bioreactors
and discuss their potential to apply physiologically relevant multi-
axial stimulation, which could ultimately lead to the development of
fully functional soft tissues.
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FIGURE 1
Types of mechanical stimuli leading to mechanotransduction. Cells can sense externally applied axial stresses such as tension and compression, as well
as non-axial stresses such as torsion and shear stress. They can also sense internal mechanical cues exerted by substrate topography and substrate
stiffness. In each scenario the shape and fate of cells are influenced by the given stimulus.

2 Traditional bioreactors

An overview of traditional TE bioreactors’ components, their
role, design characteristics and their limitations is shown in Table 1.

2.1 Chamber designs used in traditional
bioreactors

Chambers refers to the outermost shell, hosting the tissue
construct, culture media, actuators and sensors in a TE experiment.
Traditional chambers are made of rigid materials. Many of these
include modified Petri-dishes (Raimondi et al., 2018; Rinoldi et al.,
2019), single well chamber slides (Smith et al., 2012), and multi-
well plates (Reinwald et al., 2015; Feng et al., 2016). Others consist of
bespoke rigid boxes with an inlet and outlet for perfusion of culture
medium (Laurent et al., 2014). Chamber sizes vary depending on the
application, culture duration and perfusion requirements ranging
from 0,5 mL for mechanotransduction studies (Kang et al., 2013;
Feng et al., 2016) to approximately 40L cylinders for proper tissue
engineering studies (Figure 2C) (Peter A. Galie and Stegemann,
2011; Stoffel et al., 2017). Mass and heat transfer, fluid flow,
advection and diffusion of nutrients, gas mixing, and reaction rates
are important variables to consider when designing a bioreactor
chamber and determining its operational variables. Box-shaped
non-deformable chambers offer the advantage of easier in silico
modeling, which can allow for more straight-forward optimization

of parameters such as size and perfusion rate (Shakeel et al., 2013;
Chapman et al., 2014; Pearson et al., 2015).

Other practical considerations include the type of materials
(including adhesives) used in bioreactor chambers, which primarily
need to be biocompatible and non-cytotoxic. Materials must also be
able to undergo sterilization such as through autoclaving. Common
materials for chamber fabrication include acrylic or borosilicate
glass, stainless steel and medical grade plastics such as polyethylene
or polyvinyl chloride (PVC). Permeability of the material to gases
can be a consideration to enable oxygen diffusion into the media,
but chambers are more typically equipped with air vents and filters
to enable gas-exchange.

2.2 Mechanical stimuli applied in
traditional bioreactors

2.2.1 Static loading
Static loads are amongst the simplest to apply experimentally,

and can be generated in different ways. One approach is to fix a
sample under constant tension by wrapping the construct between
two adjustable pins (Figure 2B) (Rinoldi et al., 2019). Another
strategy is to apply amembrane pinch to individual cells through the
application of magnetic tweezer technology (Friedrich et al., 2017)
(Figure 2C). A similar approach was used with glass pipettes using
suction and amicro-actuator to pull cells from both ends to elongate
them (Friedrich et al., 2017). Static tension can also be exerted by
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TABLE 1 Summarized characteristics for traditional tissue engineering bioreactors.

Bioreactor
component

Role Design
Characteristics

Main Limitations/Challenges

Chamber

Host and hold cell-material construct in place Clamps Constructs tend to slip. Uneven force transmission

Deliver nutrients by holding media or providing
perfusion through inlets/outlets

Rigid

Poor versatility

Expensive larger volumes of media

Poor nutrient distribution through no- or low-flow pockets

Locally higher shear stress

Maintain sterility Linked to actuator Challenging to fit under microscope

Actuator
Provide programmable, controlled, repetitive uniaxial
mechanical stimulation

Stepper motors

Bulky systemmakes upscaling more difficult and expensive

Must stay protected from humidity

Not always incubator compatible

Uniaxial Stimulation Not physiologically relevant

Linked to chamber
Challenging upscale

Poor versatility

Sensor Monitor forces and cell culture conditions

External load-cells linked to
actuation system

No information on load distribution within the construct

Stiff and invasive limited ability for multiaxial stimulation

clamping a tissue construct (Figure 2D). Static tension has been
shown to have a significant impact on cell fate andmatrix deposition.
For instance, periodontal ligament cells (PDLCs) were exposed
to 3% static mechanical strain in a Flexcell tension technology
bioreactor for 3 days and 7 days which promoted PDLSCs to
differentiate into keratocytes as shown by upregulation of genes
such as col I, col III, CD34 (Chen et al., 2018). The Flexcell applies
equibiaxial static (or dynamic) tensile strain employing a vacuum
onto the edges of a substrate across a dome-shaped loading post.

Static compression can also be applied without the need for
bespoke equipment. Feng et al. used metal weights on top of a glass
cover positioned on a cell layer (Feng et al., 2016). It was shown that
PDLCs suppressed cadherin-11 and col I expression, in addition to
a more elongated morphology compared to no compression. This
suggested that the cadherin-11/b-catenin complex might play an
important role in the signal transduction of mechanical stimulation
to biological function in PDLCs. Exerting static compression of
0–50% strain onto adult canine chondrocyte seeded scaffolds
resulted in a time- and dose-dependent decrease in protein and
proteoglycan production (C. R. Lee, Grodzinsky, and Spector, 2003).

2.2.2 Dynamic uniaxial loading
Dynamic uniaxial stimulation aims to mimic the cyclic strain

seen in vivo. It is applied at similar amplitudes, frequencies,
rates and durations. The most common approach for applying
dynamic tension in bioreactors is employing a stepper motor for
linear actuation (Figure 2E). The commercially available StrexCell,
CellScale T6, DynaGen and LigaGen use this strategy. Cyclic tension

applied to bone marrow derived stem cells (BMSCs) seeded on
decellularized tendon slices led to a significant increase in gene
expression of col I, decorin and tenomodulin, compared to statically
stimulated samples (Qin et al., 2015). Stepper motors can also be
used to provide radial displacement (Figure 2F) (Schürmann et al.,
2016), torsion via a gear transmission (Figure 2G) (Scaglione et al.,
2010; Laurent et al., 2014) and dynamic compression, as illustrated
by theMechanoCulture TX system developed by CellScale. Another
way of applying dynamic tension is through pneumatic systems.
This was pioneered by AJ Banes in the 1980s, resulting in the
commercially available platforms Flexcell and Bioflex (Banes et al.,
1985). Through this approach, localization of nuclei and golgi
apparatus in cardiomyocytes were reported to have changed
compared to static conditions with cell orientation and morphology
being differentially influenced by uniaxial vs. biaxial stimulation
(Dhein et al., 2014). In another study, the co-culture of BMSCs
with tenocytes treated with 10% mechanical strain for 48 h at a
frequenzy of 10 cycles/min showed the upregulation of genes such
as COL1A1, COL3A1, alkaline phosphatase, osteopontin, tenascin
C and tenomodulin (Song et al., 2017).

Dynamic compression has also been explored through different
methods, mainly in the context of cartilage and bone TE. For
instance, Freeman et al. have used a compression testing machine
to apply a cycling pressure of 10 MPa at a frequenzy of 1hz
to a cell-culture bag filled with human mysenchymal stem cells
(hMSCs) (Figure 2H). The authors showed that, in the precence
of chondrogenic priming, the use of compression (hydrostatic
pressure) led to faster osteogenesis compared to static conditions
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FIGURE 2
Illustration of traditional tissue engineering bioreactors. (A–D) Static stimulation: (A) Cell culture on scaffold with topographic cues. (B) Cell culture on
a scaffold stretched between Teflon pins (Rinoldi et al., 2019). (C) Magnetic tweezer technology used to apply a membrane pinch to individual cells
(Friedrich et al., 2017). (D) Static stretch through flotation bars (Smith et al., 2012). (E–G). Dynamic stimulation: (E) Conventional setup of a stepper
motor applying repetitive stretch to a clamped sample (figure adapted from Willenberg et al., 2016). (F) Example where stepper motor is used to
produce radial displacement (Schürmann et al., 2016). (G) Torsion bioreactor applied to tendon tissue engineering (Laurent et al., 2014). (H–K). Shear
stress and stress combinations: (H) Hydrostatic pressure vessel, containing a cell-culture bag with human mysenchymal stem cells (Freeman et al.,
2017) (I) Example of shear stress bioreactors using medium perfusion (adapted from Kang et al., 2013). (J) Bioreactor chamber capable of stretch and
shear stress application (Maeda et al., 2013). (K) Organ-on-a-chip platform to study effect of mechanical stimulation and shear stress (Huh et al., 2010).
Permissions granted where necessary.

(Freeman et al., 2017). Reinwald et al. subjected chick femur-
derived skeletal cell-seeded hydrogels to compressed incubator air,
creating a gas–liquid interface with a pressurized gas phase on top of
a liquid medium phase. The cell-seeded hydrogels were found to be
more regular in shape, significantly denser, and exhibited a greater
amount of mineralization compared with the non-stimulated gels,
indicating that dynamic stimulation is superior to static stimulation
in leading to a more bone-like phenotype (Reinwald et al., 2015).

