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Abstract. Many articles have reported a correlation between the use of mechanical stimulation and
an enhancement in cultivation of various tissues engineered in bioreactors. The enhancement
includes improvements in cell growth, proliferation, and functionalities. The aim of this report is to
review the mechanical functionalities of tissue engineering bioreactors in terms of the forms of
stimulation, types of stress, actuators, supporting modules, and, most importantly, efficacy. The
Google Scholar database was searched for relevant articles. Three forms of simulation were
reported: uniaxial, biaxial, and multiaxial. The types of stress exerted by bioreactors include
compression, tension, shear, and dynamic stresses, which are applied solely or mutually depending
on the number of axes involved. Mechanical stimulation could be actuated by stepper motors,
pistons, pneumatic pumps, diaphragm pumps, piezoelectric systems, or dielectric charges.
Additional modules, such as incubators, flow perfusion systems, ultrasound sensors, movement
controls, and electrodes, can also support the mechanical functions of bioreactors. The efficacy of a
bioreactor could be determined by investigating the biomechanical and histological properties of
the engineered tissues. To facilitate the development of mechanical functionalities for tissue
engineering bioreactors in the future, a seven-step framework is proposed.
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1. Introduction

Tissue engineering has resulted in significant enhancements in medicine. At present,
engineered tissues initially developed in labs are now used in clinics. The outcomes were a
manifestation of a tissue engineering triad: cells, scaffolds, and signals (Birla, 2014). In
terms of signals, abundant signal types and provisions, are now implemented for
engineered tissues (Birla, 2014). One of the common provisions has been the use of
bioreactors. Compared to petri dishes, bioreactors performed superior for tissue culture
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functions, as they allowed for dynamic (Nadhif et al., 2017) and three-dimensional culture
of tissues (Heher et al,, 2015), as well as providing the possibility of mechanical stimulation
(Anderson and Johnstone, 2017). Mechanical stimulations are important for in vitro tissue
engineering as they model the mechanical perturbations received by the tissues in vivo. The
absence of mechanical stimulation in vitro may result in deviations in mechanical
properties of the final cultured tissues, thereby causing deviations in the expected tissue
models.

One of the first bioreactors that utilized a mechanical stimulation module was
produced in the late 1990s (Vunjak-Novakovic et al.,, 1999). This group engineered cartilage
constructs in rotating vessels, which imposed a shear stress induced by a dynamic laminar
flow field. The resulting engineered cartilage constructs showed a higher fraction of
collagen and glycosaminoglycans when compared to a static culture. Moreover, the artificial
cartilage also showed better mechanical properties. After this finding, reports flourished
regarding the use of mechanical stimulations in tissue engineering bioreactors. In most
cases, mechanical stimuli were used to induce the growth and proliferation of dermato-
musculoskeletal and cardiac muscle tissues, including skin (Helmedag et al.,, 2015), heart
muscles (Mooney et al,, 2012), cartilage (Vainieri et al., 2018), bones (Rauh et al,, 2011),
and skeletal muscles (Heher et al., 2015).

As first reported by Vunjak-Novakovic et al. (1999), the outcomes of mechanically
stimulating bioreactors are often characterized by the mechanical properties of the tissues,
the cell growth and proliferation, and the presence of extracellular matrix (ECM). The
beating performance of the seeded cells are also considerations in engineered heart
muscles (Shachar et al,, 2012; Paez-Mayorga et al., 2019).

Unfortunately, reviews about the mechanical functionalities in tissue engineering
bioreactors are still scattered. The existing reports mostly focus on one type of stress or one
target tissue. For instance, a review by McCoy and O’Brien (2010) focused on the shear
stress in bone tissue bioreactors, while a review by Anderson and Johnstone (2017) focused
more on compression stress for engineered chondrocytes. A comprehensive review about
various forms of mechanical stimulations for broad types of tissues is still lacking, not to
mention the forms of loading and other related technical aspects.

The aim of this report was to review the mechanical functionalities for tissue
engineering bioreactors in terms of the forms of stimulation, types of stress, actuators,
supporting modules, and, most importantly, efficacy.

