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Abstract

As it was discussed in previous chapters of Part I, soft continuum trunk and
tentacle manipulators have high inherent dexterity and reconfigurability and
have become an attractive candidate for safe manipulation and explorations
in surgical and space robotic applications, recently. However, achieving
accuracy in precise tasks is a challenge with these highly flexible struc-
tures, for which stiffness variable designs based on jamming, smart material,
antagonistic actuation, and morphing structures have been introduced in
the recent years. In this chapter, variable stiffness properties of an electro-
active poly (sodium acrylate) (pNaAc) hydrogel are tested. An anisotropic
stiffness ion pattern is printed on the hydrogel straps giving them shape
memory properties. The hydrogel swells up to two times its original size and
soften (4.2-0 KN/m) in an ethanol aquatic solution depending on the ethanol
saturation while preserving its programmed shape. Changing the solution
ethanol saturation can be used to control the hydrogel stiffness based of
which a conceptual design for a stiffness controllable STIFF-FLOP module
is presented and will be fabricated in the future.
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5.1 Introduction

Performing complicated biological tasks such as manipulation in unpre-
dictable conditions where safe interaction with the environment is important
requires dexterity and compliance in which low actuation energy, high dex-
terity, reachability, maneuverability, back drivability, and self adjustablbility
of continuum mechanisms are shown to be advantageous [1]. In nature,
biological creatures benefit from compliant muscle-tendon-bone structures
capable of exerting instantaneous high-peak forces and velocities necessary
for such tasks [2]. On the other hand, to address the common problems with
current actuation methods in robotics research, such as back-drivability, stiff-
ness control, and energy consumption, different methods such as compliance
actuation [3], antagonistic actuation [4, 5], reconfigurable design [6], and
more recently the use of stiffness tuneable material [7], and morphing struc-
tures [8] are employed. The control of damping to achieve a desired stiffness
is shown to be important too, for task accuracy and control stability [9, 10].
However, compliance has disadvantages such as reduced control bandwidth,
stability issues, and underdamped modes where high stiffness modes are
required to achieve precision in tasks involving working against external
loads [10].

Soft continuum manipulators, mostly inspired by octopus arms, snake,
land animals’ tongue, and trunk, with high inherent dexterity and recon-
figurability, have become an attractive candidate for safe manipulation and
explorations in surgical and space robotic applications in recent years. The
passive shape adaptation and large reachable configuration space features
of this class of manipulators due to their highly deformable nature made
them a perfect choice for minimally invasive insertion of surgical tools in the
confined maze-like space in a robotic surgery [11, 12]. Among the continuum
manipulator designs, braided pneumatic and hydraulic actuators provide a
uniform homogeneous deformation, robust geometry and force control, and
linear and reversible behavior [13–16] compared to the non-braided ver-
sions [17–19] which circumferential expansion limits their application in
confined space. Besides, accuracy in precise tasks is a challenge with highly
flexible structures for which stiffness variable designs based on jamming,
smart material, antagonistic actuation, and morphing structures have been
introduced in the recent years [20]. The uncertainty in the material defor-
mation due to highly elastic environment, insufficient flexibility, and lack of
control feedback are the limitations of continuum manipulators [21]. While
most of the research have been focused on the design and modeling of soft
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manipulators, methods of stiffness control for soft media have recently
shown to be important for efficient minimalist actuation, minimal invasive
interaction, and control and sensing precision [22].

Jamming concept and stiffness tunable material are used in variable com-
pliance robotic studies [20]. Jamming concept, for stiffness control through
modulating the Coulomb friction and viscous damping between the jammed
media, has been utilized in the design of stiffness controllable actuators
[23], flexible manipulators [24], variable stiffness joints [25], rehabilitation
devices [26], stiffness displays [27], biomimetic organs [28], reconfigurable
mechanisms [29], and grippers [30] of which a comprehensive review is
presented in [20]. The comparative study by Wall et al. on granular, layer, and
scale jamming used in a selective stiffness controllable pneumatic actuator,
PneuFlex, showed the layer jamming arrangement to be the most capable
design with an eight times increase in the stiffens and 2.23 times increase in
the resisting force [23]. Tendon driven jamming was introduced recently to
overcome portability limitation of pneumatic enabled jamming in underwater
and space applications where a continuum rod flexural stiffness is controlled
by modulating the shear friction force between the scales [28, 31] and helical
rings [32]. The resulting Coulomb damping opposes the inter-layer shear
forces caused by the external load bending momentum.