2.2.3 Application of shear stress
Shear stress is a force acting tangentially to a body such as the

sliding of collagen fibers in tendon, or fluid flow experienced by
tissues such as cartilage. Shear stress bioreactors (Figure 2I) mainly
aim to recapitulate these conditions by applying shear stress to cells,
and have been extensively reviewed elsewhere (Thangadurai et al.,

2023). In a typical setup, the culture medium is perfused through
the bioreactor chamber with a peristaltic pump. Rotating wall vessel
bioreactors can also provide such stresses by creating laminar
flow conditions around tissue constructs. In such platforms, cells
cultured at peak stresses of 3.9 dynes/cm2 retained their osteoblastic
phenotype and showed significant increases in alkaline phosphatase
expression and alizarin red staining by day 7, compared with
statically cultured controls (Botchwey et al., 2001). The average
wall shear stress experienced by constructs is highly dependent
on the choice of bioreactor platform and scaffold design. In a
comparative experiment, a spinner flask bioreactor, where tissue
constructs are immobilized and exposed to fluid flows generated
by a stirrer, led to higher wall sheasr stresses than in perfusion
platforms (up to 6.5 mPa and 4.1 mPa respectively) (Seddiqi et al.,
2023). Such difference was shown to have an impact on
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pre-osteoblasts MC3T3-E1, which exhibited reduced collagen and
calcium deposition throughout polycaprolactone scaffolds after 7
days in spinner flask bioreactors compared to perfusion bioreactors.
The effect of fluid flow can also be studied in microfluidic
devices, which are miniaturized bioreactor platforms that aim at
studying more closely factors influencing cell proliferation and
differentiation. They typically enable high-throughput, a highly
controlledmicroenvironment, and cost efficiency (Kou et al., 2011).

2.2.4 Combining types of loading
To increase the physiological relevance of mechanical stresses,

combinations of different types of mechanical stimuli have been
studied. Bioreactors capable of applying tension and torsion
with independent control have also been developed (Figure 2G)
(Laurent et al., 2014; Lee et al., 2013). Lee et al.’s showed that
tension and torsion led to an increase in the ultimate tensile
strength of decellularized porcine tibialis tendons. Chan et al.
tested bovine caudral disc explants with a bespoke 2 degrees of
freedom (DOF) dynamic torsion-compression bioreactor to study
the mechanobiology of intervertebral discs better (Chan et al.,
2013). The group found that complex loading induced a stronger
degree of cell death and disc degeneration, compared to 1DOF
loading, highlighting the importance of complex loading conditions
to study disease progression. More advanced whole joint systems
have been mainly used for tribology studies (Beckmann et al., 2018;
Liu et al., 2015).

A multiaxial knee-joint bioreactor was developed for
commercial use by Regemat3D S.L. It mimics in vivo conditions
of the knee while applying load, tension and displacement, as
well as culture parameters such as pH and temperature. The
technology combines 3D bioprinting and multiaxial stimulation
to mature engineered articular cartilage. Results showed increased
activation of cartilage extracelular matrix proteins such as
SOX9 transcription factor, col II protein and aggrecan (ACAN)
proteoglycan (Campillo et al., 2022).

Galie and Stegemann developd a perfused bioreactor capable of
testing the combination of fluid flow and cyclic tension on cardiac
flibroblast seeded collagenhydrogels (Peter A. Galie and Stegemann,
2011). They showed that cross flow significantly increased col
III levels over control levels, both in the presence and absence
of cyclic strain, whereas cyclic strain alone did not significantly
affect col III. The decrease in TGF-β1 expression observed in the
samples experiencing cyclic strain alone, was prevented under
cross flow combined or not with cyclic strain (P. A. Galie et al.,
2012). Maeda et al. built a micro-fluidic chamber with similar
capabilities (Figure 2J), leading to greater calcium response and
significantly increased intracellular Ca2+ concentration compared
to the application of one of these stimuli alone (Maeda et al.,
2013). Similarly, Huh et al. have deloped a small PDMS lung-on-
a-chip platform to study the effect of those stresses on nanoparticle
uptake and inflammatory responses by epithelial cells (Huh et al.,
2010) (Figure 2K). The work revealed that preconditioning
samples with shear stress led to a more pronounced toxic and
inflammatory response to silica nanoparticles than tension alone.
It also enhanced nanoparticulates uptake, and stimulated their
transport into the underlying microvascular channel, as seen in
in vivomice models.

Additional combinations of stresses and their effects can be
found in a more comprehensive review by Sinha et al. (Sinha et al.,
2017).

2.3 Sensors used in traditional bioreactors

Sensors and control systems are used to obtain real time
information on culture conditions and can feedback into a control
system for autonomous regulation. Sensors most commonly used
in cell culture measure temperature, gas mix, pH, glucose and
metabolites such as lactate or ammonia. Such sensors can be off-
line, being away from the culturing system and requiring manual
sample taking, such as bench top glucose sensors. Alternatively, in-
line sensors do not require sample-taking and are directly integrated
into the culture system. These are most typically gas mix or oxygen
sensors, or glucose/metabolite sensors and function independently
without the need for separate sampling of media (Prill, Jaeger,
and Duschl, 2014; Schmid et al., 2018; de Bournonville et al., 2019).
Force and strain sensors, such as load cells, strain gauge or similar
piezoelectric sensors, are also essential in dynamic bioreactors
(Mouthuy et al., 2022; Wu et al., 2017).

Although traditional sensors can be as small as a drawing pin
and can have certain degrees of flexibility (e.g., optical and chemical
sensors such as oxygen, glucose and lactate), they generally tend to
be stiff, relatively cumbersome and invasive.

2.4 Challenges and shortcomings of
traditional bioreactors

The limitations of traditional bioreactor systems are manifold.
First, rigid structures such as the chamber’s wall mean that
it is challenging to apply physiologically relevant multi-axial
stimulation. This limits our advance in TE since combinations of
mechanical stimuli clearly highligted the importance of multiaxial
physiological stimulation (see sections above).

Current dynamic bioreactor systems are also often cumbersome
and expensive. This can be a limiting factor when designing large
scale TE studies. Scaling up can be achieved either by making the
chamber larger to actuatemultiple samples together or by increasing
the number of chambers and actuators to actuate them individually
(Kluge et al., 2011). In both cases, this can increase the footprint and
cost of the setup significantly.

Furthermore, dynamic bioreactor platforms usually use
mechanical grips to hold the tissue construct. Such mounting
of samples can be challenging as wet constructs can readily
slip from the grips. Adjustable grips have been developed to
prevent the sample from slipping during tensioning such as
spring-loaded clamps (Stoffel et al., 2017). Distributing the clamp’s
pressure homogeneously across the sample is also an important
consideration. For example, smooth-faced clamps with a pivoting
head have proven to ensure equal stress distribution (Kluge et al.,
2011).

Another limitation relates to the traditional, rigid, load-cell
sensors, which can only provide an indirect approximation of the
force applied to constructs. This does not allow for spaciotemporal
mapping of local stresses in soft tissues such as tendon, ligament
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or cartilage. Studies are occasionally accompanied by finite element
analysis to model strains actually experienced by the constructs, but
these remain difficult to validate (Subramanian et al., 2017).

An additional challenge with traditional bioreactors is in situ
data collection and analysis. Microscopic analyses of the constructs,
such as through confocal microscopy, are often performed at an
end-point readout. Bioreactor systems with an inbuilt microscopy
windowhave been proposed but dimensions fittingmicroscopes and
working distance of the objective lens are often a limiting factor.
Lastly, perfusion ofmedia through rigid boxes can lead to no- or low-
flowpockets leading to poor nutrient distribution, poor heat transfer
and locally higher shear stresses, all negatively affecting cell culture.

3 The emergence of soft bioreactors

While TE bioreactors have seen little innovation for decades,
recent years have shown the emergence of one particularly
interesting and potentially disruptive feature, the softnesss of major
bioreactor components such as the chamber, actuators and sensors.

3.1 Soft chambers

Soft chambers simply consist of a flexible shell as opposed to the
rigid walls seen in traditional bioreactors. Through being flexible,
they are able to move with the actuation system and to undergo
multiaxial stimulation such as twisting, bending, tensioning or
compressing. Mouthuy et al. recently proposed a flexible soft
chamber to stimulate tendon constructs on a robotic arm platform
(Mouthuy et al., 2022). The chamber, consisting of a thin tube of
transparent polyurethane membrane, was remaining leakproof and
capable ofmaintaining sterility under repeated abduction adduction
motions. It was shown that the membrane’s contribution to load
bearingwas negligible,meaning that the applied stressesweremostly
directly transmitted to the hosted tissue construct (Figure 3A).
Interestingly, the soft chamber was independent from the actuation
system., meaning that it was possible to run several chambers in
parallel during rest and to attach them to the robotic arm when
required. The paper also anticipated that the chambers have the
potential to be positioned at different anatomical locations on the
robotic arm, as well as on different mechanical platforms such as
uniaxial stages.

Using a different approach, Secerovic et al. developed a
soft bioreactor chamber aimed at invertebral discs, capable of
movement in 6 DOF, strongly resembling the kinematics of the
spine (Secerovic et al., 2022) (Figure 3B). Specifically, the platform
enabled movements forward/backward, up/down, left/right, as well
as changes in orientation through rotation. The chamber consisted
of a custom-made polycarbonate structure wrapped by a soft
silicon membrane. When compared to a traditional rigid uniaxial
bioreactor, invertebral discs were significantly more viable in the
multiaxial bioreactor.

Hernalsteens et al. developed a constriction bioreactor for
solid state fermentation (Figure 3C). Though not strictly used for
mechanical stimulation of soft tissues, this bioreactor is highlighted
for its potential lessons in soft bioreactor design. It consists of a
silicon tube with flexible walls which enabled mixing via an external

actuator, constricting the chamber (Hernalsteens, Cong, and Chen,
2022).

Stoffel et al. developed a knee-joint bioreactor to investigate
cell-seeded implants under reproducible, physiological conditions
(Stoffel et al., 2017). The knee joint module was mounted into a
commercially available axial torsional testing device. To successfully
apply humanwalking cycles, the chamber consisted of a flexible latex
sleeve clamped by an elastic band, lodged between acrylic glass and
a base plate.Themediumwas replacedmanually while gas exchange
was built into the system. The load was measured by an axial-
torsional load transducer, a built-in component of the machine.

