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Abstract. Technology to improve tissue development is constantly be-
ing improved and refined. Soft robots have been utilized in medical set-
tings due to their compliant nature, reducing the stiffness gradient at
tissue-device interfaces. In this paper, we present a pneumatically actu-
ated soft stimulating balloon capable of applying up to 70% strain to
a phantom tissue construct at a pressure of 0.3 bar. Ecoflex™0050 is
used as a biocompatible material for the membrane, and the interaction
between the two was investigated by varying the scaffold stiffness and
initial tension. Data from video tracking was used to compute the tensile
strain applied to the scaffold. We present here, the first steps of charac-
terizing the device for in vitro implementation and further integration
into a custom bioreactor.

Keywords: Tissue Engineering - Soft Robotics - Mechanobiology.

1 Introduction

In the field of tissue engineering, stimulation methods are used to mimic the
body’s native environment for healthy production of neotissue. Different stimula-
tion methods and regimes have been implemented to stimulate targeted cell types
and encourage cell proliferation and other cell functions, such as collagen depo-
sition [1,2]. These methods can also increase the likelihood of achieving desired
material properties, including tissue tensile strength [3]. Mechano-stimulation
has been used to apply strain and induce cell action via shear [4], tensile [5] and
compressive [6] stresses.

Bioreactors are commonly used to model the behaviour found in the cell’s
natural environment by providing a uni-directional stimulation, such as mechan-
ical loading. Examples of rigid traditional bioreactors include Ebers [7], BioTense
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[8] and Cartigen [9]. However, stiffness gradients have been shown to affect cell
activity and function [10], while soft interfaces better mimic the cell environ-
ment, therefore reducing the stiffness gradient at the boundary between the
tissue construct and the actuator [11]. As a consequence, it is desirable to have
a highly controllable interface where the strain intensity and direction can be
regulated. Soft robots are suitable for such interfaces due to their intrinsically
soft construction and the ability to control their deformation. This makes them
a suitable candidate for the mechano-stimulation of tissue [12].

Research has been carried out on soft bioreactors capable of stretching and
compressing cells to promote growth. Elastomeric poly-dimethylsiloxane (PDMS)
membranes are widely used in combination with pneumatic or hydraulic actua-
tion to apply strain or compress cells [13-15]. Liu et al. [16, 17] also demonstrated
a PDMS and hydrogel composite that combines stretch and compression, and
integrates tissue stiffness measurements. Flexcell Inc have also developed com-
mercially available bioreactors that exert strain by using a vacuum on rubber
membrane microwells [18]. Finally, other methods of actuation of elastomeric
membranes include work on pin-actuated flexible membranes for stretching by
Kamotani et al. [19].

Most soft stimulation devices presented in the literature demonstrate the
capability of stimulation from a single source. However, our aim is to add multi-
directional stimuli using different sources. In [20], our group presented a robotic
bioreactor equipped with stiffness-based control to stimulate tissue constructs.
This is capable of providing a tensile strain by moving the clamps apart. This
work presents a soft ballooning actuator that can be integrated into the previ-
ously developed bioreactor. It is able to apply a controllable strain to a tissue
construct to increase the tensile stimulation modalities and directions. A concept
illustration for this is shown in Figure 1.

2 Methodology

The following section presents the design of the stimulating balloon, the manu-
facturing protocol for soft matter, the experimental set-up and procedure.

2.1 Stimulating Balloon Design and Integration into Bioreactor
Chamber

The stimulating balloon required specific design parameters to ensure: 1) the
materials exposed to cells are biocompatible, 2) controllable tensile strains can
be applied to a tissue scaffold, 3) the actuator can be integrated with the current
bioreactor for future combined stimulation regimes and 4) the chamber that
houses the cells must be isolated from the external environment and able to be
sterilized.

