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6 .1 Background: Bioinspiration in tissue
engineering and robotic actuators
The driving principle behind man-made robots is force actuation leading to a form
of directed movement or locomotion. Natural systems can motivate the design
and development of robots that replicate or enhance many basic locomotive
strategies—such as climbing, crawling,1 walking,2 jumping,3,4 or swimming5–9—
with novel solutions. Biological soft robotics derives inspiration and design principles from organic systems to facilitate engineering approaches to challenges that
have historically plagued conventional robotic actuators. Traditional hard skeletons (made of high stiffness metals or plastics) and electromagnetic actuators can
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result in rigid bioactuators that exhibit few degrees of freedom (DOF), low complexity, difficulty in grasping actions, and aggressive collisions with living tissues.
Moreover, they rarely present multifunctionality, versatility, or adaptability.10
Conversely, soft bioactuators (typically composed of gels, polymers, and fluids,
sometimes with the addition of biological materials) must not only be functional in
a research laboratory but also effective in situations where they may be called on to
move over unstable terrain while carrying heavy loads of sensors, imagers, or samplers. These devices would also ideally be capable of untethered as well as directional locomotion, elastic deformation or stiffness modulation, efficient energy
storage, and robust motion control, to be both effective and useful. Finally, these
continuum robots must be environmentally safe and sufficiently low cost such that
they can be abandoned if damaged or polluted.11 Soft biorobotic manipulators with
high power-to-weight ratios generally have more DOF and are more compliant
than their rigid counterparts, and can manipulate fragile and unknown objects via
a simple control algorithm. The lightweight and flexible polymers, hydrogels, and
elastomers used to form soft robots have lower stiffness (moduli of 104 –109 Pa)
that corresponds to properties of biological matter with which they might interact
(Figure 6.1a). Due to recent manufacturing advancements, they can be rapidly produced with high spatial control and a range of properties in three dimensions.3,12–15
Beyond structures, soft biorobotic systems require an actuating source and fuel supply. It therefore follows that living biological materials (or relevant mimics thereof)
would inspire and comprise a large portion of demonstrated bioactuators.15,16
Beyond simple biomimicry, the field of biodesign incorporates living organisms
into artificial or manmade systems.17 The addition of living biological actuator
sources (e.g., muscle tissues) can increase the efficiency and responsiveness of soft
actuators, as many of these living components have evolved with efficient standard
processes for force production, energy consumption, or net movement.18–21 The
world of biology is full of intricate systems designed to solve extremely complex
locomotive and manipulative tasks with high efficiency at a wide variety of scales.
Depending on the ecosystem, there are numerous methods of potential locomotion among diverse structures and species, including both plants and animals.22
Considering the breadth of methods of propulsion, it is perhaps unsurprising that
there are also many ways for these robots to generate a range of locomotive forces,
from molecular (e.g., motor proteins; 10−9 m) to cellular (e.g., individual microorganisms or cells; 10−6 m) to tissue (e.g., muscles or cell clusters; 10−3 m) length
scales.21 In addition to locomotors, there are also biorobots that imitate peristalsis
to act as pumps or valves, transport cargo, actuate a joint, sense a signal, or perform as microgrippers, rotors, mixers, or manipulators to achieve other tasks.23–26
It is apparent that the development of soft bioactuators necessitates the intersection
and integration of advancements in diverse fields such as nanotechnology, tissue
engineering (TE), and developmental biology.27 In this chapter, we discuss the use
of rapid prototyping technologies to achieve that end.
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Figure 6.1 Rapid prototyping methods. (a) Range of tensile elastic moduli of biological and synthetic materials. Soft bioactuators
mimic the material properties of biological tissues. (Reprinted by permission from Macmillan Publishers Ltd. Nature, Rus, D. and
Tolley, M.T., 2015, copyright 2015.)
(Continued)
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Figure 6.1 (Continued) Rapid prototyping methods. (b) Stereolithography (SL) is a maskless solid free-form method that requires
a photosensitive resin and a UV light source. The apparatus (SLA) contains a platform that moves vertically. This technique
traced the laser or projected image to photopolymerize a liquid resin in a layer-by-layer fashion. (Reprinted from Wu, G.H. and
Hsu, S.H., J. Med. Biol. Eng., 35, 285–292, 2015. With permission.) (c) Selective laser sintering (SLS) is the laser-based fusing
of thermoplastics or metal powders to create a desired 3D structure. When a laser hits the first layer of powder on the stage,
the particles fuse. A new powdered layer is deposited on the first layer and exposed to the laser again. After the fabrication is
complete, the unsintered powder is removed. (Reprinted from Wu, G.H. and Hsu, S.H., J. Med. Biol. Eng., 35, 285–292, 2015.
With permission.) (d) Fused deposition modeling (FDM) is a solid-based system that utilizes extrusion. The nozzles (which can
dispense different materials) extrude a filament-shaped material on the stage to pattern the first layer; then, the platform lowers
and the next layer subsequently forms on the first. As the nozzle dispenses the material at high temperature, all the layers bind
well without additional treatment. (Reprinted from J. Mater. Process Technol., 209, Ahn, D. et al., Representation of surface
roughness in fused deposition modeling, 5593–5600, Copyright 2009, with permission from Elsevier.)
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Figure 6.1 (Continued) Rapid prototyping methods. (e) With laminated object manufacturing (LOM), a single layered material,
such as paper, plastic, or metal, is adhered to the platform. Then, a laser beam sketches the outline by cutting and removing
the excessive material. The platform moves down by thickness of a single layer and another sheet of material is adhered on the
first layer. The process is repeated until the final layer is patterned. LOM is economical and fast but not effective for fabricating
geometrically complex designs. (Reprinted from J. Mater. Process Technol., 212, Ahn, D. et al., Quantification of surface roughness
of parts processed by laminated object manufacturing, 339–346, Copyright 2012, with permission from Elsevier.) (f) MultiJet
Modeling (MJM) combines different RP techniques. A base thermoplastic polymer material is dispensed from an array of nozzles
moving in the X–Y plane. The array draws the desired shape with the polymer on the platform, which then lowers relative to the
array before the next layer is formed. (Bhattacharjee, N. et al., Lab Chip, 16, 1720–1742, 2016. Reproduced by permission of The
Royal Society of Chemistry.) (g) Three-dimensional printing (3DP) can employ an inkjet type processing method. There are two
adjacent chambers in this system. A feed roller on top of the material chamber spreads a powdered plaster material evenly on a
platform moving vertically in the build chamber. A cartilage hanging above the build chamber moves over the surface to dispense a
binding material. The build chamber moves down by one layer thickness, the process is repeated, and excess material is removed.
Compared to other RP technologies, 3DP is fast and starting material is inexpensive. (Reprinted from Biomaterials, 33, Billiet, T.
et al., A review of trends and limitations in hydrogel-rapid prototyping for tissue engineering, 6020–6041, Copyright 2012, with
permission from Elsevier.)
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6 .2 Rapid prototyping techniques and applications
The malleable nature, micro- to macro-scales, and potential for intricate composition and structure of bioactuators suggest that researchers will require a different
manufacturing approach than can generally be employed for rigid robots. Rapid
prototyping (RP) refers to a group of techniques that collect digital information
to robotically fabricate physical 3D polymers, metals, and ceramic solids.28–30
These 3D structures are dictated by a computer-aided design (CAD) model of the
desired part, which can be built from scratch or derived from medical images to
print patient-specific structures. Although various techniques exist (Figure 6.1b–g),
all methods of RP adapt a similar fundamental approach: a CAD model is converted into a standard tessellated language (STL) file; a computer program then
receives the information and slices the 3D model; and finally, these cross sections
are sequentially layered using additive manufacturing technologies that employ
extrusion, melting, jetting, or photopolymerization to create a final structure. All
RP techniques have short fabrication times, low costs, minimal postprocessing and
waste, and variable material choices and properties, with resolutions that extend
from micron to centimeter scale.18,31–33
CAD not only serves as the input for an important method by which soft robotic
actuators or patient-specific scaffolds can be fabricated but also provides a substrate for virtual testing and development. Due to both the increasing ubiquity
of (and immense improvements in) computational power, simulation tools can
now be used to calculate kinematic, dynamic, and finite-element analysis-based
responses of a prototype and visualize the results in an interactive, 3D virtual
environment. The ability to model prototypes realistically and accurately while
validating preliminary prototype results has become integral in nearly all facets
of engineering design, including bioinspired robotics.34 Finally, CAD libraries
can also be utilized for input on material selection and design optimization.35
RP allows for the fabrication of complex and multilayered 3D structures and
geometries that cannot be achieved using conventional multistep processes such
as mask-based soft lithography and was therefore introduced to TE to overcome
limitations of conventional fabrication techniques.24,36,37 For example, some RP
techniques could allow for printing of spatially controlled growth factors or the
use of multiple nozzles loaded with different biomaterials to create more advanced
tissue structures composed of diverse matrix components.38–40 Most important,
stereolithography (SL) enables the construction of micro- or mesoscale tissue
structures with desired shapes and physical properties,41 and provides the user
with a wide range of synthetic and natural material options (e.g., hydrogels that
can encapsulate living cells42,43) that offer greater versatility and compatibility
than PDMS or metallic structures. Furthermore, through the specification of light
intensity, irradiation time, and chemical makeup of the liquid resin, the mechanical properties of a printed part can be precisely regulated. The ability to fine-tune
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these features, including strength and porosity, can have implications for cells that
are sensitive to the stiffness, topography, and geometry of their microenvironment.42,44–47 Moreover, CAD allows for the production of advanced designs that
closely resemble the physical morphology, orientation, or finer details of native
tissue; interconnected pores, complex surface topography, and internal structures
can be easily reconstructed into rapidly manufactured scaffolds.48–50
Due to increasing automation speeds as well as high throughput and iterative
capabilities that allow for design optimization, rapid prototyping technologies are
especially useful for the production of soft bioactuators in an inexpensive and
mass-producible manner.10,30,51 These techniques can be utilized to construct temporary or sacrificial shape-specific molds, or to print the bodies of flexible bioactuating devices themselves.19 In the case of the latter, high-yield RP allows for
manufacturing of complex structures in a single-step process, with the possibility
of shape variations or heterogeneous properties.18
Each RP technique requires different materials in a specific form. The selected
material thus needs to be compatible with the fabrication method as well as the
intended application. In addition, the specific architecture of the scaffold depends
on the type of RP technique. For example, selective laser sintering (SLS) of powders is not suitable for building porous structures or smooth surfaces; on the other
hand, extrusion-based fused deposition modeling (FDM) produces thermoplastic
parts with smooth surfaces that need further modification to ensure cell adhesion.
Soft actuators necessitate a flexible biodegradable or biocompatible polymer.18,40,51
Therefore, it is important to consider material properties and the design of the
scaffold, whether the user desires to successfully regenerate a tissue or build a
functional bioactuator. The user’s choice of RP fabrication technique, materials,
and biological actuating source (if applicable), should be entirely context- and
application-dependent.