3.2 Soft actuators

Soft actuators are structures powered by electrical current,
hydraulics or pneumatic soft materials that move upon opening
or closing valves. Cells can be grown in intimate contact with
these materials, allowing more precise transmission of force and
strains. Soft actuators have been mostly developed as part of the
field of soft robotics, a rapidly growing field with the aim to “permit
adaptive, flexible interactions with unpredictable environments”
(Kim, Laschi, and Trimmer, 2013). In TE, they can be applied to
directly stimulate cell material constructs cultured onto their surface
or around them. One example of flexible actuators are dielectric
elastomer actuators (Figure 4A) (Poulin et al., 2016; Cei et al., 2017),
which are electro-responsive elastomersmade from acrylic, silicone,
rubber or polyurethane (Brochu and Pei, 2010) that undergo
deformation upon electrical stimulation. Such actuators led to the
development of a radial artificial muscle device, able to rhythmically
contract and relax a central cell culture well through an annular
actuator, mimicking movement of the small intestine with circular
segmental and longitudinal peristaltic contractions (Cei et al., 2017).
These systems are able to apply strain to cells and investigate their
mechanoresponse in real time (Akbari and Shea, 2012), and can
also function as 3D injury models such as for brain or heart (Y.
H. Wu et al., 2022; Imboden et al., 2019). The key advantage of
dielectric elastomer actuators is that they can be integrated into
the substrate, therefore providing a very compact system. They are
also optically transparent, making it easy to incorporate real-time
dynamic imaging of cells.

Other flexible actuators with the potential for TE applications
are those driven by hydraulics or pneumatics. Figure 4B shows
an hydraulic index finger and thumb actuation platform using
elastomeric tubes surrounded by an arrangement of fibers, designed
with the help of mathematical models, and capable of bending,
extending, expanding and twisting (Connolly, Walsh, and Bertoldi,
2017).While cells have not yet been incorporated, it has the potential
to stimulate cells in a physiologically relevant way. Furthermore,
the algorithm reported may be useful for producing designs for
different tissues and overall streamline the production process of soft
actuators for different applications.

An example of a pneumatic actuator has been developed
by Fell et al., who proposed a bio-hybrid soft robot capable
of angular and radial actuation for vascular tissue stimulation
(Figure 4C) (Fell et al., 2022). Strains were applied by pumping
fluid into a flexible silicone structure. The center of the structure
was seeded with MSCs which were subsequently conditioned for
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FIGURE 3
Soft bioreactor chambers. (A) Flexible bioreactor chamber proposed for tendon TE positioned on humanoid robotic shoulder, capable of
abduction-adduction (Mouthuy et al., 2022). (B) Soft intervertebral disc bioreactor using a silicone chamber, offering 6DOF (Secerovic et al., 2022). (C)
Constriction bioreactor for solid state fermentation using a soft tubular chamber. Though not strictly used for TE, this bioreactor is highlighted for its
potential lessons in soft bioreactor design (Hernalsteens, Cong, and Chen, 2022). Permissions granted where necessary.

24 h in angular flexion, radial distension, and combined actuation
modes. Each regimen induced a unique cytoskeletal orientation
as opposed to statically cultured MSCs growing in a disordered
manner. Results also showed marked increase in Col IV and α-
SMA+ production between mechanically conditioned and static
control groups, indicating MSCs progress towards a contractile
phenotype of smooth muscle cells in the absence of mechano-
activation. Another pneumatic actuator was developed by Paek
et al. (Paek et al., 2021). The soft robotic constrictor for in vitro
modelling of dynamic tissue compression (Figure 4D) was made
of PDMS and capable of dynamic bending motion, mimicking the
constriction of tubular organs such as blood vessels. The system was
tested with different cell types such as primary human endothelial

cells, fibroblasts, and smooth muscle cells, leading to physiological
changes in their morphology due to the applied force. Prior to this
work it had been challenging to simulate the contraction of a lumen,
suggesting that soft actuators can lead to improved in vitro models
of complex physiological tissue microenvironments.

It is worth mentioning that most of these studies using soft
actuators are currently limited to mechanotransduction work or
the stimulation of native tissues, rather than to be used for TE
constructs. However, similar approaches could be used to stimulate
the maturation of engineered grafts. A good example is the silicone
soft robotic sleeve for heart stimulation developed by Roche
et al., which actively contracted and twisted to act as a cardiac
ventricular assist device (Roche et al., 2017). The pneumatic system
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FIGURE 4
Soft actuators with potential for TE applications. (A) Dielectric elastomer actuator capable of constriction mimicking pulsatile contractile motion of the
intestinal barrier through rhythmically contracting and relaxing a central cell culture well (Cei et al., 2017). (B) Hydraulic soft actuator capable of
mimicking the index finger and thumb through bending, extending, expanding and twisting (Connolly, Walsh, and Bertoldi, 2017). (C) Artery soft
actuator seeded with mesenchymal stem cells, connected to a pneumatic controller, and multiaxially stimulated. Col IV expression was significantly
upregulated under mechanical stimulation compared to tissue culture plastic (TCP) and static control (SC) (Images adapted from Fell et al., 2021). (D)
Soft constrictor actuated pneumatically and capable of dynamic bending motion (Paek et al., 2021). Permissions granted where necessary.

was controlled by the native cardiac cycle and adapted the actuation
to deliver disease-specific assistance.

3.3 Soft sensors

Soft sensors include a wide range of flexible sensors developed
for various applications, such as in robotics and bioengineering.
Sensors with high compliance overcome the challenges of poor
deformation capacity of conventional rigid sensors (Hegde et al.,
2023). They are important to detect various types of signals,
including mechanical, chemical and biological, and convert them
into measurable electrical signals (Z. Liu et al., 2022; Yi et al., 2022).
Soft mechanical sensors are particularly useful and promising
to detect the mechanical stress and deformation that local cells

are undergoing in real time in MSK TE. In a study by Lee
et al., a stretchable fiber sensor based on capacitance changes
was constructed from intertwined double helical conductive
fibers (Figure 5A) (Jaehong Lee et al., 2021). Figure 5B shows
that the conductive components as two electrodes are separated
by the nonconductive dielectric layer. The sensor with a double
helical structure of 3 turns/cm reveals high flexibility and
stretchability (Figure 5C). By taking advantage of the mechanical
and biocompatible feature, the fiber-like sensor was sutured onto the
Achilles tendon of a pig to detect tissue deformations by detecting
connective tissue strain (Figure 5D) (Jaehong Lee et al., 2021).

Another implantable, biocompatible strain sensing device
with morphing function was developed for neuromodulation
in growing tissue (Figure 5E) (Y. Liu et al., 2020). The device
exhibited shape retention elastic behavior at strains up to 100%
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(Figure 5F). The electronic device with outstanding morphing
ability andminimalmechanical constraint allowed chronic electrical
stimulation and strain sensing in a rapid-growth rat tissue
without function deterioration, and offered a new route for future
electronic and regenerative medicine. Besides, a capacitance-based
pressure sensor made with biodegradable and soft materials was
fabricated for the application of monitoring blood flow (Figure 5G)
(Boutry et al., 2019). The sensing function was implemented by
converting bloodstream-induced arterial deformation into the
sensor’s capacitance changes. It showed potential in the monitoring
of tissue regeneration and reconstructive surgery by taking
advantage of its sensibility and biodegradability. It overcomes the
challenge of non-biodegradability of most reported implantable
sensing devices, which might bring about sensing deterioration or
the need for a second operation. By implanting the device into
the patients, blood flow data could be monitored in real time with
efficiency and accuracy. A more meaningful vision is analyzing the
blood flow data via deep learning system, thus achieving large digital
healthcare of patients.

In addition to a single sensing function, a sensing device with
multifunctional sensing ability would be very attractive in MSK TE.
Boutry et al. proposed a device with both strain and pressure sensing
ability without sensing interference with one another (Figure 5H)
(Boutry et al., 2018). It showed excellent biocompatibility without
reported cytotoxic effects by culturing with CD68-positive cells for 8
weeks. The strain and pressure sensing functions maintained stable
after 3.5 weeks in a rat model, which would be suitable for real-time
monitoring of tendon healing (Figure 5I).

Besides stresses and strains, soft sensors able to measure
biochemical signals become increasingly attractive (Brunner et al.,
2021). Lee et al. proposed a smart bioreactor equipped with fully
integrated wireless multivariate sensors for real-time monitoring
of stem cell cultures (Jimin Lee et al., 2024). This system enabled
continuous monitoring of pH, dissolved oxygen, glucose levels,
and temperature in a soft culture chamber through the integration
of soft sensors in its walls. Such advancements pave the way for
the widespread adoption of soft sensing systems, facilitating large-
scale, cost-effective, reproducible, and high-quality engineered cell
manufacturing, thus expanding their potential for broad clinical
applications.