2. Methods

The review was initiated by collecting papers from the Google Scholar database.
Several keywords were used, including “mechanical bioreactor,” “mechanical stimulation
bioreactor,” and “mechanical tissue bioreactor.” The paper recommendation when opening
a paper page (i.e., in the Elsevier and PubMed databases) was also of consideration.
Subsequently, the retrieved papers were sorted manually in terms of relevance and
contextuality by thorough reading. Accordingly, the decision was made for inclusion or
exclusion of a paper from the review. After the paper collection was considered sufficient,
the papers were evaluated for important pieces of information, including the forms of
stress, types of stress, actuators, supporting modules, and efficacy.

To facilitate the reading, the Results and Discussion chapter has been divided according
to the forms of loading. The other pieces of information are further elaborated in each
subchapter. At the end of the chapter, each component is discussed.
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3. Results and Discussion

Reflecting on Mechanical Functionalities in Bioreactors for Tissue Engineering Purposes

The collected articles revealed three forms of stimulation: uniaxial, biaxial, and
multiaxial. These three forms of stimulation are applied in 13 derived mechanisms (Table

1).

Table 1 Summary of mechanical functionalities in bioreactors

Form (?f Actuator Type of force Cult.ured Supporting Ref
stimulation specimen modules
Hip Ball Compressive, Osteochondral Incubator (thermal (Vainierietal,
P shear defect models & gas) 2018)
. Compressive, Cardiac muscle Medium perfusion, (Shachar etal,
Piston . Incubator (thermal
shear tissues 2012)
& gas)
Uniaxial
e Piston Flexural TEHV scaffold Incubator (thermal  (Engelmayr et
& gas) al,, 2003)
Piezoelectric Compressive  Cartilage Medium perfusion, (Meyer et al,,
actuator p § incubator 2006)
. . Incubator (thermal (Laddetal,
Motor Tensile Skin & gas) 2009)
. . Incubator (thermal (Baietal,
Motor Tensile Fibroblast & gas) 2014)
Compressive, . (Yusoffetal,
Motor shear Cartilage model N/A 2011)
Incubator (thermal
Biaxial Compressive, . & gas), force (Bilgen et al,,
Motor shear Cartilage model feedback, 2013)
positional feedback
. Compressive, . Incubator (thermal (Meinertetal,
Piston shear Cartilage model & gas) 2017)
Pneumatic Tensile Cancer cell lines Electrode (Pakazad et al.,
Pump (recording) 2014)
Pneumatic Tensile Vascular-derived Ultrasound sensor (van Kelle et al.,
Pump tissue construct 2017)
Electrode
L Diaphragm . MSC-seeded (recording), (Liu etal,
Multiaxial Pump Tensile hydrogel Incubator (thermal 2018)
& gas)
Dielectric
Elastomer . . Incubator (thermal (Costaetal,
Actuator Tensile Fibroblasts & gas) 2020)
(DEA)

3.1. Uniaxial Stimulation
As the name implies, uniaxial mechanical stimulation works with actuators that move
in one single axis in the bioreactor. Uniaxial stress has been realized with varied types of

stress; in fact, even for the same type of stress, the actuator used can differ.

One of the earliest uniaxial bioreactors was reported by Engelmayr et al. (2003). That
group utilized a piston-motor system positioned parallel to two 6-well plates for the culture
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of tissue-engineered heart valve (TEHV) scaffolds (Figure 1a). The piston-motor system
was connected to a cross-arm that had stirrers inside each well of the well plates. This
mechanism successfully generated cyclic loading in the form of dynamic flexure. The
dynamic flexure significantly affected the effective stiffness of the TEHV scaffolds when
compared with static loading. Qualitative analysis using scanning electron microscopy
(SEM) showed a more pronounced fragmentation of fibers in the scaffold mesh in the
cyclically loaded culture (Engelmayr et al., 2003).