6 .3 Nonliving bioactuators
In many cases, synthetic RP devices have been developed to mimic the agonist–
antagonist style of actuation that characterizes living tissues (Figure 6.2a–d).
While they do exhibit many favorable characteristics (such as greater DOF and
flexibility) compared to rigid actuators and are not subject to the sensitivity or
strict environmental conditions necessitated by metabolically active cells, nonliving soft bioactuators can be at a loss when compared to the volumetric efficiency
of native muscle, or the controllability of rigid actuators. Moreover, these systems
often require an external power source, which adds extraneous weight that further
increases energy requirements. This additional hardware, however, can contribute
to significantly improved power density for synthetic actuators. The movement of
nonliving soft devices can be controlled with fluidic elastomer actuators (FEAs),
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Figure 6.2 Soft bioactuators. Examples of soft bioactuators fabricated with rapid
prototyping methods are demonstrated in both nonliving (a–d) and living (e–g)
systems. (a) The combination of hydrogels and SMPs allowed for a two-way actuator
that could reversibly bend or coil. (Adapted from Mao, Y. et al., Sci. Rep., 6, 24761,
2016. With permission.) (b) A hydraulic-powered soft robotic glove fabricated
from a 3D-printed mold was able to demonstrate precise grasping. (Reprinted
from Rob. Auton. Syst., 73, Polygerinos, P. et al., Soft robotic glove for combined
assistance and at-home rehabilitation, 135–143, Copyright 2015, with permission
from Elsevier.) (c) The complex morphological transformation of a flower structure
was made possible with 4D bioprinting. (Reprinted by permission from Macmillan
Publishers Ltd. Nat. Mater., Gladman, A.S. et al., 2016, copyright 2016.) (d) An
elastomeric crawling soft robot was powered by pneumatic pressure. (Reprinted
from Shepherd, R.F. et al., Proc. Natl. Acad. Sci. USA, 108, 20400–20403,
2011. With permission.) (e) A 3D-printed biohybrid cantilever was powered by the
spontaneous contraction of cardiac muscle cells. (Reprinted by permission from
Macmillan Publishers Ltd. Sci. Rep., Chan, V. et al., 2012, copyright 2012.) (f) An
electrically powered biobot was fabricated from a hydrogel skeleton made with a
stereolithographic 3D printer and a combination of skeletal muscle cells and ECM
proteins. (Reprinted from Cvetkovic, C. et al., Proc. Natl. Acad. Sci. USA, 111,
10125–10130, 2014. With permission.) (g) An optically powered and exercised
skeletal muscle biobot demonstrated directionality and control. (Reprinted from
Raman, R. et al., Nat. Protoc., 12, 519–533, 2017. With permission.)
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(which utilize pneumatic or hydraulic pressure), variable-length tendons (such as
tension cables or shape-memory materials), or electroactive polymers (EAPs),
(which can be ionic or electronic).18,52 Considering the advantages, it is not surprising that RP fabrication methods also permit low production costs and printing
times for soft bioactuators.19,53 3D-printed soft actuator materials, utilized stimuli,
speeds, and pros and cons are reviewed in References.1,51,52

6.3.1 Fluidic elastomer actuators
FEAs are a frequently utilized actuation method that relies on pressurized fluid or
compressed air for controlled structural deformation. Design or geometric asymmetry can allow for net movement on fluid inflation. Pneumatic systems (such as
McKibben actuators54 or artificial muscles) generally consist of both extensible
and inextensible but flexible layers, broken up into a series of internal chambers
or channels. On pressurization, the more inflexible shell constrains the material
to increase its diameter, shorten, and exhibit greater rigidity or stiffness—that
is, to contract like muscle.52,55 These versatile soft robots can be modeled after
worms,56 octopuses,57 flat muscles,58 and novel multilimbed organisms.59 Recent
advances have resulted in the development of soft, miniaturized pneumatic hardware that allows the robots to behave somewhat autonomously, such as crawling
through tightly confined spaces—which would be impossible to navigate with
rigid or tethered robots.60,61 Pneumatic actuators are lightweight, robust, and easily controlled; moreover, they can operate in wider temperature ranges than muscle in vivo.62 However, some pneumatic systems still lack robustness, reliability,
and overall control.63
Yang et al. created a variable stiffness robotic finger that exhibited a change in
elastic modulus of the 3D-printed shape memory polymer (SMP) (Section 6.3.2)
skeleton with temperature. Heating of selective regions within the pneumatic
actuator caused bending of the substrate and could be modified to achieve gripping or grasping.64 Bartlett et al. 3D printed a multimaterial robot that exhibited a
wide stiffness gradient within its body. The jumping robot was powered by both
a combustion reaction within the body’s chamber as well as inflation of its pneumatic legs.4 Recently, Wang et al. directly 3D printed an air-driven soft robot,
with integrated curvature sensors, capable of gripping. It has been hypothesized
that the use of soft grippers could increase safety and decrease scar formation in
surgical applications.55,65
Some work has moved away from the use of air as its medium and instead incorporates denser fluids in the creation of hydraulic-powered soft robots.66 MacCurdy
et al. used a five-head printer to fabricate a bellows actuator of solid polymers and
liquid material simultaneously. The legs were actuated by pumping fluid throughout the bellows of the hexapod robot’s body.67 Using propulsion principles seen
in the octopus, Fischer et al. created a hydraulic underwater actuator by using
127

3D Bioprinting in Regenerative Engineering

FDM to fabricate a flexible thermoplastic material.68 Hydraulic power increases
the ceiling frequency of actuation and provides higher forces and durations of
actuation than pneumatic pressure. However, pneumatic actuation is more environmentally benign and exhibits less weight.19,69