3.4 Combining soft components to address
the challenges of traditional bioreactors

Considering the importance ofmechanical stimulation for tissue
maturation, the limitations of traditional (rigid) bioreactors and
the new advantages of soft components (chambers, actuators and
sensors), soft bioreactors are likely to become a promising, if
not necessary, step to improve functionality of tissue engineered
constructs. This could help MSK engineered grafts to become
a realistic therapeutic strategy in clinics (Figure 6). Integrating
soft chambers with soft strain sensors would enable real time
measurements and improved spatial resolution to uncover subtle
local differences in strain distribution. Such combinations are
already under development, although not yet in the context of
TE (Tric et al., 2017; Jimin Lee et al., 2024). Soft sensors embedded
in soft actuators, would provide additional advantages, such as

close monitoring of stresses and strains. The combination of soft
actuators and soft chambers could sidestep challenges associated
with external actuation entirely, such as to make all clamps
obsolete. Collectively, the combination of soft chambers, sensors
and actuators into a fully integrated soft bioreactor could lead to a
system capable of delivering controlled multi-axial stimulation, and
of measuring in-situ stresses and strains in real time. The cost and
scalability of bioreactor platforms would also improve dramatically,
as soft components are expected to be more affordable and to
have a smaller footprint than their rigid traditional equivalent.
Such comprehensive platform is therefore likely to enable the
production of engineered tissues with improved functionality. It
would also improve our understanding of mechanotransduction
through the application of stresses with enhanced physiological
relevance, enable the study of different loading regimes and
physiotherapy protocols and expand the applicability of bioreactor
platforms to different types of tissues (including diseased ones).
Soft bioreactor platforms would also greatly contribute to the
field of biomechanics, through understanding the importance of
mimicking multiaxial movement, anatomical features and tissue
biomechanics in vitro.

3.5 Future technical challenges for soft
bioreactors

3.5.1 Materials for soft chambers
There are several important required and desirable properties

for flexible bioreactor chambers. These include resistance to
cracks, ruptures, decomposition or leaching due to the stresses
resulting from the mechanical stimulation. The chamber’s material
should also interfere as little as possible with the provision and
measurement of stresses. Other desirable properties include
the ability to be gas permeable to enable gas exchanges and
be optically transparent to enable microscopic observations.
Soft polymers such as PDMS (Cei et al., 2017) are therefore
promising for this application, although shaping them through
molding can be challenging (e.g., obtaining thin films with
PDMS). Additional material candidates are commonly used
in medicine, such as silicone, polyvinylchloride, polyethylene,
polypropylene, polymethylmetacrylate, and polyurethane
(Yang et al., 2013; Pandey et al., 2016; Secerovic et al., 2022).
These materials can be shaped and sealed into flexible
membranes or bags through melting, ultrasonic welding,
UV/LED curing systems or medical grade glues such
as epoxies.

3.5.2 Assembly of parts and additional ports
Maintaining sterility and proper adhesion while assembling

parts and ports is an important challenge in the development of
soft bioreactors. For instance, it is possible to position ports on large
flexible membranes commonly seen on bioprocess or medical fluid
supply bags. However, this is more difficult in smaller soft chamber
bioreactors used in TE or mechanotransduction studies. Mouthuy
et al. confined a soft chamber with solid 3D printed parts featuring
inbuilt inlets/outlets.Medical grade epoxy resinwas used as a sealant
(Mouthuy et al., 2022).
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FIGURE 5
Soft sensors with potentia for TE applications. (A) Capacitive strain sensor made with double helical stretchable conductive fibers and corresponding
cross-sectional view, (B) SEM image of the section morphology of the sensor. (C) Photographs of the sensor under initial and stretched conditions, and
(D) photograph of the fiber sensor sutured onto a pig tendon (Jaehong Lee et al., 2021). (E) Schematics of a strain sensor used in neuromodulation and
corresponding device components. (F) Photographs of the device under the strain deformation of 0%, 50% and 100% (Y. Liu et al., 2020). (G) Illustration
of a biodegradable, flexible and passive arterial-pulse sensor and corresponding sensing concept by converting vessel diameter change into electrical
capacitance (Boutry et al., 2019). (H) Illustration of a sensing device based on capacitance changes with both strain and pressure sensing functions, and
(I) corresponding layer-by-layer material and assembly details (Boutry et al., 2018). Permissions granted where necessary.

3.5.3 Attachment of tissue constructs
Traditionally bioreactors make use of grips or clamps to

mount tissue constructs. However, these are cumbersome and
typically penetrate the bioreactor’s rigid walls, increasing the risk
of microbial contamination. Anchoring tissue constructs in soft
chambers with mechanical grips is more challenging, given the
small space available and the challenge of sealing soft walls.
Using other methods such as biocompatible adhesives might be
more appropriate. Mouthuy et al. used epoxy resin to firmly
anchor the cell carrier into 3D printed inserts, securing the soft
chamber. A disadvantage with the use of adhesives is that tissue
constructs need to be cut off from the resin bed following culture.

Furthermore the resin canpenetrate porous scaffolds if its viscosity is
too low.

3.5.4 Integrating complex sensors
Soft sensors able to assess the state and conditions that local

cells experience in the chamber are highly desireable (Lee et al.,
2024). This includes biochemical sensors, such as for measuring
concentrations of oxygen, glucose and lactate, as well as mechanical
sensors to quantify strains and stresses. Sensor matrices (2D or
3D) might be particularly useful to map properties spatially across
the constructs, but integrating such sensors and their electronic
components (for data measurement and transmission) without
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FIGURE 6
Soft systems as individual entities and their potential synergies. Combining soft chambers and soft actuators could lead to improved multiaxial loading
of tissue constructs. Soft chambers could be combined with soft sensors, leading to a fully integrated sensing mechanism, capable of in situ real-time
measurements of the stresses and strains applied. Combining the soft sensors with soft actuators would greatly improve the understanding and further
development of soft actuators. Including all three soft components into one fully integrated multiaxial platform would bear all of these advantages and
is likely to lead to the engineering of MSK grafts with improved functionality.

TABLE 2 Advantages and potential problems of soft features in mechanical stimulation bioreactors.

Soft component Advantages Potential problems

Chamber

Flexible walls can undergo multiaxial stresses of various types Soft materials can more easily crack, rupture, degrade or leach
compounds upon stimulation

Transmission of external loading to engineered graft
Strain/stress transfer can be affected if soft walls are load bearing

Ability to be leak-proof and assembly can be more challenging

Actuator
Precise strain distribution Hydraulic/pneumatic designs can be intricate

Complex motions Integration with tissue grafts are non-trivial

Sensor Real time monitoring of mechanical and biochemical signals in situ Current lack of selectivity to specific signals (e.g., no
differentiation between shear and tension)

interfering with the tissue and/or the mechanical stimulation
remains a challenge. Further developments are necessary to address
the current lack of selectivity to specific signals (e.g. differentiation
between shear and tension) of these promising sensors (Liu et al.
2021; Liu et al. 2022).

4 Other opportunities generated by
soft bioreactor systems

4.1 Improved studies on biomaterials,
mechanotransduction and drugs

Increasingly, evidence shows that in vitro multiaxial
stimulation leads to different outcomes over uniaxial stimulation
(Hornberger et al., 2005; Chan et al., 2013; Fatihhi et al., 2015).
This was also shown in silico by Fatihhi et al., who used a

computational modeling approach to indicate that multiaxial loads
reduced the fatigue life of trabecular bone more than five times
compared to uniaxial compressive loads (Fatihhi et al., 2015). This
suggests that applying multiaxial stimulation to implants and
biomaterials to assess their performance might help to accelerate
their development and translation to clinical applications. This
would be particularly valuable for smart implantable biomedical
textites with sensor functions, which are of increasing interest
but lack suitable physiological envinronments for their evaluation
(Z. Liu and Mouthuy, 2024). Multiaxial stimulation to cell
material constructs will also improve our understanding of
cellular response to the physiological mechanical stimulation.
The implications of better models of mechanotrasduction
are plentiful and highly promising, such as to increase our
knowledge of disease and repair mechanisms. Studies of joint
diseases such as Ehlers Danlos Syndrome, Osteoarthritis and
rheumatic diseases could greatly benefit from such models.
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Similarly, another benefit of soft bioreactors is the improved
physiological testing of existing or emerging drugs for treatingMSK
conditions.

4.2 Reduction of animal use

Through their potential of being more physiologically relevant,
soft bioreactors could contribute to reducing the number of
therapeutic strategies translating too early into animal models.
Moreover, by offering greater human anatomical relevance,
some of these platforms could reduce the translational gaps in
between in vitro models, in vivo models and clinical applications
(Sander et al., 2022).

4.3 Versatility of use

In some of the approaches reviewed above, soft chambers were
developed to be independent from their actuation system (Mouthuy
et al., 2022). These offer several advantages, including easy handling
and transportation (e.g., for non invasive monitoring studies),
reduced footprint during rest periods, multiple repeats while
working with the same actuation system and compatibility with
various actuation platforms. (including traditional tensile/compress
stages). The application of soft chambers in combination with
humanoid robots also opens up the potential of mounting and
exercising chambers at different anatomical sites on the same robot.

4.4 Improved oxygen supply

A challenge often underestimated when constructing TE
bioreactors is the adequate delivery of oxygen to the engineered
graft (Place, Domann, and Case, 2017). Materials used in traditional
hard-shell bioreactors are rarely permeable to oxygen and therefore
rely on a layer of air above the media to enable gas exchange,
a media reservoir open to the environment, or additional ports
for gas exchange which can cause contamination unless properly
filtered. The materials suggested for soft chambers (Sections 3.5.1)
are variably permeable to oxygen and therefore passively enable
gas exchange without the need for additional ventilation systems,
increasing sterility and oxygen exchange. Furthermore, perfusion
through flexible chambers can lead to wave-flow, resulting in
higher oxygen transfer, leading to more efficient oxygen diffusion
than commonly observed through whirlpool flows in shaker flasks
(Yang et al., 2013).