Thermo-active stiffness tuneable structures and materials have attracted
many research in the past few years due to their high range of stiffness change,
easy electrical modulation through heating, and possible 3D printing fabrica-
tion [33]. Low melting point (LMP) alloy such as field’s metal [33–39] and
LMP composite material with inherent thermal instability such as wax [40]
and ABS which are used as the base material in many standard 3D printing
devices have been utilized to design 3D printable thermally stiffness tunable
structures [41–44]. As a result, new compound micro actuators capable of
actuation and shape fixation with high reversibility and load bearing capacity
are designed such as a thermally stiffness tunable actuator fiber in [45] and a
thermally tunable shape memory electro-active polymer in [46].

Granular [16] and tendon [47] stiffening methods were investigated for
a STIFF-FLOP module recently. Furthermore, we presented a tendon driven
scale jamming design inspired by the helical arrangement and morphology
of the fish scales (Figures 5.1a and b) to control torsional stiffness of a
helical interface cross section for STIFF-FLOP manipulators in our previous
work. As a result, we achieved a simpler design and actuation method which,
for the first time, provides better wearability, higher stiffening ratio, linear
behavior, longer axial stretch, and lower hysteresis [31] compared to the
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Figure 5.1 Bio-inspired stiffening mechanisms developed for STIFF-FLOP continuum actu-
ators: a scale jamming interface inspired by helical myotome attachment sites and overlapping
scales in a Cyprinus carpio fish (a), sample application of the bio-inspired scale jamming
interface on a STIFF-FLOP continuum actuator (b) [31], a wearable electro-active Velcro
attachment mechanism [48] inspired by stiffening mechanism in natural wood using an inter-
layer micro hook structure [49] (c), and shape memory alloy hooks’ in relaxed (d) and
activated (e) states [48].

previous stiffenong solutions for STIFF-FLOP [16, 47] and, to the best of
our knowledge, other available locking and jamming designs in literature
[20]. However, local and directional stiffness control of continuum manip-
ulators are still challenging. While usually the normal forces on the jammed
surfaces are controlled for stiffening, in our recent work, we investigated
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the idea of using an active attachment mechanisms between the layers
based on a novel electro-active velcro using shape memory alloy wire [48]
(Figures 5.1c to d).

As the most similar artificial product to a biological tissue, hydrogels are
organic soft materials made of crosslinked polymers capable of absorbing
great amount of water without losing their initial structure integrity. These
chemical crosslinks provide high mechanical strength and long degradation
time and have become widely studied as soft actuators [50], micro robots
for drug delivery [51], tissue engineering [52], biosensor [53], self-healing
structures [54], etc. Active hydrogels show stiffness controllable properties.
Most environmentally responsive hydrogels consist of monomers, an initiator,
and an accelerator [53, 55]. The fabrication process usually consists of
free radical polymerization of low-molecular-weight monomers in aqueous
solution with a crosslinking agent. The use of a crosslinker results in a gel that
expands due to the monomer/crosslinker concentrations and the polymeriza-
tion conditions. UV or thermal treatment can be used for the polymerization
process based on the selected solvent. The polymerization technique changes
the formed gel properties [56, 57].

In this research, we investigate the fabrication and use of an electro-active
stiffness tunable poly(sodium acrylate) (pNaAc) hydrogel as presented in [57]
with possible application in stiffness controllable continuum manipulators.
We focused on the synthesis, characterization, preparation, and possible
applications of pNaAc hydrogel. Different properties of an easy to fabricate
hydrogel as in [57] are investigated. A conceptual design for a stiffness
controllable STIFF-FLOP module is presented based on a porous hydrogel
shell with an anisotropic stiffness ion pattern. The use of active hydrogels
for stiffness control of continuum mechanisms is a novel concept which our
results in this section provide the preliminary understanding about the gel
behavior and a proof for such concept. Our approach in using conventional
set of tools to fabricate an active hydrogel shows the feasibility of fabrication
of such smart material to be used by researchers with limited to no expertise
in experimental chemistry.