6.3.2 Variable-length tendon actuators and smart materials
Variable-length tendon actuators that conform or morph their properties can
take the form of shape memory alloy (SMA) actuators and lightweight metals
with highly tunable mechanical properties depending on the specific alloy used,
or tension cables, which require an external conventional motor. Advantages
of SMAs include minimal weight and bidirectional scaling. As shown in tentacular soft robots,60 application of a thermoelectric stimulus to composite
SMAs can result in directed movement with high force and large DOF during a
temperature-induced phase transformation. However, the phase transition is relatively slow and lacking in high precision, and researchers lack a targeted method
for heating the wires.55,70
The materials used in soft robotics must contain an additional level of complexity that allows them to be stable along a wide range of environmental conditions
but undergo drastic conformational changes on variation of this environmental
stimulus around a given critical point.71 A common category of bioactuator utilizes rapidly prototyped or printed smart materials that can physically react to
dynamic stimuli. Though response time and control mechanisms vary by stimulus, these materials can controllably and reversibly respond to changes in pH,
light, pressure, moisture, temperature, ionic gradient, and electric or magnetic
fields by altering one or more physical properties, such as contraction or expansion of shape—much like an organism might do when subjected to varying ecological conditions.71–75
Combining smart materials with rapid prototyping can have interesting outcomes
for soft biorobotics. For example, a composite biomimetic actuating system could
contain SMAs embedded in soft 3D-printed materials for greater control. These
smart materials can provide actuation power and structural support, lending
soft bioactuators’ increased flexibility and dexterity. Walters et al. prototyped a
tentacle-like elastomer fabricated by 3D printing and actuated by inserted SMAs.76
Gui et al. manufactured a tripedal soft robot modeled after a spider. Forward locomotion was powered by an SMA muscle (a metal fiber) directly printed into a soft
3D photopolymer adhesive structure.11 Drawing inspiration from the deformation
of crawling and climbing insects, Umedachi et al. designed electrically powered,
SMA- or electric tendon-actuated softworms. These multi-limbed actuators contained a rubber body fabricated from multimaterial 3D printing. SMAs provided
structural support and actuation; variable friction control allowed net forward
crawling, as well as control of speed and steering.1,77,78 The combination of 3D
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fabrication with controllable spatiotemporal properties is sometimes referred to
as four-dimensional (4D) printing.70,72
SMPs can recover their original conformation from a temporary stimulus-induced
change in shape. Compared to SMAs, these softer materials are cheaper and have
a larger range of tunable properties (mechanical, thermal, or optical), and are more
similar to native muscle.72,79,80 Most important, they do not require the extensive
current supply or activation heat of SMAs.18 Bodaghi et al. printed SMPs into various arrangements of flexible beams in planar and tubular arrangements. A stress
anisotropy resulted in expansion and shrinking of the polymer bioactuator on thermomechanical stimulus.81 Mao et al. designed a 3D-printed arrangement of two
different materials. Two-way actuation was achieved as the system could reversibly switch between twofold stable configurations in response to temperature
(SMPs) or water absorption (hydrogel) stimuli.82 Wu et al. controlled the bending,
folding, and opening of 2D substrates by adjusting the SMP fiber-volume fraction
within a 3D-printed composite to mimic insect, helix, and hook designs.83
Hydrogels are capable of swelling on water absorption and can be considered
smart materials for 4D printing. Bakarich et al. developed a thermally stimulated actuator with large strain by printing an ionic covalent entanglement hydrogel (PNIPAAm) with high toughness. The transition of the material at a critical
temperature caused a decrease in water content and change in volume.74 Sydney
Gladman et al. printed a patterned hydrogel composite out of a soft polyacrylamide
matrix with embedded stiff cellulose fibrils. The multimaterial system mimicked
a plant cell wall composition and produced a controlled curvature due to anisotropic swelling when immersed in water.72 Zolfagharian et al. demonstrated a photothermal-responsive bioactuator, additively manufactured from an extrusion-based
chitosan hydrogel, with remote control over folding.84 Zhu et al. developed an
optical 3D-printing technology to fabricate an artificial PEG–hydrogel microfish
with magnetic guidance.85

6.3.3 Electroactive polymer actuators
When subjected to an electric field stimulus, EAPs are capable of changes in
overall shape, resulting in strain and therefore actuation. These materials have
been utilized for a range of applications, including the development of electrically active soft bioactuators.55,86 Asaka et al. presented a thorough review of
EAP materials and biomedical applications in Current Status of Applications and
Markets of Soft Actuators.87 Dielectric elastomer actuators (DEAs) are capable of
thickness contraction and area expansion under high voltage. They can demonstrate high strain (200%), elasticity, efficiency, and energy density. Rossiter et al.
fabricated a DEA using a combination of 3D-printing techniques with soft and
rigid materials. A simple antagonistic structure composed of two membranes
was proposed as a prototype for soft robotics.88 Recently, Cai et al. developed an
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acrylic DEA to robotically mimic native facial muscles using both FDM for the
frame and a multimaterial 3D printer for the dielectric film,89 and Nguyen et al.
fabricated a scalable DEA hexapod robot with controllable directional locomotion, rotation, and turning.90
Ionic polymer-metal composites (IPMCs) require low actuating voltages to
change shape or bend and are therefore promising for soft robotics. They must
operate in wet conditions (amenable to swimming bioactuators) and thus require
some protection in air.14,19,52,76 While these compliant materials have been developed as intelligent artificial muscles, only few groups have constructed soft EAP
bioactuators with rapid prototyping technologies.86 Carrico et al. demonstrated
a novel method for printing soft IMPC structures using fused filament additive
manufacturing. A polymer was printed in a layer-by-layer fashion and rendered
electroactive via subsequent chemical functionalization.91

6.3.4 3D-printed molds for fabrication of soft bioactuators
In addition to the printing of entire bioactuators themselves, RP has been used to
manufacture both sacrificial and permanent molds60,63,92 in which to shape bioactuators from rubber, PDMS, or other soft materials (sometimes dubbed semiprinting). For example, Ahn et al. created a smart material actuator, capable of
bending and twisting, embedded in a soft matrix that was cast with a 3D-printed
mold.93 Low et al. formed silicone-based soft pneumatic grippers,55 and Martinez
et al. demonstrated a micropneumatic tentacle that could grasp and manipulate
complex objects,57 by casting soft materials into custom-printed 3D molds. An
IMPC-embedded tube (cast into a 3D-printed mold) with multi-DOF capability
was developed by Liu et al. to aid in minimally invasive surgical procedures.94
Regarding actuators whose entire structures can achieve net locomotion, Jin et al.
fabricated a soft robot capable of swimming, gripping, and crawling, and whose
body was integrated with SMA wires and molded using 3D-printed parts.70 Lin
et al. used 3D-printed plastic molds to create a soft, rolling, coiled SMA-actuated
GoQBot.95 Mosadegh et al. molded a pneu-net (pneumatic network) soft robot whose
body was actuated by air inflation.56 Most recently, Yuk et al. published a hydraulic,
polyacrylamide–alginate hydrogel actuator molded from 3D-printed solids,96 and
Wehner et al. cured an elastomer containing an embedded controller in a 3D-printed
mold to fabricate a multimaterial pneumatic soft octobot with eight arms.97
However, it should be noted that elastomeric bioactuators printed in whole, as
compared to those cast in a 3D-printed mold, can boast easier and shorter fabrication without the subsequent need for postprocessing or assembly.76 Morrow
et al. modified a FDM printer to directly fabricate a silicone pneumatic actuator;
comparison to an identical structure made from a molding process demonstrated
no tradeoff in force.98
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6 .4 Living bioactuators
The use of biological materials (including DNA, motor proteins, myosin–actin
complexes, bacteria, algae, single cells or clusters, and natural or engineered
tissues—either independently or collectively) as the primary actuators of locomotive force is still an extremely young field, but has resulted in some interesting possibilities (References21,99 for a review). The basic requirements of an
ideal living biological actuation source include the ability to generate a controllable or repeatable force, operate under a range of environments, and be easily
maintained.24 Evolution has produced optimal living actuators that can operate
for long term at physiological conditions (favorable for biomedical applications),
wirelessly convert chemical energy (from glucose or fats, for example, which can
boast energy densities up to 100 times that of a battery10) to mechanical work
more efficiently than nonliving power sources, produce nontoxic and biodegradable by-products from fuel conversion, and be stimulated electro- or pharmacomechanically—thus eliminating the need for an external energy source. In
addition, they are proficient at self-assembly and replication, protein synthesis,
rapid adaptation (responses as short as tens of milliseconds), and are highly sensitivity to environmental conditions. Understandably, they are also biodegradable
and biocompatible, and can dynamically interact with other living or nonliving
components.15,53,99
In general, when exploiting the innate contractility of cells or tissue to power a
bioactuator, it is critical to consider the stimuli (mechanical, electrical, and biochemical) necessary for differentiation, development, or maintenance.46,53 RP
techniques can assist in providing a suitable scaffold or environment in which
appropriate cues can be tuned or added (Figure 6.2e–g). For example, a stereolithography apparatus (SLA) can print hydrogels with tissue-like stiffness values that are mechanically similar to cells’ extracellular environment in vivo. The
elastic modulus of the extracellular matrix (ECM) not only affects viability and
proliferation, but also dictates the differentiation bias of cultured stem cells100;
for this reason, SL has been used to fabricate a variety of matrices that can realistically simulate cellular microenvironments and aid in an engineered tissue
development.42
Though engineered molecular21,24,73 and bacterial101 bioactuators are capable of
cargo transport and fluidic pumping and can thrive in a range of environmental
temperatures or pH, few have been incorporated with RP techniques.99 The combination of many cells can allow for a collective output that is greater than the
sum of its parts. Moreover, complexity (and thus functionality) increases when
progressing from single cells to cell clusters (2D sheets or 3D arrangements) to
tissues and systems.24,27 Therefore, in this section we will focus only on living
eukaryotic bioactuators at the multicellular and tissue scale, comprising a synthetic mechanical scaffold and one or more actuating biological components.
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Scalable molecular motors and contraction machinery that comprise muscular
sarcomeres in particular can generate active contraction in multiple forms and size
scales, be hierarchically combined in series or in parallel, and has evolved over
millions of years with extremely high plasticity and volumetric efficiency.21,24,35
Functional bioactuators have been devised using whole explanted tissues,8,102,103
cells differentiated within a scaffold or gel,104 or self-organized engineered tissue.105 It is worth noting that although smooth muscle106 is capable of force production, its relatively slow contraction has prohibited its employment in biorobots
that require rapid actuation.99