5 Conclusion

In this review we summarized current shortcomings of
traditional bioreactors and discussed the emergence of soft
bioreactor systems. For decades traditional mechanical stimulation

bioreactors have added great value to MSK TE, but a major
limitation is the inability to provide multiaxial stimulation. This is
believed to impact the functionaliy of engineered grafts and their
subsequent translations to the clinic. Soft bioreactors able to address
this shortcoming are progressively emerging and early work has
indicated that they are likely to contribute to engineered tissue grafts
with improved functionality. We have highlighted 3 components
of soft bioreactors such as soft chambers, soft actuators and soft
sensors and summarized their advantages and potential problems
(Table 2). While already contributing to TE separately, their
combination could lead to highly comprehensive platforms that
could contribute to the production of soft MSK engineered tissues
with improved functionality. Besides leading to the development
of better tissue grafts, the opportunities offered by these systems
include uncovering mechanotransduction pathways, studying new
drug targets, testing different biomaterials and elucidating the
disease and repair mechanisms.

Author contributions

ND: Conceptualization, Investigation, Writing–original
draft, Writing–review and editing. ZL: Writing–original draft,
Writing–review and editing. P-AM:Conceptualization, Supervision,
Writing–review and editing.

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article. This
work has been completed with the financial support of the United
Kingdom’s Engineering and Physical Sciences Research Council
(project number: P/S003509/1) and the National Institute for Health
Research (NIHR) Oxford Biomedical Research Centre (BRC). The
views expressed are those of the author(s) and not necessarily those
of the NHS, the NIHR or the Department of Health.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product thatmay be evaluated in this article, or claim
thatmay bemade by itsmanufacturer, is not guaranteed or endorsed
by the publisher.

Frontiers in Robotics and AI 13 frontiersin.org

https://doi.org/10.3389/frobt.2024.1287446
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org


Dvorak et al. 10.3389/frobt.2024.1287446

References

Akbari, S., and Shea, H. R. (2012). Microfabrication and characterization of an array
of dielectric elastomer actuators generating uniaxial strain to stretch individual cells. J.
Micromechanics Microengineering 22 (4), 045020. doi:10.1088/0960-1317/22/4/045020

Altman, G. H., Lu, H. H., Horan, R. L., Calabro, T., Ryder, D., Kaplan, D. L., et al.
(2002). Advanced bioreactor with controlled application of multi-dimensional strain
for tissue engineering. J. Biomechanical Eng. 124 (6), 742–749. doi:10.1115/1.1519280

Banes, A. J., Gilbert, J., Taylor, D., and Monbureau, O. (1985). A new vacuum-
operated stress-providing instrument that applies static or variable duration cyclic
tension or compression to cells in vitro. J. Cell. Sci. 75, 35–42. doi:10.1242/jcs.75.1.35

Beckmann, A., Herren, C., Mundt, M., Siewe, J., Kobbe, P., Sobottke, R., et al. (2018).
A new in vitro spine test rig to track multiple vertebral motions under physiological
conditions. Biomed. Tech. 63 (4), 341–347. doi:10.1515/bmt-2016-0173

Bonnans, C., Chou, J., and Werb, Z. (2014). Remodelling the extracellular
matrix in development and disease. Nat. Rev. Mol. Cell. Biol. 15 (12), 786–801.
doi:10.1038/nrm3904

Bordoni, B., and Varacallo, M. (2019). StatPearls anatomy, tendons. StatPearls
Publishing.

Botchwey, E. A., Pollack, S. R., Levine, E. M., and Laurencin, C. T. (2001). Bone tissue
engineering in a rotating bioreactor using a microcarrier matrix system. Bone Tissue
Eng. 55 (2), 242–253. doi:10.1002/1097-4636(200105)55:2<242::aid-jbm1011>3.3.co;2-
4

Boutry, C.M., Beker, L., Kaizawa, Y., Vassos, C., Tran,H.,Hinckley, A. C., et al. (2019).
Biodegradable and flexible arterial-pulse sensor for the wireless monitoring of blood
flow. Nat. Biomed. Eng. 3 (1), 47–57. doi:10.1038/s41551-018-0336-5

Boutry, C. M., Kaizawa, Y., Schroeder, B. C., Chortos, A., Legrand, A., Wang, Z.,
et al. (2018). A stretchable and biodegradable strain and pressure sensor for orthopaedic
application. Nat. Electron. 1 (5), 314–321. doi:10.1038/s41928-018-0071-7

Brochu, P., and Pei, Q. (2010). Advances in dielectric elastomers for
actuators and artificial muscles. Macromol. Rapid Commun. 31 (1), 10–36.
doi:10.1002/marc.200900425

Brunner, V., Siegl,M., Geier, D., and Becker, T. (2021). Challenges in the development
of soft sensors for bioprocesses: a critical review. Front. Bioeng. Biotechnol. 9 (August),
722202–722221. doi:10.3389/fbioe.2021.722202

Campillo, N. (2022). “A novel biomimetic knee joint bioreactor for the in vitro
regeneration of osteochondral lesions,” in TERMIS 2022 poster.

Cei, D., Costa, J., Gori, G., Frediani, G., Domenici, C., Carpi, F., et al. (2017).
A bioreactor with an electro-responsive elastomeric membrane for mimicking
intestinal peristalsis. Bioinspiration Biomimetics 12 (1), 016001. doi:10.1088/1748-
3190/12/1/016001

Chan, S. C. W., Walser, J., Käppeli, P., Shamsollahi, M. J., Ferguson, S. J., and
Gantenbein-Ritter, B. (2013). Region specific response of intervertebral disc cells to
complex dynamic loading: an organ culture study using a dynamic torsion-compression
bioreactor. PLoS ONE 8 (8), 724899–e72511. doi:10.1371/journal.pone.0072489

Chao, P. H. G., Hsu, H.Yi, and Tseng, H. Y. (2014). Electrospun microcrimped
fibers with nonlinear mechanical properties enhance ligament fibroblast phenotype.
Biofabrication 6 (3), 035008. doi:10.1088/1758-5082/6/3/035008

Chapman, L. A. C., Shipley, R. J., Whiteley, J. P., Ellis, M. J., Byrne, H. M.,
and Waters, S. L. (2014). Optimising cell aggregate expansion in a perfused
hollow fibre bioreactor via mathematical modelling. PLoS ONE 9 (8), e105813.
doi:10.1371/journal.pone.0105813

Chen, J., Zhang, W., Backman, L. J., Kelk, P., and Danielson, P. (2018). Mechanical
stress potentiates the differentiation of periodontal ligament stem cells into keratocytes.
Br. J. Ophthalmol. 102, 562–569. doi:10.1136/bjophthalmol-2017-311150

Clevers, H. (2006). Wnt/β-Catenin signaling in development and disease. Cell. 127
(3), 469–480. doi:10.1016/j.cell.2006.10.018

Connolly, F., Walsh, C. J., and Bertoldi, K. (2017). Automatic design of fiber-
reinforced soft actuators for trajectory matching. Proc. Natl. Acad. Sci. U. S. A. 114 (1),
51–56. doi:10.1073/pnas.1615140114

Danciu, T. E., Adam, R. M., Naruse, K., Freeman, M. R., and Hauschka, P. V. (2003).
Calcium regulates the PI3K-akt pathway in stretched osteoblasts. FEBS Lett. 536 (1–3),
193–197. doi:10.1016/s0014-5793(03)00055-3

de Bournonville, Sébastien, Vanhulst, J., Luyten, F. P., Papantoniou, I., and Geris, L.
(2019). Towards self-regulated bioprocessing: a compact benchtop bioreactor system
for monitored and controlled 3D cell and tissue culture. Biotechnol. J. 14 (7), e1800545.
doi:10.1002/biot.201800545

De Belly, H., Paluch, E. K., and Chalut, K. J. (2022). Interplay between mechanics
and signalling in regulating cell fate. Nat. Rev. Mol. Cell. Biol. 23 (7), 465–480.
doi:10.1038/s41580-022-00472-z

Dhein, S., Schreiber, A., Steinbach, S., Apel, D., Salameh, A., Schlegel, F., et al.
(2014). Mechanical control of cell biology effects of cyclic mechanical stretch on
cardiomyocyte cellular organization. Prog. Biophysics Mol. Biol. 115 (2–3), 93–102.
doi:10.1016/j.pbiomolbio.2014.06.006

Di-Luoffo, M., Ben-Meriem, Z., Lefebvre, P., Delarue, M., and Guillermet-Guibert, J.
(2021). PI3K functions as a hub in mechanotransduction. Trends Biochem. Sci. 46 (11),
878–888. doi:10.1016/j.tibs.2021.05.005

Discher, D. E., Paul, J., and Wang, Yu Li (2005). Tissue cells feel and respond to the
stiffness of their substrate. Science 310 (5751), 1139–1143. doi:10.1126/science.1116995

Fatihhi, S. J., Harun,M.N., Abdul Kadir,M. R., Abdullah, J., Kamarul, T., Öchsner, A.,
et al. (2015). Uniaxial andmultiaxial fatigue life prediction of the trabecular bone based
on physiological loading: a comparative study. Ann. Biomed. Eng. 43 (10), 2487–2502.
doi:10.1007/s10439-015-1305-8

Fell, C., Brooks-Richards, T. L., Ann Woodruff, M., and Allenby, M. C. (2021).
Bio-hybrid soft robotic bioreactors for mimicking multi-axial femoropopliteal Artery
mechanobiology. bioRxiv 24 (09), 461639.2021. doi:10.1101/2021.09.24.461639

Fell, C., Brooks-Richards, T. L., Woodruff, M. A., and Allenby, M. C. (2022).
Soft pneumatic actuators for mimicking multi-axial femoropopliteal Artery
mechanobiology. Biofabrication 14 (3), 035005. doi:10.1088/1758-5090/ac63ef

Felsenthal, N., and Zelzer, E. (2017). Mechanical regulation of musculoskeletal
system development. Dev. Camb. 144 (23), 4271–4283. doi:10.1242/dev.151266