An exploded view diagram of the stimulating balloon is shown in Figure 2.
The assembly consists of a lmm thick membrane, secured using a cap with a
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Fig. 1. Tllustration of the presented stimulation method. The pink shaded area repre-
sents the tissue scaffold seeded with cells, the hatched area represents the clamps that
hold the tissue scaffold in place and below is the ballooning membrane. a) When no
stimulation is applied , L¢ is the length of the scaffold fixed between the two clamps,
b) When the stimulating balloon is pressurized, p increases and causes the actuator to
expand. The tissue scaffold is stretched, and the length increases by AL, representing
a tensile strain.

Bolts to secure

layers Membrane

Static Clamp

Base Chamber

Wall
Membrane
P Chamber Floor
Inlet / Outlet
et/ Outlet -~ Indent

Port

Fig. 2. Exploded-view diagram of the stimulating balloon assembly.

10mm diameter central hole to allow the membrane to balloon out when pressur-
ized. The membrane is made of EcoflexT™0050 (E50) (Smooth On Inc.), chosen
for its biocompatibility [21], and is fabricated using the procedure described in
the following section. The bioreactor floor and membrane cap are 3D printed
(Formlabs Form 2) using clear resin.

Finally, the ballooning membrane is inflated and monitored via two 1mm
diameter channels connecting a syringe pump and pressure sensor to the pneu-
matic chamber.

2.2 Soft Matter Fabrication

To make the phantom scaffolds, Ecoflex™0030 (E30) (Smooth On Inc.), E50
and Moldstar™15 SLOW (MS15) (Smooth On Inc.) are combined in equal
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quantities with their respective A and B parts and mixed in an ARE-250 mixer
(Thinky) for three minutes. Next, they were degassed and poured into durable
resin moulds (Formlabs Form 3) and left to cure at room temperature. 10mm x
20mm x lmm scaffolds were moulded with a central row of small nodes (0.5mm
deep, Imm diameter) to allow tracking of different points during pressurization of
the stimulating balloon. Three scaffolds for each material were made. Ballooning
membranes were also made with E50, following the above procedure using a
membrane mould.

2.3 Stimulating Balloon Experimental Set-up and Procedure

Scaffold

Air inlet/outlet

Ballooning
Pressure Sensor Actuator

Fig. 3. a) Labelled images of the stimulating balloon experimental setup. b) Close-up
labelled image of the scaffold and ballooning actuator.

An Arduino Nano was used to control a syringe driver which utilised a 12V
linear actuator (Amazon) and a motor driver (Sparkfun). A pressure sensor
(Honeywell) was used to measure the pressure within the chamber. Close-up
videos of the scaffold were captured using a microscope camera.

A scaffold was held in place above the membrane using one fixed and one
adjustable 3D-printed clamp (Prusa i3 MK3), to accommodate different scaffold
lengths and apply tension, as shown in Figure 3. The pressure was then increased
from 0 bar to 0.3 bar and decreased back to 0 bar in set increments. Each target
pressure was held for two seconds and then updated. For each scaffold five cycles
were captured.

The videos were imported to Tracker, a video tracking software. This was
used to record the x and y coordinates of the nodes on the scaffold and the
clamps in time, as shown in Figure 4. Using the coordinates, the length between
each node pair was calculated and summed to calculate a total scaffold length,
L;. The length of the scaffold at 0 bar was set as the original length, Ly. The
change in length, was used to calculate the maximum percentage strain, €, as
shown in Eq.1

e =(Ls— Lo)/(Lo x 100) (1)
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Finally, linear interpolation is used to determine the strain at the recorded pres-
sures. The data from the five cycles for each scaffold were averaged. For the
strain, the data is shown as the median and the error bars show the 95% confi-
dence interval. For the pressure, the mean value is plotted and the error shown
is the standard deviation.

Different elastomers were chosen for their varying stiffness; E30, E50 and
MS15. The Young’s modulus for the materials used in this experiment were
derived using a uniaxial tensile test machine (IMADA MX2) and are shown in
Table 1.

Fig. 4. Video stills of the stimulating balloon inflation at 0 bar, 0.2 bar and 0.3 bar.
Yellow circles highlight the nodes that were recorded in Tracker.