Another uniaxial stress stimulation was provided by delivering a compressive stress
using different types of actuators (Figure 1b). The first mode used a piezoelectric-driven
loading system (Meyer et al.,, 2006). In that study, the loading system was perpendicular to
a three-dimensional culture of osteoblasts and chondrocytes and allowed a stamping
mechanism to cyclically compress the specimens. The stamping system was claimed to
induce the elongation of the specimens along the horizontal axis, in addition to the
deformation in the z direction. The dynamic culture of specimens was enabled by installing
an open loop pumping system for culture medium supply and waste removal. Mechanical
loads over extended periods increased the proliferation and differentiation of osteoblasts
and chondrocytes.

Compressive stress has also been generated using a crankshaft engine that lifted and
lowered the 48-piston platform (Shachar et al, 2012). The 48-piston platform was
positioned precisely on top of a 48-well plate, which functioned as a locus for cardiac tissue
engineering. The growth of the engineered cardiac tissue was supported by liquid medium
poured into each well. The presence of liquid medium suggested the presence of another
type of stress, and the group used a fluent computational fluid dynamic (CFD) software to
also evaluate the shear stress due to the fluid flow when the piston was lowered into the
medium. The cyclic compression, followed by perfusion-associated shear stress, promoted
cardiac tissue regeneration that showed organized myofibrils and the striation of an adult
heart muscle tissue. The results implied that this type of stimulation generated a better
model of an in vivo adult tissue.

Compressive stress has also been imposed by setting up an actuator that imitates an
active part of the body that delivers stress to the tissue of interest. Vainieri et al. (2018)
imitated a femoral head using a ceramic hip ball, which was coupled with an actuator to
deliver a cyclic compressive stress to osteochondral defect models (Figure 1c).
Simultaneous shear motions were also observed during the compression due to the ball
oscillation. The dynamic compression and oscillation-induced shear stress did not wear out
the cartilage model. The gene expression by the cultured chondrocytes suggested a
chondrogenic response to the mechanical stimuli. These results obtained from the hip ball
mechanism were expected to clarify the mechanobiology of the recovery of osteochondral
defects, as well as to uncover the mechanical signaling regarding the correlation between
molecular signaling and treatment (Vainieri et al., 2018).

In contrast to the uniaxial stimulations, which were mostly compressive, Ladd et al.
(2009) used a tensile stress to evaluate the effects of in vitro stretching of skin matrices
(Figure 1d). The tensile stress was generated by a motor actuator that elongated the skin
gradually for approximately 5 days. The expanded skin matrices showed the viscoelastic
properties common to skin, including a higher Young’s modulus and tensile stress
compared to control matrices. The bioreactor system maintained cell viability and
proliferation, upheld the dermal structural integrity, and increased the pore size, which
allowed expansion of the size of skin flaps for reconstructive surgeries.
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Figure 1 Forms of uniaxial stimulations: parallel piston (a), perpendicular piston (b), hip ball
mechanism (c), and stretch clamp (d)

In some articles, although the designated stress was set to work in one axis, the authors
claimed that another stress was working on another axis due to the manifestation of the
main stress. Shachar etal. (2012) backed up this claim using CFD analysis and reported that
the piston compression toward the culture medium triggered flow perfusion in the vicinity
of the cultured tissue. The fluid velocity vectors were also presented in the article.
Nevertheless, the paper lacks the experimental characterization of shear stress, which
would seem to make the claim about the shear stress incomplete. Similarly, Vainieri et al.
(2018) only mentioned that the emerged shear stress was due to the oscillation of the hip
ball; they failed to elaborate further on the shear stress. A characterization of shear stress
was also absent, which made the claim about the presence of shear stress equivocal.

3.2. Biaxial Stimulation

Although some uniaxially stimulating bioreactors are able to generate biaxial stress, the
stress working in the second axis is typically the reverberation of the main working stress.
This subchapter describes biaxial stimulation that was intended from the beginning of the
bioreactor design. The reason for this development was the need to mimic the in vivo
environment more accurately, since most soft tissues experience complex multiaxial
loading in vivo (Huang et al., 2015).