Feng, L., Zhang, Y., Kou, X., Yang, R., Liu, D., Wang, X., et al. (2016). Cadherin-11
modulates cell morphology and collagen synthesis in periodontal ligament cells under
mechanical stress. Angle Orthod. 87 (2), 193–199. doi:10.2319/020716-107.1

Freeman, F. E., Schiavi, J., Brennan, M. A., Owens, P., Layrolle, P., and McNamara,
L. M. (2017). <sup/>Mimicking the biochemical and mechanical extracellular
environment of the endochondral ossification process to enhance the in vitro
mineralization potential of human mesenchymal stem cells. Tissue Eng. Part A 23,
1466–1478. doi:10.1089/ten.tea.2017.0052Cmi): ten.TEA.2017.0052

Friedrich, O., Schneidereit, D., Nikolaev, Y., Nikolova-Krstevski, V., Schürmann, S.,
Wirth-Hücking, A., et al. (2017). Adding dimension to cellular mechanotransduction:
advances in biomedical engineering of multiaxial cell-stretch systems and their
application to cardiovascular biomechanics and mechano-signaling. Prog. Biophysics
Mol. Biol. 130, 170–191. doi:10.1016/j.pbiomolbio.2017.06.011

Galie, P. A., Russell, M. W., Westfall, M. V., and Stegemann, J. P. (2012). Interstitial
fluid flow and cyclic strain differentially regulate cardiac fibroblast activation via AT1R
and TGF-β1. Exp. Cell. Res. 318 (1), 75–84. doi:10.1016/j.yexcr.2011.10.008

Galie, P. A., and Stegemann, J. P. (2011). Simultaneous application of interstitial flow
and cyclic mechanical strain to a three-dimensional cell-seeded hydrogel. Tissue Eng.
Part C. Methods 17 (5), 527–536. doi:10.1089/ten.tec.2010.0547

Geiger, B., and Zamir, E. (2001). Molecular complexity and dynamics of cell-matrix
adhesions. J. Cell. Sci. 114 (20), 3583–3590. doi:10.1242/jcs.114.20.3583

Hall, J. G. (1985). In In utero movement and use of limbs are necessary for normal
growth: a study of individuals with arthrogryposis. Prog. Clin. Biol. Res. 200 (200),
155–162.

Hardin, J., Bertoni, G., and Kleinsmith, L. J. (2015). Becker’s world of the cell. 8th. New
York, NY, USA: Pearson.

Hegde, C., Su, J., Tan, J. M. R., He, K., Chen, X., and Magdassi, S. (2023). Sensing in
soft robotics. ACS Nano 17 (16), 15277–15307. doi:10.1021/acsnano.3c04089

Hernalsteens, S., Cong, H. H., and Chen, X. D. (2022). Soft elastic tubular reactor: an
unconventional bioreactor for high-solids operations. Biochem. Eng. J. 184 (November
2021), 108472. doi:10.1016/j.bej.2022.108472

Hornberger, T. A., Armstrong, D. D., Koh, T. J., Burkholder, T. J., and Esser, K. A.
(2005). Intracellular signaling specificity in response to uniaxial vs multiaxial stretch:
implications for mechanotransduction. Am. J. Physiology- Cell. Physiology 288 (1 57-1),
185–194. doi:10.1152/ajpcell.00207.2004

Huh, D., Matthews, B. D., Mammoto, A., Montoya-Zavala, M., Hsin, H. Y., and
Ingber, D. E. (2010). Reconstituting organ-level lung functions on a chip. Science 328
(5986), 1662–1668. doi:10.1126/science.1188302

Imboden, M., de Coulon, E., Poulin, A., Dellenbach, C., Rosset, S., Shea, H.,
et al. (2019). High-speed mechano-active multielectrode array for investigating
rapid stretch effects on cardiac tissue. Nat. Commun. 10 (1), 834. doi:10.1038/
s41467-019-08757-2

Ingber, D. E. (2006). Cellular mechanotransduction: putting all the pieces together
again. FASEB J. 20 (7), 811–827. doi:10.1096/fj.05-5424rev

Kang, T. Y., Hong, J. M., Kim, B. J., Cha, H. J., and Cho, D. W. (2013).
Enhanced endothelialization for developing artificial vascular networks with a natural
vessel mimicking the luminal surface in scaffolds. Acta Biomater. 9 (1), 4716–4725.
doi:10.1016/j.actbio.2012.08.042

Kim, S., Laschi, C., and Trimmer, B. (2013). Soft robotics: a bioinspired
evolution in robotics. Trends Biotechnol. 31 (5), 287–294. doi:10.1016/
j.tibtech.2013.03.002

Kluge, J. A., Leisk, G. G., Cardwell, R. D., Fernandes, A. P., House, M., Ward, A.,
et al. (2011). Bioreactor system using noninvasive imaging and mechanical stretch for
biomaterial screening. Ann. Biomed. Eng. 39 (5), 1390–1402. doi:10.1007/s10439-010-
0243-8

Frontiers in Robotics and AI 14 frontiersin.org

https://doi.org/10.3389/frobt.2024.1287446
https://doi.org/10.1088/0960-1317/22/4/045020
https://doi.org/10.1115/1.1519280
https://doi.org/10.1242/jcs.75.1.35
https://doi.org/10.1515/bmt-2016-0173
https://doi.org/10.1038/nrm3904
https://doi.org/10.1002/1097-4636(200105)55:2<242::aid-jbm1011>3.3.co;2-4
https://doi.org/10.1002/1097-4636(200105)55:2<242::aid-jbm1011>3.3.co;2-4
https://doi.org/10.1038/s41551-018-0336-5
https://doi.org/10.1038/s41928-018-0071-7
https://doi.org/10.1002/marc.200900425
https://doi.org/10.3389/fbioe.2021.722202
https://doi.org/10.1088/1748-3190/12/1/016001
https://doi.org/10.1088/1748-3190/12/1/016001
https://doi.org/10.1371/journal.pone.0072489
https://doi.org/10.1088/1758-5082/6/3/035008
https://doi.org/10.1371/journal.pone.0105813
https://doi.org/10.1136/bjophthalmol-2017-311150
https://doi.org/10.1016/j.cell.2006.10.018
https://doi.org/10.1073/pnas.1615140114
https://doi.org/10.1016/s0014-5793(03)00055-3
https://doi.org/10.1002/biot.201800545
https://doi.org/10.1038/s41580-022-00472-z
https://doi.org/10.1016/j.pbiomolbio.2014.06.006
https://doi.org/10.1016/j.tibs.2021.05.005
https://doi.org/10.1126/science.1116995
https://doi.org/10.1007/s10439-015-1305-8
https://doi.org/10.1101/2021.09.24.461639
https://doi.org/10.1088/1758-5090/ac63ef
https://doi.org/10.1242/dev.151266
https://doi.org/10.2319/020716-107.1
https://doi.org/10.1089/ten.tea.2017.0052
https://doi.org/10.1016/j.pbiomolbio.2017.06.011
https://doi.org/10.1016/j.yexcr.2011.10.008
https://doi.org/10.1089/ten.tec.2010.0547
https://doi.org/10.1242/jcs.114.20.3583
https://doi.org/10.1021/acsnano.3c04089
https://doi.org/10.1016/j.bej.2022.108472
https://doi.org/10.1152/ajpcell.00207.2004
https://doi.org/10.1126/science.1188302
https://doi.org/10.1038/s41467-019-08757-2
https://doi.org/10.1038/s41467-019-08757-2
https://doi.org/10.1096/fj.05-5424rev
https://doi.org/10.1016/j.actbio.2012.08.042
https://doi.org/10.1016/j.tibtech.2013.03.002
https://doi.org/10.1016/j.tibtech.2013.03.002
https://doi.org/10.1007/s10439-010-0243-8
https://doi.org/10.1007/s10439-010-0243-8
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org


Dvorak et al. 10.3389/frobt.2024.1287446

Kou, S., Pan, L., van Noort, D., Meng, G., Wu, X., Sun, H., et al. (2011). A multishear
microfluidic device for quantitative analysis of calcium dynamics in osteoblasts.
Biochem. Biophysical Res. Commun. 408 (2), 350–355. doi:10.1016/j.bbrc.2011.04.044

Laurent, C. P., Vaquette, C., Martin, C., Guedon, E., Wu, X., Delconte, A., et al.
(2014). Towards a tissue-engineered ligament: design and preliminary evaluation
of a dedicated multi-chamber tension-torsion bioreactor. Processes 2 (1), 167–179.
doi:10.3390/pr2010167

Lee, C. R., Grodzinsky, A. J., and Spector, M. (2003). Biosynthetic response of
passaged chondrocytes in a type II collagen scaffold to mechanical compression. J.
Biomed. Mater. Res. - Part A 64 (3), 560–569. doi:10.1002/jbm.a.10443

Lee, J., Ihle, S. J., Pellegrino, G. S., Kim, H., Yea, J., Jeon, C. Y., et al. (2021). Stretchable
and suturable fibre sensors for wireless monitoring of connective tissue strain. Nat.
Electron. 4 (4), 291–301. doi:10.1038/s41928-021-00557-1

Lee, J., Kim, H., Lim, H. R., Kim, Y. S., Hoang, T. T. T., Choi, J., et al. (2024).
Large-scale smart bioreactor with fully integrated wireless multivariate sensors and
electronics for long-term in situmonitoring of stem cell culture. Sci. Adv. 10 (7), 1–17.
doi:10.1126/sciadv.adk6714

Lee, K.Il, Lee, J., Kim, J., Kang, K., Jang, J., Shim, Y., et al. (2013). Mechanical
properties of decellularized tendon cultured by cyclic straining bioreactor. J. Biomed.
Mater. Research- Part A 101 (11), 3152–3158. doi:10.1002/jbm.a.34624

Liu, A., Jennings, L. M., Ingham, E., and Fisher, J. (2015). Tribology studies of the
natural knee using an animal model in a new whole joint natural knee simulator. J.
Biomechanics 48 (12), 3004–3011. doi:10.1016/j.jbiomech.2015.07.043

Liu, Y., Li, J., Song, S., Kang, J., Tsao, Y., Chen, S., et al. (2020). Morphing electronics
enable neuromodulation in growing tissue. Nat. Biotechnol. 38 (9), 1031–1036.
doi:10.1038/s41587-020-0495-2

Liu, Z., Zheng, Y., Jin, L., Chen, K., Zhai, H., Huang, Q., et al. (2021). Highly
breathable and stretchable strain sensors with insensitive response to pressure and
bending. Adv. Funct. Mater. 31, 2007622. doi:10.1002/adfm.202007622

Liu, Z., Zhu, T., Wang, J., Zheng, Z., Li, Y., Li, J., et al. (2022). 14 nano-micro letters
functionalized fiber-based strain sensors: Pathway to next-generationwearable electronics.
Available at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8844338/.