Materials and methods of our research are presented in Section 5.2, where
fabrication of two slightly different pNaAc hydrogels is discussed. Exper-
iments on the samples’ swelling and stiffness properties and a conceptual
design for a porous pNaAc hydrogel shell for continuum manipulators are
discussed in Section 5.3. Finally, conclusions are presented in Section 5.4
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5.2 Materials and Methods

Active hydrogels usually consist of monomers, an initiator, and an accelerator
[55]. Ammonium persulfate (APS) is usually used as an initiator and tetram-
ethylethylenediamine (TEMED) as a catalyst. The persulfate can be used to
convert monomers to free radicals. The free radicals react with unactivated
monomers and begin the polymerization process. The APS (initiator) and
TEMED (accelerator) are added to an aqueous solution of albumin [58], poly-
acrylate [59], polyvynil alcohol [60], or N,N-methylenebis(acrylamide) [57]
based on the required hydrogel properties.

Among the different recent fabrication methods introduced in the lit-
erature, we used an easy method as in [57], with some changes in
the mixture and mole ratios, to fabricate an electro- and thermo-active
hydrogel, cable of generating mechanical motion and stiffness variation
in dry and wet conditions. Apart from the necessary chemical com-
pounds and some conventional tools for measuring and mixing, this
method needs only a conventional low power (70 W) nail polishing UV
dryer and a conventional kitchen oven for polymerization and drying
processes. Acrylamide (AAm, Sigma: www.sigmaaldrich.com), anhydrous
acrylic acid 99% (AA, Sigma), poly(N-isopropylacrylamide) (pNIPAAm,
Sigma), N,N-methylenebis(acrylamide) (Sigma), ammonium persulfate
(APS, Sigma), NaCl, N,N,NN-tetramethylethylenediamine 99.5% (TEMED,
Sigma), agarose LE (Sigma), sodium hydroxide (Fisher Scientific: www.
fishersci.co.uk), ethylenediaminetetraacetic acid (EDTA, Sigma), and Milli-
Q deionized water (18.2 MΩ cm, Amazon) are used for the fabrication of the
hydrogel straps as in [57]. Copper anode wires (Cu2+, 1 mm diameter, Alfa
Aesar: www.alfa.com), ethanol, and deionized distilled water (Amazon) are
used for providing aquatic or dry test environment, electric activation, and
material recovery.

5.2.1 Active Hydrogel Preparation

Following the procedure in [57], we fabricated two poly(sodium acrylate)
(pNaAc) hydrogel samples with slightly different compound ratios consid-
ering our stiffness controllable application. The first strap sample, to be
formed in a helical shape after ion pattern printing (Figure 5.2), is prepared
by free radical polymerization in an aqueous solution, combining 3 mole
(M) concentration of poly(N-isopropylacrylamide) (pNIPAAm) monomer,
as a stimuli responsive substance, and N,N-methylenebis(acrylamide) as the
crosslinker with mole ratio (divinyl to vinyl monomers) of 1:100. It was
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Figure 5.2 A sample electro-active swelling hydrogel strap with 1 mm thickness (a), printed
ionic patterns with light blue color on the two sides of the strap (b), printing ionic patterns
with a copper wire (Cu2+) (c), helix formation of the strap due to mechanical shrinkage at the
printed ionic pattern (d), and side and top views of the final helical hydrogel sample when it is
still wet (e).

mixed with fluorescein isothiocyanate (FITC 5 m diameter) for electrostatic
stabilization. As a result, a gel with a large swelling and stiffness varia-
tion response in different aquatic solutions is fabricated. It was prepared
with Milli-Q deionized water (18.2 MΩ cm) and ethanol solution with
4:1 ratio. The solution was subjected to 70 W UV light for 1 hour and
then dried at 60◦C temperature in an oven for free radical polymerization
process.