Table 1. Young’s Modulus for each phantom scaffold material

H Material Young’s Modulus (kPa)H
EcoflexT™0030 40
EcoflexT™ 0050 120

Mold Star™ 15 SLOW 410

Different pre-strains were applied to the scaffold and tested. The pretension
of an E50 scaffold was varied by changing the distance between the clamps. For
0% strain, the scaffold was fixed and the clamp adjusted until the scaffold was
just in tension. Using the initial length measured as the distance between the
clamps, a new distance for each strain is calculated and the clamps adjusted.
The distance between the clamps were measured and changed to apply 0, 5, 10
and 20% strains.

3 Results and Discussion

The results for how the strain is affected by 1) changing the stiffness of the
phantom scaffold and 2) the pre-tension of the scaffold are presented here.
Figure 5 shows that by increasing the stiffness of the phantom scaffold ma-
terial, this decreases the strain that the stimulating balloon applies for given
pressure. E30 and E50 scaffolds demonstrate hyperelastic behaviour, shown by
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Fig. 5. The relationship between strain and pressure for different scaffold materials.
This shows how the stiffness of the material changes the strain applied by the balloon.
The materials used are MS15, E30 and E50.
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Fig. 6. The relationship between strain and pressure for various pre-tension values (0,
5, 10 and 20%) of an E50 scaffold. This shows how the initial tension applied to the
phantom scaffold affects the strain produced by the balloon.

the characteristic hysteresis curves. At 0.3 bar, the average maximum strain
achieved for the E30, E50 and MS15 scaffolds were approximately 63, 43 and
7%, respectively. The results show hysteresis; within each hysteretic loop, infla-
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tion describes the lower half of the cycle and deflation is the top half. There is
a large variation within samples of the same material, although they all follow
the same trend. This could be due to how the scaffold was positioned, whether
the tension was equal or due to manufacture variability e.g. slight differences
in thickness. The error in strain is small for most target pressures, however,
large error can be seen in the third scaffold for E30 at 0.2 bar. This is due to
the ballooning phenomenon at higher pressures. More target pressures could be
added in the ballooning range to allow more time for the membrane to react to
the change in pressure and decrease dynamic affects. A dynamic study should
also be carried out in future and compared to the results presented as this could
allow faster frequency regimes to be implemented for more varied stimulation
methods.

Figure 6 shows the results for varying pre-applied strain to an E50 scaffold.
As the pre-applied strain is increased, the strain induced by the stimulating
balloon reduces. This can be used to inform more advanced stimulation regimes
by combining the modalities of both the stimulating balloon and current robotic
bioreactor. The maximum strain achieved with the pre-applied 0, 5, 10 and 20%
strains were 47, 42, 37 and 30% respectively. The sum of the maximum strain
and the pre-applied strain are similar for each trial. This highlights the region
where the actuator is no longer able to apply significant additional strain with
increasing pressure.

4 Conclusion

This work presents the design and characterization of a stimulating balloon to
increase the modalities of a robotic bioreactor presented in previous works [20].
These preliminary results show that the balloon is capable of providing a large
range of tensile strains for scaffolds with varying stiffness. This information could
be used for strain-based pressure control during in vitro experiments to follow
stimulation regimes. The strain has been considered to act in one direction. By
tracking more nodes to the scaffold, the local strain distribution could be better
understood. This work could be further used as a building block to explore
different configurations of balloons, for example, using an array and comparing
how this affects the strain distribution of a tissue construct. Future in vitro
experiments will be carried out to further develop this tissue engineering tool
and combine the stimulation modalities of the bioreactor. As the stiffness of the
tissue changes in real time, tensile testing of the scaffold can be carried out to
adapt the pressure control of the stimulating balloon to apply the desired strain.
Combined stimulation regimes could be investigated by using the relationship
for pressure and strain at different initial strains discussed in this study.

Acknowledgements The authors would like to thank Marco Pontin and Joanna
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