Liu, Z., and Mouthuy, P. A. (2024). Advancing smart biomedical textiles with
humanoid robots.Adv. FiberMater. (0123456789), 6–7. doi:10.1007/s42765-023-00357-
6

Maeda, E., Hagiwara, Y., Wang, J. H.-C., and Ohashi, T. (2013). A new experimental
system for simultaneous application of cyclic tensile strain and fluid shear stress to
tenocytes in vitro. Biomed. Microdevices 15 (6), 1067–1075. doi:10.1007/s10544-013-
9798-0

Maeda, E., Ye, S., Wang, W., Bader, D. L., Knight, M. M., and Lee, D. A. (2012). Gap
junction permeability between tenocyteswithin tendon fascicles is suppressed by tensile
loading. Biomechanics Model. Mechanobiol. 11 (3–4), 439–447. doi:10.1007/s10237-
011-0323-1

Mouthuy, P.-A., Snelling, S., Hostettler, R., Kharchenko, A., Salmon, S., Wainman,
A., et al. (2022). Humanoid robots to mechanically stress human cells grown in soft
bioreactors. Commun. Eng. 1 (1), 2–11. doi:10.1038/s44172-022-00004-9

Paek, J., Song, J. W., Ban, E., Morimitsu, Y., Osuji, C. O., Shenoy, V. B., et al. (2021).
Soft robotic constrictor for in vitro modeling of dynamic tissue compression. Sci. Rep.
11 (1), 16478. doi:10.1038/s41598-021-94769-2

Pandey, E., Srivastava, K., Gupta, S., Srivastava, S., and Mishra, N. (2016). Some
biocompatiblematerials used inmedical practices-a review. Int. J. Pharm. Sci. Res. IJPSR
7 (7), 2748–2755. doi:10.13040/IJPSR.0975-8232.7(7).2748-55

Patel, V. B., Zhabyeyev, P., Chen, X., Wang, F., Paul, M., Fan, D., et al. (2018). PI3Kα-
Regulated gelsolin activity is a critical determinant of cardiac cytoskeletal remodeling
and heart disease. Nat. Commun. 9 (1), 5390. doi:10.1038/s41467-018-07812-8

Pearson, N. C., Waters, S. L., Oliver, J. M., and Shipley, R. J. (2015). Multiphase
modelling of the effect of fluid shear stress on cell yield and distribution in a
hollow fibre membrane bioreactor. Biomechanics Model. Mechanobiol. 14 (2), 387–402.
doi:10.1007/s10237-014-0611-7

Place, T. L., Domann, F. E., and Case, A. J. (2017). Limitations of oxygen delivery to
cells in culture: an underappreciated problem in basic and translational research. Free
Radic. Biol. Med. 113 (October), 311–322. doi:10.1016/j.freeradbiomed.2017.10.003

Poulin, A., Saygili Demir, C., Rosset, S., Petrova, T. V., and Shea, H. (2016). Dielectric
elastomer actuator for mechanical loading of 2D cell cultures. Lab a Chip 16 (19),
3788–3794. doi:10.1039/c6lc00903d

Prill, S., Jaeger, M. S., and Duschl, C. (2014). Long-term microfluidic glucose
and lactate monitoring in hepatic cell culture. Biomicrofluidics 8 (3), 034102–034109.
doi:10.1063/1.4876639

Qin, T.Wu, Sun, Y. L., Thoreson, A. R., Steinmann, S. P., Amadio, P.
C., An, K. N., et al. (2015). Effect of mechanical stimulation on bone
marrow stromal cell-seeded tendon slice constructs: a potential engineered
tendon patch for rotator cuff repair. Biomaterials 51, 43–50. doi:10.1016/
j.biomaterials.2015.01.070

Raimondi, M. T., Laganà, M., Conci, C., Crestani, M., Di Giancamillo, A., Gervaso,
F., et al. (2018). Development and biological validation of a cyclic stretch culture

system for the ex vivo engineering of tendons. Int. J. Artif. Organs 41 (7), 400–412.
doi:10.1177/0391398818774496

Reinwald, Y., Leonard, K. H., Henstock, J. R.,Whiteley, J. P., Osborne, J. M.,Waters, S.
L., et al. (2015). Evaluation of the growth environment of a hydrostatic force bioreactor
for preconditioning of tissue-engineered constructs. Tissue Eng. Part C. Methods 21 (1),
1–14. doi:10.1089/ten.tec.2013.0476

Rezaei, N., Saghazadeh, A., Bharucha-Goebel, D., Čeko, M., Donkervoort, S.,
Laubacher, C., et al. (2016). The role of PIEZO2 in human mechanosensation. N. Engl.
J. Med. 375 (14), 1355–1364. doi:10.1056/nejmoa1602812

Rinoldi, C., Costantini, M., Kijeńska-Gawrońska, E., Testa, S., Fornetti, E., Heljak,
M., et al. (2019). Tendon tissue engineering: effects of mechanical and biochemical
stimulation on stem cell alignment on cell-laden hydrogel yarns. Adv. Healthc. Mater. 8
(1801218), 1–10. doi:10.1002/adhm.201801218

Roche, E. T., Horvath, M. A., Wamala, I., Alazmani, A., Song, S. E., Whyte, W., et al.
(2017). Soft robotic sleeve supports heart function. Sci. Transl. Med. 9 (373), 1–12.
doi:10.1126/scitranslmed.aaf3925

Sander, I. L., Dvorak, N., Stebbins, J. A., Carr, A. J., and Mouthuy, P. -A. (2022).
Advanced robotics to address the translational gap in tendon engineering.Cyborg Bionic
Syst., 9842169. doi:10.34133/2022/9842169

Sawaguchi, N., Majima, T., Funakoshi, T., Shimode, K., Harada, K., Minami, A.,
et al. (2010). Effect of cyclic three-dimensional strain on cell proliferation and collagen
synthesis of fibroblast-seeded chitosan-hyaluronan hybrid polymer fiber. J. Orthop. Sci.
15 (4), 569–577. doi:10.1007/s00776-010-1488-7

Scaglione, S., Zerega, B., Badano, R., Benatti, U., Fato, M., and Quarto, R. (2010). A
three-dimensional traction/torsion bioreactor system for tissue engineering. Int. J. Artif.
Organs 33 (6), 362–369. doi:10.1177/039139881003300604

Schmid, J., Schwarz, S., Meier-Staude, R., Sudhop, S., Clausen-Schaumann, H.,
Schieker, M., et al. (2018). A perfusion bioreactor system for cell seeding and oxygen-
controlled cultivation of three-dimensional cell cultures. Tissue Engineering- Part C.
Methods 24 (10), 585–595. doi:10.1089/ten.tec.2018.0204

Schraegle, A. E., Millard, N. D., and King, B. G. (1951). Human anatomy and
physiology. Am. J. Nurs. 51 (12), 40. doi:10.2307/3468078

Schürmann, S., Wagner, S., Herlitze, S., Fischer, C., Gumbrecht, S., Wirth-
Hücking, A., et al. (2016). The IsoStretcher: an isotropic cell stretch device to study
mechanical biosensor pathways in living cells. Biosens. Bioelectron. 81, 363–372.
doi:10.1016/j.bios.2016.03.015

Secerovic, A., Ristaniemi, A., Cui, S., Li, Z., Soubrier, A., Alini, M., et al. (2022).
Toward the next generation of spine bioreactors: validation of an ex vivo intervertebral
disc organ model and customized specimen holder for multiaxial loading. ACS
Biomaterials Sci. Eng. 8, 3969–3976. doi:10.1021/acsbiomaterials.2c00330

Seddiqi, H., Abbasi-Ravasjani, S., Saatchi, A., Amoabediniy, G., Zandie-Doulabi, B.,
Jin, J., et al. (2023). Osteogenic activity on NaOH-etched three-dimensional-printed
poly-e-caprolactone scaffolds in perfusion or spinner flask bioreactor. Tissue Eng. Part
C. Methods 20 (6). doi:10.1089/ten.tec.2023.0062

Shakeel, M., Matthews, P. C., Graham, R. S., and Waters, S. L. (2013). A continuum
model of cell proliferation and nutrient transport in a perfusion bioreactor.Math. Med.
Biol. 30 (1), 21–44. doi:10.1093/imammb/dqr022

Sharma, R. I., and Snedeker, J. G. (2010). Biochemical and biomechanical gradients
for directed bone marrow stromal cell differentiation toward tendon and bone.
Biomaterials 31 (30), 7695–7704. doi:10.1016/j.biomaterials.2010.06.046