The second strap sample, to be formed in a cylindrical shape after ion
pattern printing (Figure 5.3), is prepared by free radical polymerization of
AAm monomer with a small amount of N,N-methylenebis(acrylamide) as
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Figure 5.3 A sample electro-active swelling hydrogel with close parallel ionic printed
patterns, forming a cylindrical shape, in top and side views (a), the sample after swelling due
to immersing in 1:4 ethanol aquatic solution for 3 minutes (b) and in dry state after immersing
in ethanol (c), the sample size in comparison to a British one pence coin in dry (d) and wet
(e) conditions. The sample retains its cylindrical shape in dry and wet conditions regardless of
180% change in its size due to swelling and a softer structure in the swelled condition.

the crosslinker. Five grams of AA-AAm mixture is mixed with equimolar
amounts of sodium hydroxide, based on the number of AA moles (mixture I);
240 mg of N,N-methylenebis(acrylamide) was added to 40 mg of APS which
then was dissolved in distilled water and added to the mixture I (mixture II);
0.024 mL of TEMED was added to the mixture II and the product is molded
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in a thin layer shape. The equilibrium swelling ratio is achieved based on
the crosslinker mole ratio (divinyl to vinyl monomers) which was set to be
5:100% here. Leaving the mixture for a whole day in the room ambient, the
polymerization process produces a dry hydrogel that can be cut in the desired
shape. The dry pNaAc hydrogel was immersed in four aquatic solutions, 1)
distilled water and ethanol (EtOH), 2) distilled water, 3) deionized water, and
4) tap water for over 2 hours, to find the best swelling ratio, and then dried
in 70◦C using the oven. Watering and drying steps are repeated if the final
mechanical properties are not satisfactory.

5.2.2 Active Hydrogel Properties and Ion Pattern Printing

The pNaAc hydrogels swell when are placed in an aquatic solution, usually
for more than 3 minutes. The watering can be reversed, and the sample
shrinks and hardens by putting it in ethanol for about 2 hours. The swelling
deformation can be used as a mechanical actuation method. Besides, different
electro-mechanical responses, e.g., swallowing, bending, and twisting can
be achieved by ion printing, creating an anisotropic stiffness network con-
sisting of conductive particles. This is done by applying 9-V DC through
a copper wire (Cu2+, anode) while placing the hydrogel straps on an alu-
minum foil (cathode). As a result, two adjacent sodium ions in the gel move
toward a cupric ion and bind to the gel carboxylic groups. This leaves a
ionized pattern with light blue color that shrinks and stiffens compared to
the rest of the gel. The sample shape is fixed, showing a shape memory
feature in Figures 5.2a to c. Figure 5.2 shows a sample with two ionic
patterns at each end that bring the hydrogel strap to a helical shape and
Figure 5.3a shows a sample with closer parallel patterns that forms a cylindri-
cal shape. The samples maintain their shape while absorbing water solution
as in Figures 5.2e and 5.3b,c. The inhomogeneous stiffness due to the ionic
patterns causes an even more local shrinkage of the sample when immersed
and dried in ethanol. The electric field deforms the hydrogel in air. This defor-
mation is reversible by applying a reversed field. Both the local shrinkage
due to the ionic actuation and watering-ethanol drying cycles of a ion-printed
gel can be used as actuation mechanisms for a hydrogel actuator [57]. We
investigated the watering-ethanol drying cycle here as a stiffening mechanism
where ion patterns help bringing the structure to more stable and stiffer,
e.g., helical or cylindrical, configurations. After multiple watering-ethanol
drying cycles, we used the resulted dried contracted hydrogel in our stiffness
tests.
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5.3 Experiments and Discussion

5.3.1 Swelling Test

The dried hydrogels in ethanol swell up to 100% for the helical (Figure 5.2e)
and 180% for the cylindrical (Figures 5.3b and c) shape strap after are
immersed in deionized water for about 3 minutes (Figure 5.4) while main-
taining but loosing the grip of its programmed shape. The sample can be
dried in ethanol and immersed again with no noticable hysteresis buildup in
our six trials. Leaving the swelled samples in the room temperature to dry
disintegrates the hydrogel and breaks their structure as the water evaporates,
while the dried sample in ethanol can be left for a long time unchanged in
the room temperature, 1 week in our case, with no noticeable change in its
swelling ability, final volume, and stiffness. The hardened gel in ethanol turns
from a white transparent to a yellow cloudy color after being left in the room
temperature for a while (Figure 5.5a). Despite the low stiffness of the swelled
hydrogel in water, the dried samples in ethanol shrink and hold a stiff, hard
to break, or deform shape, with a harder grip to the programmed shape. To
achieve higher swelling ratios (lower stiffness), the sample needs to be fully
dried first. Different aqueous solutions were tested, showing the best swelling
results for deionized and common tap (with unknown chemical impurity)
water while ethanol solution results in the least swelling ratio.