6.4.1 Cardiac muscle
Cardiomyocytes (cardiac muscle cells) provide an excellent source for bioactuation due to their intrinsic, synchronous contraction; thus, external stimulation is
unnecessary. The cells can form a syncytium through gap junctions and cell–cell
adhesions, and produce spontaneous contractions.21,27 The original developments
in cardiac-based bioactuators included locomotive machines such as walking
microrobots,5,107,108 on-chip pumps,109 and swimming robots110 and jellyfish.9
However, most were constructed on silicon or PDMS substrates that did not
mimic the native cellular microenvironment nor allow for dynamic adaptation;
few have been coupled to substrates fabricated from RP methods.
To demonstrate the ability of cardiac cells to induce the locomotion of a material with an elastic modulus similar to that of the native myocardium, Chan et al.
developed a biological robot (dubbed biobot) from polyethylene glycol (PEG)
hydrogel.41,111 A modified SLA was utilized to fabricate a microcantilever, the
surface of which was functionalized with collagen to adhere a culture of primary
neonatal rat cardiomyocytes. To transform this hybrid structure into a bioactuator
capable of directional locomotion, a net asymmetry of actuation was introduced
in the cantilever design. Furthermore, the thickness of the cantilever was optimized to control the curvature of the actuating leg and maximize the locomotive speed. The occurrence of a power stroke induced by rhythmic spontaneous
cardiac sheet contraction drove the actuating leg to bend downward, increasing
the friction and causing the biobot to propel forward. With a maximum velocity
of 236 μm/s, the cardiac biohybrid actuator demonstrated efficient mechanisms
of autonomous locomotion and a novel approach to spatially control biochemical
and physical cues during fabrication.

6.4.2 Skeletal muscle
The behavioral complexity and degree of external control that can be imposed on
cardiac muscle are limited by its intrinsic spontaneous contractility. The ability
to regulate an actuator through the modulation of an applied stimulus not only
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allows for precise control over its motion but also opens up avenues for greater
functionality. Skeletal muscle is the primary generator of animal locomotion,
with a dense structure comprising a modular hierarchy with an arrangement
of motor units that can be recruited individually or in summation. It exhibits
a greater force-to-weight ratio in comparison to many rigid mechanical actuators.21,24,27,99 A high degree of spatial and temporary control over actuation, even
of single fibers, is possible via external sources such as electrical,2 optical,112,113 or
neural114,115 stimulation.
A skeletal muscle-powered biobot developed by Cvetkovic et al. mimicked the
mammalian musculoskeletal system, wherein muscle contraction drives the articulation of bones across flexible joints.2,116 A 3D-printed skeleton (comprised of
a flexible beam connected to two stiff pillars) was fabricated using a SLA and
subsequently anchored to an engineered muscle strip containing differentiating C2C12 myoblasts. The 3D muscle strip contained natural ECM hydrogels
(fibrin and MatrigelTM) that supported the densely embedded cells. To induce the
locomotion-driving contraction of the muscle strip, the biobot was positioned
within an electric field and subjected to a pulse stimulation of 1–4 Hz, resulting in
a global response of the excitable cells. The introduction of deliberate asymmetry
in the pillars (achievable with a slight modification in the rapid prototyping technique) allowed the biobot to move in a unidirectional trajectory along a surface in
a fluid with a maximum locomotion of ~150 μm/s.
Although the muscle strip successfully induced net locomotion, the muscle was
permanently tethered to the skeleton, preventing the adaptation of the muscle
to other skeleton structures.2 A second iteration by Raman et al. was devised
with a muscle ring structure, formed in a separate 3D-printed mold before being
transferred to the skeleton.113 Muscle rings exhibited higher myofiber alignment
and increased viability.116 The C2C12s were also genetically modified to express
Channel rhodopsin (ChR2), a membrane protein that causes muscle contraction
under the presence of blue light.117 This allowed for the control of locomotion
through an optical stimulus, which could be positioned on localized regions of
the biobot, thus enabling the development of a symmetrical yet bidirectional bioactuator whose direction of locomotion was determined by which ring the light
stimulated. Similarly, a single device could also be forced to rotate by stimulating
only one half of a single muscle ring. To maximize force production, the biobots
underwent an exercise regimen of daily optical stimulation throughout muscle
differentiation. Exercise was shown to improve myotube formation, leading to an
increased tension and locomotive speed up to 310 μm/s.

6.4.3 Control mechanisms for living bioactuators
Cell- and tissue-based bioactuators can be controlled in a variety of manners,
both internally regulated and externally applied. Internal, cell-based control
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utilizes intrinsic sensory pathways or mechanisms within the biological material. External, noncell-based control involves remote operation or local environmental stimuli—whether chemical, magnetic, electrical, optical, or a combination
thereof.24 Cardiomyocytes, for example, can be controlled with temperature variance, and skeletal muscle cells can be activated via electrical fields, optogenetics, or a neuronal network (requiring acetylcholine release from an innervating
motor neuron). Optical control is negligibly invasive, irreversible, and can provide
precise spatiotemporal control. It can also be used as an on/off toggle switch to
quickly modulate contraction, pacing, or net actuation.21,118,119
The ability to noninvasively control living bioactuators with such specificity sets
the stage for the development of future biological machines for a variety of applications. However, care must be taken to ensure that stimuli are applied within
ranges that are acceptable or minimally invasive for living biological material,
especially when dealing with exposure to ultraviolet (UV) light or electromagnetic fields, changes in pH and temperature, media electrolysis, and toxic waste
by-products.24

6 .5 Applications
Rapid prototyping technologies, which continue to advance in efficiency, resolution, and biocompatible material selection,72,120 provide a controlled, economical,
and potentially high-throughput solution to the production of responsive bioactuators for myriad applications. The extreme diversity of fabrication approaches,
material composition, and functionalities suggest that soft bioactuators can be
used in a variety of manners and systems. They boast many useful capabilities,
including shape deformation, conformation, and sensitivity to their surroundings,
movement in unstructured environments, and manipulation of delicate objects.57
Their scalability also enables operation in environments where movement of
their larger counterparts would be impractical or impossible. Furthermore, these
devices are lighter, undergo more continuous and natural deformation with simple control inputs, and are more easily mass produced than their motor-driven
counterparts.121
It is expected that custom-printed 3D robots and actuator structures will appear in
application areas as diverse as devices for human–computer interaction, chemical and environmental remediation, or surgical tools for training.88 For example,
Alblalaihid et al. used a projection microstereolithography system to 3D-print
polymer components on top of which thin metals could be coated to create a
microscale gripper. The gripper was thermoelectrically activated and could be
used for surgical manipulation.122 Also, applications are being explored with fluidpowered actuators demonstrating human potential in macroscale self-healing
medical implants or wearable orthotics.18,123 Park et al. designed an artificial
134

Rapid prototyping of soft bioactuators

soft biorobotic pneumatic muscle actuator attached to a 3D-printed leg model
that could be worn over the knee,124 and Doncieux et al. developed a bioinspired
Gummi Arm fabricated of 3D-printed plastic structures connected by agonist–
antagonist joints that mimicked soft tendons.125
Bioactuators with or without cells might be designed for drug screening or delivery,126 bioreactors or lab-on-a-chip devices, vascular pumps and monitors, or adaptive prosthetics.24,27,53 Some aspects of this technology have been proposed for use
as part of drug delivery systems where a drug could detect body-site specific temperatures during local infection or low-pH tumor environments, and intelligently
self-locate and self-release pharmaceuticals.71 Independently or in large numbers,
these actuators might also be programmed to form mobile and robust sensor and
communication networks, allowing them to work in rubble fields, utility conduits,
or the ocean floor to assist work in multiple industries.127,128 Terrestrial actuators that could navigate dense environments and change shape, color, or surface
temperature for camouflage would fit in well with outdoor research or military
operations.70
Both living and nonliving bioactuators must be designed such that the form
matches the intended function.46,99,129 When building with muscle, for example,
the devices might need to closely match the performance of their in vivo equivalents, especially if their intended use is to mimic a native tissue for a drug testing
or regenerative application, or to provide a novel platform for understanding fundamental biological phenomena. However, when physiological relevance is less
important to the end objective, replication of natural performance might be overlooked in favor of maximal efficiency, contractility, or power output. For example, primary cardiomyocytes might be overlooked in favor of a skeletal muscle
cell line if extensive scaling-up or wider contractile ranges were necessary to the
functionality of the bioactuator, but favored in certain temperatures or situations
requiring cellular synchrony.