Sinha, R., Verdonschot, N., Koopman, B., and Rouwkema, J. (2017). Tuning cell and
tissue development by combining multiple mechanical signals. Tissue Eng. Part B Rev.
23 (5), 494–504. doi:10.1089/ten.teb.2016.0500

Smith, A. S. T., Passey, S., Greensmith, L., Mudera, V., and Lewis, M. (2012).
Characterization and optimization of a simple, repeatable system for the long term
in vitro culture of aligned myotubes in 3D. J. Cell. Biochem. 113 (3), 1044–1053.
doi:10.1002/jcb.23437

Song, F., Jiang, D., Wang, T., Wang, Y., Chen, F., Xu, G., et al. (2017).
Mechanical loading improves tendon-bone healing in a rabbit anterior cruciate
ligament reconstruction model by promoting proliferation and matrix formation of
mesenchymal stem cells and tendon cells. Cell. Physiology Biochem. 41 (3), 875–889.
doi:10.1159/000460005

Stoffel, M., Willenberg, W., Azarnoosh, M., Fuhrmann-Nelles, N., Zhou, B., and
Markert, B. (2017). Towards bioreactor development with physiological motion control
and its applications.Med. Eng. Phys. 39, 106–112. doi:10.1016/j.medengphy.2016.10.010

Subramanian, G., Elsaadany, M., Bialorucki, C., and Yildirim-Ayan, E. (2017).
Creating homogenous strain distribution within 3D cell-encapsulated constructs using
a simple and cost-effective uniaxial tensile bioreactor: design and validation study.
Biotechnol. Bioeng. 114 (8), 1878–1887. doi:10.1002/bit.26304

Tajik, A., Zhang, Y., Wei, F., Sun, J., Jia, Q., Zhou, W., et al. (2016). Transcription
upregulation via force-induced direct stretching of chromatin. Nat. Mater. 15 (12),
1287–1296. doi:10.1038/nmat4729

Thangadurai, M., Srinivasan, S. S., Sekar, M. P., Sethuraman, S., and Sundaramurthi,
D. (2023). Emerging perspectives on 3D printed bioreactors for clinical translation
of engineered and bioprinted tissue constructs. J. Mater. Chem. B 12, 350–381.
doi:10.1039/d3tb01847d

Frontiers in Robotics and AI 15 frontiersin.org

https://doi.org/10.3389/frobt.2024.1287446
https://doi.org/10.1016/j.bbrc.2011.04.044
https://doi.org/10.3390/pr2010167
https://doi.org/10.1002/jbm.a.10443
https://doi.org/10.1038/s41928-021-00557-1
https://doi.org/10.1126/sciadv.adk6714
https://doi.org/10.1002/jbm.a.34624
https://doi.org/10.1016/j.jbiomech.2015.07.043
https://doi.org/10.1038/s41587-020-0495-2
https://doi.org/10.1002/adfm.202007622
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8844338/
https://doi.org/10.1007/s42765-023-00357-6
https://doi.org/10.1007/s42765-023-00357-6
https://doi.org/10.1007/s10544-013-9798-0
https://doi.org/10.1007/s10544-013-9798-0
https://doi.org/10.1007/s10237-011-0323-1
https://doi.org/10.1007/s10237-011-0323-1
https://doi.org/10.1038/s44172-022-00004-9
https://doi.org/10.1038/s41598-021-94769-2
https://doi.org/10.13040/IJPSR.0975-8232.7(7).2748-55
https://doi.org/10.1038/s41467-018-07812-8
https://doi.org/10.1007/s10237-014-0611-7
https://doi.org/10.1016/j.freeradbiomed.2017.10.003
https://doi.org/10.1039/c6lc00903d
https://doi.org/10.1063/1.4876639
https://doi.org/10.1016/j.biomaterials.2015.01.070
https://doi.org/10.1016/j.biomaterials.2015.01.070
https://doi.org/10.1177/0391398818774496
https://doi.org/10.1089/ten.tec.2013.0476
https://doi.org/10.1056/nejmoa1602812
https://doi.org/10.1002/adhm.201801218
https://doi.org/10.1126/scitranslmed.aaf3925
https://doi.org/10.34133/2022/9842169
https://doi.org/10.1007/s00776-010-1488-7
https://doi.org/10.1177/039139881003300604
https://doi.org/10.1089/ten.tec.2018.0204
https://doi.org/10.2307/3468078
https://doi.org/10.1016/j.bios.2016.03.015
https://doi.org/10.1021/acsbiomaterials.2c00330
https://doi.org/10.1089/ten.tec.2023.0062
https://doi.org/10.1093/imammb/dqr022
https://doi.org/10.1016/j.biomaterials.2010.06.046
https://doi.org/10.1089/ten.teb.2016.0500
https://doi.org/10.1002/jcb.23437
https://doi.org/10.1159/000460005
https://doi.org/10.1016/j.medengphy.2016.10.010
https://doi.org/10.1002/bit.26304
https://doi.org/10.1038/nmat4729
https://doi.org/10.1039/d3tb01847d
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org


Dvorak et al. 10.3389/frobt.2024.1287446

Tric, M., Lederle, M., Neuner, L., Dolgowjasow, I., Wiedemann, P., Wölfl, S., et al.
(2017). Optical biosensor optimized for continuous in-line glucose monitoring in
animal cell culture.Anal. Bioanal. Chem. 409 (24), 5711–5721. doi:10.1007/s00216-017-
0511-7

Wang, T., Chen, P., Zheng, M., Wang, A., Lloyd, D., Leys, T., et al. (2018). In
vitro loading models for tendon mechanobiology. J. Orthop. Res. 36 (2), 566–575.
doi:10.1002/jor.23752

Willenberg, W., Azarnoosh, M., Stoffel, M., and Markert, B. (2016). Experimental
and numerical investigation of tendons and tendon cells. Pamm 16 (1), 113–114.
doi:10.1002/pamm.201610045

Wu, M. Y., and Hill., C. S. (2009). TGF-Β superfamily signaling in
embryonic development and homeostasis. Dev. Cell. 16 (3), 329–343.
doi:10.1016/j.devcel.2009.02.012

Wu, S., Wang, Y., Streubel, P. N., and Duan, B. (2017). Living nanofiber yarn-based
woven biotextiles for tendon tissue engineering using cell tri-culture and mechanical
stimulation. Acta Biomater. 62, 102–115. doi:10.1016/j.actbio.2017.08.043

Wu, Yi H., Park, T. I. H., Kwon, E., Feng, S., Schweder, P., Dragunow, M.,
et al. (2022). Analyzing pericytes under mild traumatic brain injury using 3D
cultures and dielectric elastomer actuators. Front. Neurosci. 16 (November), 1–16.
doi:10.3389/fnins.2022.994251

Yamamoto, N., Ohno, K., Hayashi, K., Kuriyama, H., Yasuda, K.,
and Kaneda, K. (1993). Effects of stress shielding on the mechanical
properties of rabbit patellar tendon. J. biomechanical Eng. 115 (1), 23–28.
doi:10.1115/1.2895466

Yang, T., Huang, Y., Han, Z., Liu, H., Zhang, R., and Xu, Y. (2013).
Novel disposable flexible bioreactor for Escherichia coli culture in orbital
shaking incubator. J. Biosci. Bioeng. 116 (4), 452–459. doi:10.1016/
j.jbiosc.2013.04.004

Yi, Y., Yu, C., Zhai, H., Jin, L., Cheng, D., Lu, Y., et al. (2022). A free-
standing humidity sensor with high sensing reliability for environmental
and wearable detection. Nano Energy 103 (August), 107780. doi:10.1016/
j.nanoen.2022.107780

Frontiers in Robotics and AI 16 frontiersin.org

https://doi.org/10.3389/frobt.2024.1287446
https://doi.org/10.1007/s00216-017-0511-7
https://doi.org/10.1007/s00216-017-0511-7
https://doi.org/10.1002/jor.23752
https://doi.org/10.1002/pamm.201610045
https://doi.org/10.1016/j.devcel.2009.02.012
https://doi.org/10.1016/j.actbio.2017.08.043
https://doi.org/10.3389/fnins.2022.994251
https://doi.org/10.1115/1.2895466
https://doi.org/10.1016/j.jbiosc.2013.04.004
https://doi.org/10.1016/j.jbiosc.2013.04.004
https://doi.org/10.1016/j.nanoen.2022.107780
https://doi.org/10.1016/j.nanoen.2022.107780
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org

	1 Introduction
	2 Traditional bioreactors
	2.1 Chamber designs used in traditional bioreactors
	2.2 Mechanical stimuli applied in traditional bioreactors
	2.2.1 Static loading
	2.2.2 Dynamic uniaxial loading
	2.2.3 Application of shear stress
	2.2.4 Combining types of loading

	2.3 Sensors used in traditional bioreactors
	2.4 Challenges and shortcomings of traditional bioreactors

	3 The emergence of soft bioreactors
	3.1 Soft chambers
	3.2 Soft actuators
	3.3 Soft sensors
	3.4 Combining soft components to address the challenges of traditional bioreactors
	3.5 Future technical challenges for soft bioreactors
	3.5.1 Materials for soft chambers
	3.5.2 Assembly of parts and additional ports
	3.5.3 Attachment of tissue constructs
	3.5.4 Integrating complex sensors


	4 Other opportunities generated by soft bioreactor systems
	4.1 Improved studies on biomaterials, mechanotransduction and drugs
	4.2 Reduction of animal use
	4.3 Versatility of use
	4.4 Improved oxygen supply

	5 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References