5.3.2 Stiffness Test

A helical pNaAc hydrogel strap, with size 55 × 10 × 1 mm when swells, is
prepared for stiffness test after initiating in 70 W UV light for 30 minutes,

Figure 5.4 End-to-end deformation percentage (%) after swelling in different
aquatic solutions for the pNaAc helical (Figure 5.2) (a) and cylindrical (Figure 5.3)
(b) hydrogel samples.
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Figure 5.5 Hardened and dried electro-active hydrogel of Figure 5.2 in ethanol and room
temperature (a), tension tests (b), force–displacement (c), and displacement–time (d) graphs
for the simple tension experiments.

equilibrated in dionized water for 30 minutes, hardened in ethanol, and left in
room temperature to completely dry for 3 days. The force–displacement and
displacement–time graphs for the simple tension experiments are presented
in Figures 5.5c and d, showing an initial quasi-static elastic deformation
region with yield force of 1.5 N and stiffness of 4.2 KN/m followed by an
accelerating linear plastic deformation region with resisting force up to 2.5
N and stiffness of 0.5 KN/m (Figure 5.5c). The structure breaks at 2.8 N.
The hydrogel elasticity remains almost constant for 150 seconds. However, it
decreases rapidly over time under a constant force (Figure 5.5d) which can
be due to propagation of cracks in the gel structure. The hydrogel stiffness is
negligibly low after placing it in an aquatic solution for 3 minutes. The large
stiffness variation achieved by changing the ethanol saturation in an aquatic
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Figure 5.6 Conceptual design for a STIFF-FLOP module with a cylindrical porous pNaAc
hydrogel with ion-printed ring patterns. The hydrogel stiffness is controlled by changing the
ethanol saturation in EtOH solution, that fills the hydrogel shell pores, using a set of micro
pumps and a solution saturation control unit.

solution can be exploited for stiffness variable applications such as stiffness
controllable continuum robots and stiffness displays. A conceptual design is
presented in Figure 5.6 where the body shell of a STIFF-FLOP manipulator
is filled with a porous pNaAc hydrogel while the pores are filled with an
aquatic ethanol solution. Changing the ethanol saturation by pumping in new
solution with different ethanol saturation in the gel pores while draining out
the previous solution results in a change in the structure stiffness. The slow
stiffness variation is not a problem in medical tasks with mostly quasi-static
motions. Printing ionic patterns, i.e. parallel rings on the structure, strengthen
the structure by programming a cylindrical shape memory that can act as an
external reinforcement for achieving even higher stiffness values.

5.4 Conclusion and Future Works

Electroactive hydrogels are usually formed based on monomers, an initiator,
and an accelerator. Following the procedure presented in [57], we fabricated
an electro- and thermo-active pNaAc hydrogel on which ionic patterns with
anisotropic stiffness are printed using a copper wire as the anode and an
aluminum sheet as the cathode. The ionic patterns shrink and stiffen bringing
the gel to a programmed complex geometrical shape, helix and cylindrical
in our case. The ionization process is reversible by reversing the electric
field which can be used to design an electro-active hydrogel actuator. The
hydrogel softens and swells up to two times of its original size in an aquatic
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solution while preserving its programmed shape. The observed stiffness
variation (0–4.2 KN/m) by changing the ethanol saturation in an aquatic
ethanol solution can be exploited to design stiffness controllable continuum
manipulators or stiffness displays. A conceptual design for a stiffness control-
lable STIFF-FLOP module is presented with porous pNaAc hydrogel shell
and ring-shaped ionic patterns, the pores of which are filled with aquatic
ethanol solution. The structure stiffness can be controlled by changing the
ethanol solution ratio using micropumps and a control unit to monitor and
modulate the solution ratio. We plan to fabricate the proposed design in a
future research.
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