The first biaxial stimulation was designed by combining an actuator system generating
the compressive stress and an actuator generating shear stress perpendicular and parallel
to the cultured specimens, respectively (Figure 2a). Yusoff et al. (2011) generated a
compressive stress using two stepper motors connected to power screw shafts, thereby
converting the rotation motion of the motor into the linear motion of the piston system
perpendicular to the culture plate. Meanwhile, another motor was placed in parallel with
the culture plate to generate shear stress. Although this bioreactor was not tested with
living tissues, the technical validation showed the ability of the bioreactor to generate
sinusoidal and intermittent loads to the culture plate. The reliability test conducted by
applying dynamic loading with 99,999 cycles resulted in significantly similar compression
and shear to that observed with the first dynamic load. Moreover, the stress distribution
patterns of the modelled cartilage, determined using finite element methods (FEM), proved
that the biaxial loading resulted in more uniform distribution than was achieved with
uniaxial loading.
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A compression-shear stimulation system has already been employed in the assessment
of artificial cartilages (Bilgen et al., 2013). This system was also equipped with a load cell
and linear optic encoders to provide the force feedback and positional feedback,
respectively. In terms of results, the glycosaminoglycan (GAG) and collagen contents of the
artificial cartilage were more profound in the biaxial loading group than in the uniaxial and
control groups. A latter report also confirmed the abundance of GAG and collagen in the
artificial cartilage (Meinertetal., 2017).

Biaxial stimulation can also be implemented using a biaxial tensile system. This system
is an improvement over the uniaxial tension system. Instead of using only a single motor,
the biaxial tension system used two motors, each working in a separate axis (Figure 2b).
Bai et al. (2014) used this system to construct a three-dimensional culture of fibroblasts in
cruciform fibrin-collagen gels. Every end of the cruciform matrix was clamped to the biaxial
tensile system, thereby allowing cyclic tension. After a 31-day culture, the seeded cells and
deposited collagen were arbitrarily, yet equibiaxially, distributed in the matrix.
Surprisingly, both matrices with biaxial stretch and control presented isotropic mechanical
properties and progressively increasing stiffness, regardless of the difference in the
collagen microstructure (Bai et al,, 2014).
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Figure 2 Forms of biaxial stimulations: compression-shear system (a) and biaxial tension system

(b)

3.3. Multiaxial Stimulation

Multiaxial stimulation can be realized by forming the matrix, scaffold, or substrate as a
free-standing membrane. Subsequently, the membrane is inflated and deflated, which
generates a bulging mechanism that stimulates the cultured tissue multiaxially. The
mechanical properties of the free-standing membrane were characterized using the bulge
test equation (Oomen et al., 2017; van Kelle et al., 2017).

One approach used to realize a bulging mechanism was to deliver pneumatic pressure
to the back side of the membrane (Figure 3a). The polydimethylsiloxane (PDMS)
membranes used by Pakazad et al. (2014) and by Liu et al. (2018) were permanently intact
parts of the bioreactor, meaning that membrane replacement during use was impossible.
Liu et al. (2018) used a bioreactor membrane that enabled the culture of tissue scaffolds.
By contrast, the membrane used by Pakazad et al. (2014) limited cell culture only to the
microgrooves on the top of the membrane.

The integrated membrane-bioreactor as one monolithic design also allowed the
addition of other modules to the bioreactor. Liu et al. (2018) fabricated carbon nanotube
(CNT) strain sensor sensors inside the membrane to allow for mechanical stimulation and
stiffness measurements of the tissue constructs. Similarly, Pakazad et al. (2014) also
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embedded electrodes into the membrane during the fabrication to allow recording of the
electrophysiological behavior of the cultured cells.

The bulging mechanism could also be implemented using a changeable membrane
(Shen et al., 2017; van Kelle et al., 2017), which was in the form of a cell-seeded scaffold.
Before the bioreactor was operated, the membrane was clamped within the bioreactor.
However, prior to the cyclic loading application, van Kelle et al. (2017) cultured the
membrane of tissue constructs statically in 6-well plates to strengthen the mechanical
integrity of the tissue constructs. During bulging, the mechanical properties of the tissue
constructs were investigated. The results showed that this type of bioreactor could allow
for in vitro tissue modeling and for adjustable mechanical functionalities.