6 .6 Limitations and future directions
Though much progress has been made, significant fundamental challenges still
remain. Soft bioactuators must be manufactured in a manner that preserves the
mechanical integrity of their structure and allows shock absorption, deformation, flexibility, and minimal damage. A major challenge is attempting to increase
force output from elastic or synthetic systems without compromising the biomimetic properties that promote integration with living materials or the complexity of design and function, which characterizes the natural world.15,18,19,40,120 When
integrating living biomaterials, researchers must consider scenarios, which might
enhance or hinder force production—for example, cellular viability, (self-)adhesion,
organization, alignment, directionality, and overall struture, which all contribute
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significantly to function. Moreover, cells must be maintained in cell culture media
at highly regulated conditions ensuring nutrient and oxygen delivery, with the
application of appropriate external cues for guidance of tissue development and
mechanical performance. They are subject to a variety of failure modes, including
mechanical (within the tissue or at the interface), metabolic, fatigue, damage or
injury, and necrosis.24,53 Finally, it can also be difficult to model the active and passive response of a cellular or living system in uncertain environmental conditions.
Researchers still lack a deep understanding of how fundamental processes of cells
(such as local interactions) function globally across length scales.27
Thus far, 3D-printed actuators have been assembled mostly with singular modalities. However, just as traditional robots contain multiple systems for various
modalities (actuation, perception, computation, power, etc.), future designs of
soft bioactuators should integrate multiple components and functionalities—
including sensing121,130 and processing of information—as well as multiple cell
types or materials to achieve more complex, precise, and useful actuation.52,99
In the future, it will be necessary to implement feedback systems and control
mechanisms that help to extend the lifetime, precision, repeatability, and outputs of bioactuators, while also enhancing their operation outside encapsulated or
restricted environmental conditions.24,35,131,132 With living bioactuators, coculture
systems can provide a synergistic support system to enhance the overall performance. To meet metabolic demands of living cells on larger size (>0.5 mm) or
time scales, a vascular component will be necessary for consistent nutrient delivery. Indeed, the lack of perfusive blood vessels within regenerated tissues has historically plagued developments in the TE field. Guo, Miller, and Kolesky all have
demonstrated various 3D-bioprinting methods that could be used in microvascular network formation.133–135 In addition, innervation of muscle fibers with motor
neurons can aid in the preservation of skeletal muscle phenotype, while allowing
for better control, directed motion, or more complex functional outputs.46,53
With regards to fabrication, some limitations exist within the realm of technological advancements that might permit the construction of specific structures
applicable to bioactuators. In the future, researchers will need to consider how
to develop materials and scaffolds that can support cell and tissue outputs with
maximal efficiency or power. This may include specific nano- or microscale
geometries, shorter print times for large structures, higher resolution, greater
range of material properties, improvement of surface adhesion techniques, and
attachment of ECM.29,35 Moreover, there exists a demand for multimaterial rapid
prototyping advancements that could combine properties of multiple materials in
one product.11,36,51 Soft bioactuators might integrate new techniques in 3D printing of layered fabrics,136,137 SMPs for flexible electronics,80 and direct printing of
electronic fluidic components138 for onboard automation. From any perspective,
these advancements represent a rapidly growing field with the potential to significantly benefit human life.
136

Rapid prototyping of soft bioactuators

References
1. Umedachi T, Vikas V, Trimmer BA. Softworms: The design and control of
non-pneumatic, 3D-printed, deformable robots. Bioinspir Biomim 2016; 11.
doi:10.1088/1748-3190/11/2/025001.
2. Cvetkovic C, Raman R, Chan V, Williams BJ, Tolish M, Bajaj P et al. Threedimensionally printed biological machines powered by skeletal muscle. Proc Natl Acad
Sci USA 2014; 111: 10125–10130.
3. Kovač M. The bioinspiration design paradigm: A perspective for soft robotics. Soft
Robot 2013; 1: 28–37.
4. Bartlett NW, Tolley MT, Overvelde JTB, Weaver JC, Mosadegh B, Bertoldi K et al.
A 3D-printed, functionally graded soft robot powered by combustion. Science 2015;
349: 161–165.
5. Feinberg AW, Feigel A, Shevkoplyas SS, Sheehy S, Whitesides GM, Parker KK.
Muscular thin films for building actuators and powering devices. Science 2007; 317:
1366–1370.
6. Wen L, Wang T, Wu G, Liang J. Quantitative thrust efficiency of a self-propulsive
robotic fish: Experimental method and hydrodynamic investigation. IEEE/ASME Trans
Mechatronics 2013; 18: 1027–1038.
7. Low KH. Design, development and locomotion control of bio-fish robot with undulating
anal fins. Int J Robot Autom 2007; 22: 88–99.
8. Herr H, Dennis RG. A swimming robot actuated by living muscle tissue. J Neuroeng
Rehabil 2004; 1: 1–9.
9. Nawroth JC, Lee H, Feinberg AW, Ripplinger CM, McCain ML, Grosberg A et al. A
tissue-engineered jellyfish with biomimetic propulsion. Nat Biotechnol 2012; 30:
792–797.
10. Majidi C. Soft robotics: A perspective—current trends and prospects for the future. Soft
Robot 2013; 1: 5–11.
11. Gui JZ, Yang B-S, Yang YJ, Chang DEE, Choi KH, Gul JZ et al. In situ UV curable 3D
printing of multi-material tri-legged soft bot with spider mimicked multi- step forward
dynamic gait. Smart Mater Struct 2016; 25: 1–12.
12. Vincent JFV, Bogatyreva OA, Bogatyrev NR, Bowyer A, Pahl A-K. Biomimetics: Its
practice and theory. J R Soc Interface 2006; 3: 471–482.
13. Full RJ. Using biological inspiration to build artificial life that locomotes. EvoWorkshops
2001; 2217: 110–120.
14. Ricotti L, Menciassi A. Bio-hybrid muscle cell-based actuators. Biomed Microdevices
2012; 14: 987–998.
15. Kim S, Laschi C, Trimmer B. Soft robotics: A bioinspired evolution in robotics. Trends
Biotechnol 2013; 31(5): 1–8.
16. Tadesse Y, Wu L, Saharan LK. Musculoskeletal system for bio-inspired robotic systems.
Focus Dyn Syst Control 2016; 138: 11–17.
17. Bernabei R, Power J. On three categories of conscious machines. In: Lepora NF, Mura
A, Mangan M, Verschure PFMJ, Desmulliez M, Prescott TJ (Eds.). Biomimetic and
Biohybrid Systems: Proceedings of the 5th International Conference, Living Machines
2016, Edinburgh, UK. Springer International Publishing, 2016, pp. 40–47.
18. Zolfagharian A, Kouzani AZ, Khoo SY, Gibson I, Kaynak A. 3D printed hydrogel soft
actuators. In: IEEE Region 10 Conference (TENCON). 2016, pp. 2274–2279.
19. Lee C, Kim M, Kim YJ, Hong N, Ryu S, Kim HJ et al. Soft robot review. Int J Control
Autom Syst 2017; 15: 3–15.
20. Inoue D, Kabir AR, Sada K, Gong JP. Tissue engineering approach to making soft
actuators. Soft Actuators 2014; 475–487. doi:10.1007/978-4-431-54767-9_33.

137

3D Bioprinting in Regenerative Engineering

21. Chan V, Asada HH, Bashir R. Utilization and control of bioactuators across multiple
length scales. Lab Chip 2014; 14: 653–670.
22. Burgert I, Fratzl P. Actuation systems in plants as prototypes for bioinspired devices.
Philos Trans A Math Phys Eng Sci 2009; 367: 1541–1557.
23. Kabumoto K, Hoshino T, Akiyama Y, Morishima K. Voluntary movement controlled by
the surface EMG signal for tissue-engineered skeletal muscle on a gripping tool. Tissue
Eng Part A 2013; 19: 1695–1703.
24. Carlsen RW, Sitti M. Bio-hybrid cell-based actuators for microsystems. Small 2014; 10:
3831–3851.
25. Bowers AE, Rossiter JM, Walters PJ, Ieropoulos IA. Dielectric elastomer pump for artificial organisms. Proc SPIE 2011; 7976: 797629.
26. Cho K-J, Wood R. Biomimetic robots. In: Springer Handbook of Robotics. 2016,
pp. 543–574.
27. Kamm RD, Bashir R. Creating living cellular machines. Ann Biomed Eng 2013; 42:
445–459.
28. Prinz F, Atwood C, Aubin R, Beaman J, Brown R, Fussel P et al. JTEC/WTEC Panel
Report on Rapid prototyping in Europe and Japan. 1997.
29. Hinton TJ, Lee A, Feinberg AW. 3D bioprinting from the micrometer to millimeter length
scales: Size does matter. Curr Opin Biomed Eng 2017. doi:10.1016/j.cobme.2017.02.004.
30. Lantada AD, Morgado PL. Rapid prototyping for biomedical engineering: Current capabilities and challenges. Annu Rev Biomed Eng 2012; 14: 73–96.
31. Peltola S, Melchels FPW, Grijpma DW, Kellomäki M. A review of rapid prototyping
techniques for tissue engineering purposes. Ann Med 2008; 40: 268–280.
32. Stanek M, Manas D, Manas M, Navratil J, Kyas K, Senkerik V et al. Comparison of different rapid prototyping methods. Int J Math Comput Simul 2012; 6: 550–557.
33. Upcraft S, Fletcher R. The rapid prototyping technologies. Assem Autom 2003; 23:
318–330.
34. Bhatt R, Tang CP, Lee L-F, Krovi V. Web-based self-paced virtual prototyping tutorials.
Proc DETC 2003; 1–7.
35. Lantada AD. Cell-based sensors and cell-based actuators. In: Díaz Lantada A (Ed.).
Microsystems for Enhanced Control of Cell Behavior. Springer International Publishing:
Cham, Switzerland, 2016, pp. 373–386.
36. Keating SJ, Gariboldi MI, Patrick WG, Sharma S, Kong DS, Oxman N. 3D printed multimaterial microfluidic valve. PLoS One 2016; 11: 1–13.
37. Munaz A, Vadivelu RK, John JS, Barton M, Kamble H, Nguyen N. Three-dimensional
printing of biological matters. J Sci Adv Mater Devices 2016; 1: 1–17.
38. Khademhosseini A, Langer R. A decade of progress in tissue engineering. Nat Protoc
2016; 11: 1775–1781.
39. Yeong W-Y, Chua C-K, Leong K-F, et al. Rapid prototyping in tissue engineering:
Challenges and potential. Trends Biotechnol 2004; 22: 643–652.
40. Zhu W, Castro NJ, Zhang LG. Nanotechnology and 3D bioprinting for neural tissue regeneration. In: 3D Bioprinting and Nanotechnology in Tissue Engineering and
Regenerative Medicine. Elsevier, London, UK, 2015, pp. 307–331.
41. Chan V, Jeong JH, Bajaj P, Collens MB, Saif T, Kong H et al. Multi-material bio-fabrication
of hydrogel cantilevers and actuators with stereolithography. Lab Chip 2012; 12: 88–98.
42. Arcaute K, Mann BK, Wicker RB. Practical use of hydrogels in stereolithography for
tissue engineering applications. In: Bártolo PJ (Ed.). Stereolithography: Materials,
Processes and Applications. Springer, Boston, MA, 2011, pp. 299–331.
43. Zorlutuna P, Jeong JH, Kong H, Bashir R. Stereolithography-based hydrogel microenvironments to examine cellular interactions. Adv Funct Mater 2011; 21: 3642–3651.

138

Rapid prototyping of soft bioactuators

44. Bajaj P, Chan V, Jeong JH, Zorlutuna P, Kong H, Bashir R. 3-D biofabrication
using stereolithography for biology and medicine. In: Engineering in Medicine and
Biology Society (EMBC), 2012 Annual International Conference of the IEEE. 2012,
pp. 6805–6808.
45. Melchels FPW, Feijen J, Grijpma DW. A review on stereolithography and its applications
in biomedical engineering. Biomaterials 2010; 31: 6121–6130.
46. Uzel SGM, Pavesi A, Kamm RD. Microfabrication and microfluidics for muscle tissue
models. Prog Biophys Mol Biol 2014; 115: 279–293.
47. Bajaj P, Schweller RM, Khademhosseini A, West JL, Bashir R. 3D biofabrication strategies for tissue engineering and regenerative medicine. Annu Rev Biomed Eng 2014; 16:
247–276.
48. Burg T, Cass CAP, Groff R, Pepper M, Burg KJL. Building off-the-shelf tissueengineered composites. Philos Trans A Math Phys Eng Sci 2010; 368: 1839–1862.
49. Ahn SH, Lee J, Park SA, Kim WD. Three-dimensional bio-printing equipment technologies for tissue engineering and regenerative medicine. Tissue Eng Regen Med 2016; 13:
663–676.
50. Pfister A, Landers R, Laib A, Hübner U, Schmelzeisen R, Mülhaupt R. Biofunctional
rapid prototyping for tissue-engineering applications: 3D bioplotting versus 3D printing.
J Polym Sci Part A Polym Chem 2004; 42: 624–638.
51. Zolfagharian A, Kouzani AZ, Khoo SY, Moghadam AAA, Gibson I, Kaynak A.
Evolution of 3D printed soft actuators. Sensors Actuators, A Phys 2016; 250: 258–272.
52. Rus D, Tolley MT. Design, fabrication and control of soft robots. Nature 2015; 521:
467–475.
53. Dennis RG, Herr H. Engineered muscle actuators: Cells and tissues. In: Bar-Cohen Y
(Ed.). Biomimetics: Biologically Inspired Technologies. CRC Press, Boca Raton, FL,
2005, pp. 243–266.
54. Schulte HF. The characteristics of the McKibben artificial muscle. In: The Application of
External Power in Prosthetics and Orthotics. National Acadamey of Sciences-National
Research Council, Washington DC, 1961, pp. 94–102.
55. Low J-H, Yeow C-H. Rod-based fabrication of customizable soft robotic pneumatic gripper devices for delicate tissue manipulation. J Vis Exp 2016; 114: e54175.
56. Mosadegh B, Polygerinos P, Keplinger C, Wennstedt S, Shepherd RF, Gupta U et al.
Pneumatic networks for soft robotics that actuate rapidly. Adv Funct Mater 2014; 24:
2163–2170.
57. Martinez RV, Branch JL, Fish CR, Jin L, Shepherd RF, Nunes RMD et al. Robotic tentacles with three-dimensional mobility based on flexible elastomers. Adv Mater 2013;
25: 205–212.
58. Daerden F, Lefeber D. Pneumatic artificial muscles: Actuators for robotics and automation. Eur J Mech Environ Eng 2002; 47: 11–21.
59. Shepherd RF, Ilievski F, Choi W, Morin SA, Stokes AA, Mazzeo AD et al. Multigait soft
robot. Proc Natl Acad Sci USA 2011; 108: 20400–20403.
60. Ilievski F, Mazzeo AD, Shepherd RF, Chen X, Whitesides GM. Soft robotics for chemists. Angew Chemie - Int Ed 2011; 50: 1890–1895.
61. Suzumori K, Iikura S, Tanaka H. Applying a flexible microactuator to robotic mechanisms. IEEE Control Syst 1992; 12: 21–27.
62. Caldwell DG, Tsagarakis N, Medrano-Cerda GA. Bio-mimetic actuators: Polymeric
pseudo muscular actuators and pneumatic uscle actuators for biological emulation.
Mechatronics 2000; 10: 499–530.
63. Robertson MA, Sadeghi H, Florez JM, Paik J. Soft pneumatic actuator fascicles for high
force and reliability. Soft Robot 2016; 4: 23–32.