Hydrostatically coupled dielectric elastomer actuators (HC-DEAs) have also been used.
The bubble-like structure of the HC-DEA was formed upward when the voltage was applied.
A HC-DEA-based bioreactor successfully promoted the orientation of the cytoskeleton
(Costa et al., 2020) as a result of an 8 h cyclic stretching of the membrane. The orientation
also showed a perpendicular tendency toward the radial stretch direction.
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Figure 3 Forms of multiaxial stimulations using a pneumatic pump (a) and using a dielectric
elastomer actuator (b)

3.4. Recommendations

The variation in the methodologies used to develop mechanical functionalities in the
reviewed papers emphasized the importance of gathering and denoting the crucial aspects
of the mechanical functionalities. Subsequently, these crucial aspects were synthesized into
a stepwise framework consisting of seven steps. The first step is designing the parts of the
mechanical module (i.e., the chamber holding the specimens, the actuating mechanism, and
the casing) using computer-aided design (CAD) software (Yusoff et al.,, 2011; Helmedag et
al.,, 2015). The CAD design can also be used to model an engineered tissue for FEM and CFD
simulations (Shen et al,, 2017). The second step is simulation of the stresses acting on the
cultured specimens using CFD and FEM. CFD can be used to simulate stress induced by flow
perfusion (Shachar et al., 2012), while FEM can be used to simulate stress imposed by solid
contacts, such as compression and tension (Yusoff et al., 2011; Shen et al., 2017). The third
step is to design a control system, which may feature force feedback and positional
feedback, thereby stabilizing the mechanical stimulation (Bilgen et al,, 2013; Liu et al,,
2018). Moreover, researchers may implement genetic algorithm in the control system to
optimize the motor movement (Soesanto et al., 2018).

The fourth step is the implementation and assembly of the mechanical modules with
biocompatible manufacturing techniques and materials; the choice depends on the output
engineered tissue, as well as the tissue functionalities. In parallel with the fourth step,
additional modules can be performed to support the functions of the bioreactor, as
presented in Table 1. The use of incubator for thermal preservation, nonetheless, might be
replaced by integrating a thermal module in a bioreactor (Nadhif et al., 2019). Another
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module that can be integrated is the medium perfusion, which may use a peristaltic pump
(Xiao et al., 2014), a syringe pump (McCoy and O’Brien, 2010), and a mechanical mixer
(Qian et al,, 2016). Before implementing the medium perfusion module, researchers can
carry out CFD to analyze the output flow rate and pressure (Muharam and Kurniawan,
2016), as well as the effect of the perfusion flow to the cultured tissue.

The fifth step is the biomechanical characterization of the bioreactors and cultured
tissues. For instance, in the multiaxial bioreactor, the pressure delivered by the pneumatic
pump is correlated with the resulting strain of the membrane (Pakazad et al., 2014). In
terms of tissue biomechanics, the evaluation includes the tissue elastic modulus, tensile
stress, strain, microstructure, and porosity, as well as the abundance and microstructure of
the ECM. The final step is the histological testing of the engineered tissues, including cell
viability, cell proliferation, cell differentiation, tissue regeneration, gene expression, and
electrophysiological behavior.

5. Conclusions

The mechanical functionalities of bioreactors can be divided into three forms of
stimulation: uniaxial, biaxial, and multiaxial. The uniaxially stimulating bioreactors produce
stresses that are compressive, tensile, shear, and flexural. Some articles have claimed that
the uniaxial stimulation they developed could result in biaxial stress. However, that claim
should be thoroughly scrutinized since the articles lacked any experimental
characterizations. Most biaxial stimulations combined compression and shear, although
that type of stimulation could also exist as a biaxial tension. The multiaxial system has been
characterized using the bulging mechanism, actuated by a pneumatic system acting on a
dielectric elastomer. To facilitate future work in developing mechanical functionalities of
tissue engineering bioreactors, a seven-step framework is proposed.
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