139

3D Bioprinting in Regenerative Engineering

64. Yang Y, Chen Y. Novel design and 3D printing of variable stiffness robotic fingers based on
shape memory polymer. In: 6th IEEE RAS/EMBS International Conference on Biomedical
Robotics and Biomechatronics (BioRob) June 26–29, 2016. Singapore, 2016, pp. 195–200.
65. Wang Z, Hirai S. A 3D printed soft gripper integrated with curvature sensor for studying soft grasping. In: Proceedings of the 2016 IEEE/SICE International Symposium on
System Integration. IEEE: Sapporo, Japan, 2016, pp. 629–633.
66. Polygerinos P, Wang Z, Galloway KC, Wood RJ, Walsh CJ. Soft robotic glove for combined assistance and at-home rehabilitation. Rob Auton Syst 2015; 73: 135–143.
67. MacCurdy R, Katzschmann R, Kim Y, Rus D. Printable hydraulics: A method for
fabricating robots by 3D co-printing solids and liquids. In: 2016 IEEE International
Conference on Robotics and Automation (ICRA). 2016.
68. Underwater propulsion from a 3D printer. Phys Org 2013. Available: https://phys.org/
news/2013-07-underwater-propulsion-3d-printer.html.
69. Katzschmann RK, Marchese AD, Rus D. Hydraulic autonomous soft robotic fish for 3D
swimming. In: Kumar V, Khatib O, Hsieh MA (Eds.). Experimental Robotics. Springer
Tracts in Advanced Robotics, 2000, pp. 149–163.
70. Jin H, Dong E, Xu M, Liu C, Alici G, Jie Y. Soft and smart modular structures actuated
by shape memory alloy (SMA) wires as tentacles of soft robots. Smart Mater Struct
2016; 25: 85026.
71. Mano JF. Stimuli-responsive polymeric systems for biomedical applications. Adv Eng
Mater 2008; 10: 515–527.
72. Sydney Gladman A, Matsumoto EA, Nuzzo RG, Mahadevan L, Lewis JA. Biomimetic
4D printing. Nat Mater 2016; 15: 413–418.
73. Knoblauch M, Peters WS. Biomimetic actuators: Where technology and cell biology
merge. Cell Mol Life Sci 2004; 61: 2497–2509.
74. Bakarich SE, Gorkin R, Panhuis M In Het, Spinks GM. 4D printing with mechanically
robust, thermally actuating hydrogels. Macromol Rapid Commun 2015; 36: 1211–1217.
75. Ge Q, Qi HJ, Dunn ML. Active materials by four-dimension printing. Appl Phys Lett
2013; 103. doi:10.1063/1.4819837.
76. Walters P, McGoran D. Digital fabrication of ‘smart’ structures and mechanismscreative applications in art and design. In: International Conference on Digital Printing
Technologies and Digital Fabrication 2011. Minneapolis, 2011, pp. 185–188.
77. Umedachi T, Trimmer BA. Design of a 3D-printed soft robot with posture and steering
control. In: 2014 IEEE International Conference on Robotics & Automation (ICRA).
Hong Kong, 2014, pp. 2874–2879.
78. Umedachi T, Vikas V, Trimmer BA. Highly deformable 3-D printed soft robot generating inching and crawling locomotions with variable friction legs. In: 2013 IEEE/
RSJ International Conference on Intelligent Robots and Systems (IROS). Tokyo, 2013,
pp. 4590–4595.
79. Mao Y, Yu K, Isakov MS, Wu J, Dunn ML, Jerry Qi H. Sequential self-folding structures
by 3D printed sigital shape memory polymers. Sci Rep 2015; 5: 13616.
80. Zarek M, Layani M, Cooperstein I, Sachyani E, Cohn D, Magdassi S. 3D printing of
shape memory polymers for flexible electronic devices. Adv Mater 2016; 28: 4449–4454.
81. Bodaghi M, Damanpack AR, Liao WH. Self-expanding/shrinking structures by 4D
printing. Smart Mater Struct 2016; 25: 105034.
82. Mao Y, Ding Z, Yuan C, Ai S, Isakov M, Wu J et al. 3D printed reversible shape changing components with stimuli responsive materials. Sci Rep 2016; 6: 24761.
83. Wu J, Yuan C, Ding Z, Isakov M, Mao Y, Wang T et al. Multi-shape active composites by 3D printing of digital shape memory polymers. Sci Rep 2016; 6. doi:10.1038/
srep24224.

140

Rapid prototyping of soft bioactuators

84. Zolfagharian A, Kouzani AZ, Nasri-Nasrabadi B, Adams S, Yang Khoo S, Norton M
et al. 3D printing of a photo-thermal self-folding actuator. In: DesTech Conference
Proceedings: The International Conference on Design and Technology. KEG, 2017,
pp. 15–22.
85. Zhu W, Li J, Leong YJ, Rozen I, Qu X, Dong R et al. 3D-printed artificial microfish. Adv
Mater 2015; 27: 4411–4417.
86. Bar-Cohen Y. Biologically inspired intelligent robots using artificial muscles. Strain
2005; 41: 19–24.
87. Asaka K, Nakamura K. Current status of applications and markets of soft actuators. In:
Asaka K, Okuzaki H (Eds.). Soft Actuators. Springer Japan, 2014, pp. 19–30.
88. Rossiter J, Walters P, Stoimenov B. Printing 3D dielectric elastomer actuators for soft
robotics. In: Bar-Cohen Y, Wallmersperger T (Eds.). Electroactive Polymer Actuators
and Devices (EAPAD) 2009. SPIE, 2009. doi:10.1117/12.815746.
89. Cai J, Vanhorn A, Mullikin C, Stabach J, Alderman Z. 4D Printing of soft robotic facial
muscles. In: International Solid Freeform Fabrication (SFF) Symposium – An Additive
Manufacturing Conference. Austin, 2015, pp. 1537–1553.
90. Nguyen CT, Phung H, Jung H, Kim U, Nguyen TD, Park J et al. Printable monolithic hexapod robot driven by soft actuator. 2015 IEEE Int Conf Robot Autom 2015;
4484–4489.
91. Carrico JD, Traeden NW, Aureli M, Leang KK. Fused filament 3D printing of ionic
polymer-metal composites (IPMCs). Smart Mater Struct 2015; 24: 125021.
92. Wei T, Stokes A, Webb B. A soft pneumatic maggot robot. Living Mach 2016; 1: 375–386.
93. Ahn S, Lee K, Kim H, Wu R, Kim J, Song S. Smart soft composite: An integrated 3D
soft morphing structure using bend-twist coupling of anisotropic materials. Int J Precis
Eng Manuf 2012; 13: 631–634.
94. Liu J, Wang Y, Zhao D, Zhang C, Chen H, Li D. Design and fabrication of an IPMCembedded tube for minimally invasive surgery applications. In: Bar-Cohen Y (Ed.).
Electroactive Polymer Actuators and Devices (EAPAD). 2014, p. 90563K.
95. Lin H-T, Leisk GG, Trimmer B. GoQBot: A caterpillar-inspired soft-bodied rolling
robot. Bioinspir Biomim 2011; 6. doi:10.1088/1748-3182/6/2/026007.
96. Yuk H, Lin S, Ma C, Takaffoli M, Fang NX, Zhao X et al. Hydraulic hydrogel actuators
and robots optically and sonically camouflaged in water. Nat Commun 2017; 8: 14230.
97. Wehner M, Truby RL, Fitzgerald DJ, Mosadegh B, Whitesides GM, Lewis JA et al. An
integrated design and fabrication strategy for entirely soft, autonomous robots. Nature
2016; 536: 451–455.
98. Morrow J, Hemleben S, Menguc Y. Directly fabricating soft robotic actuators with an
open-source 3-D printer. IEEE Robot Autom Lett 2016; 2: 277–281.
99. Feinberg AW. Biological soft robotics. Annu Rev Biomed Eng 2015; 17: 243–265.
100. Engler AJ, Griffin MA, Sen S, Bönnemann CG, Sweeney HL, Discher DE. Myotubes
differentiate optimally on substrates with tissue-like stiffness: Pathological implications
for soft or stiff microenvironments. J Cell Biol 2004; 166: 877–887.
101. Stanton MM, Park B-W, Miguel-López A, Ma X, Sitti M, Sánchez S. Biohybrid microtube swimmers driven by single captured bacteria. Small 2017; 13: 1603679.
102. Akiyama Y, Hoshino T, Iwabuchi K, Morishima K. Room temperature operable autonomously moving bio-microrobot powered by insect dorsal vessel tissue. PLoS One 2012;
7: e38274.
103. Webster VA et al. Aplysia californica as a novel source of material for biohybrid robots
and organic machines. In: Lepora N, Mura A, Mangan M, Verschure P, Desmulliez M,
Prescott T (Eds.). Biomimetic and Biohybrid Systems. Living Machines 2016: Lecture
Notes in Computer Science, vol. 9793. Springer, Cham, 2016, pp. 268–279.

141

3D Bioprinting in Regenerative Engineering

104. Hinds S, Bian W, Dennis RG, Bursac N. The role of extracellular matrix composition
in structure and function of bioengineered skeletal muscle. Biomaterials 2011; 32:
3575–3583.
105. Dennis RG, Kosnik PE. Excitability and isometric contractile properties of mammalian skeletal muscle constructs engineered in vitro. Vitr Cell Dev Biol - Anim 2000; 36:
327–335.
106. Duan B, Hockaday LA, Kang KH, Butcher JT. 3D Bioprinting of heterogeneous aortic valve conduits with alginate/gelatin hydrogels. J Biomed Mater Res Part A 2012;
101(5): 1–10.
107. Park J, Ryu J, Choi SK, Seo E, Cha JM, Ryu S et al. Real-time measurement of the contractile forces of self-organized cardiomyocytes on hybrid biopolymer microcantilevers.
Anal Chem 2005; 77: 6571–6580.
108. Kim J, Park J, Yang S, Baek J, Kim B, Lee SH et al. Establishment of a fabrication
method for a long-term actuated hybrid cell robot. Lab Chip 2007; 7: 1504–1508.
109. Tanaka Y, Morishima K, Shimizu T, Kikuchi A, Yamato M, Okano T et al. An actuated
pump on-chip powered by cultured cardiomyocytes. Lab Chip 2006; 6: 362–368.
110. Williams BJ, Anand SV, Rajagopalan J, Saif MTA. A self-propelled biohybrid swimmer
at low Reynolds number. Nat Commun 2014; 5: 3081.
111. Chan V, Park K, Collens MB, Kong H, Saif TA, Bashir R. Development of miniaturized
walking biological machines. Sci Rep 2012; 2: 1–8.
112. Park S, Gazzola M, Park KS, Park S, Dauth S, Capulli AK et al. Phototactic guidance of
a tissue-engineered soft-robotic ray. Science (80-) 2016; 353: 158–162.
113. Raman R, Cvetkovic C, Uzel SGM, Platt RJ, Sengupta P, Kamm RD. Optogenetic
skeletal muscle-powered adaptive biological machines. Proc Nat Acad Sci USA 2016.
doi:10.1073/pnas.1516139113.
114. Uzel SGM, Platt RJ, Subramanian V, Pearl TM, Rowlands CJ, Chan V et al. Microfluidic
device for the formation of optically excitable, three-dimensional, compartmentalized
motor units. Sci Adv 2016; 2: e1501429.
115. Cvetkovic C, Rich MH, Raman R, Kong H, Bashir R. A 3D-printed platform for
modular neuromuscular motor units. Microsystems Nanoeng 2017; 3. doi:10.1038/
micronano.2017.15.
116. Raman R, Cvetkovic C, Bashir R. A modular approach to the design, fabrication,
and characterization of muscle-powered biological machines. Nat Protoc 2017; 12:
519–533.
117. Sakar MS, Neal D, Boudou T, Borochin MA, Li Y, Weiss R et al. Formation and optogenetic control of engineered 3D skeletal muscle bioactuators. Lab Chip 2012; 12:
4976–4985.
118. Uzel SGM, Platt RJ, Subramanian V, Pearl TM, Rowlands CJ, Chan V et al. Microfluidic
device for the formation of optically motor units. Sci Adv 2016; 2: e1501429.
119. Chan V, Neal DM, Uzel SGM, Kim H, Bashir R, Asada HH. Fabrication and characterization of optogenetic, multi-strip cardiac muscles. Lab Chip 2015; 15: 2258–2268.
doi:10.1039/C5LC00222B.
120. Kapsali V, Toomey A, Oliver R, Tandler L. Biomimetic spatial and temporal (4D) design
and fabrication. In: Lepora NF, Mura A, Krapp HG, Verschure PFMJ, Prescott TJ (Eds.).
Biomimetic and Biohybrid Systems: Second International Conference, Living Machines
2013, London, UK, July 29–August 2, 2013, Proceedings. Springer, Berlin, Germany,
2013, pp. 387–389.
121. Zhao H, O’Brien K, Li S, Shepherd RF, O’brien K, Li S et al. Optoelectronically innervated soft prosthetic hand via stretchable optical waveguides. Sci Robot 2016; 7529:
eaai7529.

142

Rapid prototyping of soft bioactuators

122. Alblalaihid K, Overton J, Lawes S, Kinnell P. A 3D-printed polymer micro-gripper with
self-defined electrical tracks and thermal actuator. J Micromechanics Microengineering
2017; 27: 45019.
123. Wirekoh H, Park Y-L. Design of flat pneumatic artificial muscles. Smart Mater Struct
2017; 26: 1–10.
124. Park YL, Santos J, Galloway KG, Goldfield EC, Wood RJ. A soft wearable robotic
device for active knee motions using flat pneumatic artificial muscles. In: 2014 IEEE
International Conference on Robotics & Automation (ICRA). IEEE, Hong Kong, 2014,
pp. 4805–4810.
125. Doncieux S, Girard B, Guillot A, Hallam J, Meyer J-A, Mouret J-B. Co-exploring actuator antagonism and bio-inspired control in a printable robot arm. 11th Int Conf Simul
Adapt Behav SAB 2010, Paris - Clos Lucé, Fr August 25–28, 2010 Proc 2010; 1: 662.
126. Vandenburgh H. High-content drug screening with engineered musculoskeletal tissues.
Tissue Eng Part B Rev 2010; 16: 55–64.
127. Jung Y, Bae J. A six-legged walking robot bio-inspired walking pattern: Kinematic
analysis. In: Lee J, Lee MC, Liu H, Ryu J (Eds.). ICIRA 2013: Intelligent Robotics and
Applications. Lecture Notes in Computer Science. Springer, Berlin, Germany, 2013,
pp. 257–264.
128. Schuldt DW, Rife J, Trimmer BA, Saunders F, Trimmer BA, Rife J et al. Softworms: The
design and control of non-pneumatic, 3D-printed, deformable robots. Bioinspir Biomim
2016; 11: 1–16.
129. Kim J, Kim HN, Lang Y, Pandit A. Biologically inspired micro- and nanoengineering
systems for functional and complex tissues. Tissue Eng Part A 2014; 19: 1–4.
130. Katz E. Biomolecular logic systems: Applications to biosensors and bioactuators.
In: Cullum BM, McLamore ES (Eds.). Smart Biomedical and Physiological Sensor
Technology XI. SPIE, 2014. doi:10.1117/12.2049959.
131. Baryshyan AL, Domigan LJ, Hunt B, Trimmer BA, Kaplan DL. Self-assembled insect
muscle bioactuators with long term function under a range of environmental conditions.
RSC Adv 2014; 4: 39962–39968.
132. Akiyama Y, Sakuma T, Funakoshi K, Hoshino T, Iwabuchi K, Morishima K.
Atmospheric-operable bioactuator powered by insect muscle packaged with medium.
Lab Chip 2013; 13: 4870–4880.
133. Guo SZ, Gosselin F, Guerin N, Lanouette AM, Heuzey MC, Therriault D. Solvent-cast
three-dimensional printing of multifunctional microsystems. Small 2013; 9: 4118–4122.
134. Miller JS, Stevens KR, Yang MT, Baker BM, Nguyen D-HT, Cohen DM et al. Rapid
casting of patterned vascular networks for perfusable engineered three-dimensional
tissues. Nat Mater 2012; 11: 768–774.
135. Kolesky DB, Truby RL, Gladman AS, Busbee TA, Homan KA, Lewis JA. 3D bioprinting of vascularized, heterogeneous cell-laden tissue constructs. Adv Mater 2014; 26:
3124–3130.
136. Peng H, Mankoff J, Hudson SE, McCann J. A layered fabric 3D printer for soft interactive
objects. In: Proceedings of the ACM CHI’15 Conference on Human Factors in Computing
Systems: Design and 3D Object Fabrication. Seoul, Korea, 2015, pp. 1789–1798.
137. Pei E, Shen J, Watling J. Direct 3D printing of polymers onto textiles: Experimental
studies and applications. Rapid Prototyp J 2015; 21: 556–571.
138. Sochol RD, Sweet E, Glick CC, Venkatesh S, Avetisyan A, Ekman KF et al. 3D printed
microfluidic circuitry via multijet-based additive manufacturing. Lab Chip 2016; 16:
668–678.
139. Wu GH, Hsu SH. Review: Polymeric-based 3D printing for tissue engineering. J Med
Biol Eng 2015; 35: 285–292.

143

3D Bioprinting in Regenerative Engineering

140. Ahn D, Kweon JH, Kwon S, Song J, Lee S. Representation of surface roughness in fused
deposition modeling. J Mater Process Technol 2009; 209: 5593–5600.
141. Ahn D, Kweon JH, Choi J, Lee S. Quantification of surface roughness of parts processed
by laminated object manufacturing. J Mater Process Technol 2012; 212: 339–346.
142. Bhattacharjee N, Urrios A, Kang S, Folch A. The upcoming 3D-printing revolution in
microfluidics. Lab Chip 2016; 16: 1720–1742.
143. Billiet T, Vandenhaute M, Schelfhout J, Van Vlierberghe S, Dubruel P. A review of
trends and limitations in hydrogel-rapid prototyping for tissue engineering. Biomaterials
2012; 33: 6020–6041.

144

