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Textiles are promising materials to realize the next generation of pneumatic soft robots as they are
lightweight, conformable, stretchable, and intrinsically anisotropic. Exploiting these properties, here we
describe the fabrication and mechanical characterization of a new type of bending textile actuator. The
actuator is fabricated using a lamination and layering process which eliminates the need for complex
cut-and-sew procedures or the addition of components such as a bladder to contain air. We demonstrate
the use of films to create air-impermeable textile composites and to alter the mechanical properties of the
textiles, facilitating the design of actuators which exhibit complex deformation patterns. We mechanically
characterize the textile composites and mathematically model their behavior. Finally, we show that our
manufacturing and modeling methods facilitate the design of actuators tailored to specific functions, as

demonstrated by our soft textile-based robotic glove.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Inflatable actuators made of compliant elastomeric materials
have attracted growing interest in recent years [1-3] and have
enabled the design of soft wearable robots and assistive devices
that can safely and effectively interact closely with humans [4-6].
However, one drawback of using elastomers is that their response
is intrinsically isotropic. This necessitates the embedding of either
complex architecture [7-9] or carefully oriented fibers [10,11] into
the actuators, thus introducing the required anisotropy but also
adding complexity to the system. Furthermore, while elastomeric
soft actuators are very compliant, they can be too heavy and bulky
for wearable robots and overly restrict the movement of joints even
when the device is unpowered.

Textiles are promising materials to realize the next genera-
tion of soft wearable robots, as they are lightweight, conformable,
stretchable, and intrinsically anisotropic. Because of their light-
ness, compliance, and low packing volume, textiles have already
been utilized in a variety of inflatable structures, including airbags
for car safety [12], temporary shelters [13,14], and soft actua-
tors which provide linear and rotary motions [15,16]. However,
these structures do not take advantage of the stretchability and
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anisotropy of textiles, and their inflated configuration is com-
pletely determined by their initial shape rather than the mechan-
ical stretch afforded by knit textiles. Only very recently it has
been shown that the intrinsic anisotropy and stretchability of
textiles can be exploited to create bending actuators with very
simple geometry [17]. This effort, however, represents only the
first step towards textile-based wearable soft robots. The fabrica-
tion of the actuators via a cutting and sewing process is not only
labor-intensive and time-consuming, but also introduces weak
points into the textile where failure is more likely to occur during
inflation. Moreover, since actuation is achieved by inflating a ther-
moplastic elastomer balloon inside the textile pocket, the response
is often not repeatable due to inconsistencies in balloon insertion
and movement of the balloon inside the pocket. In order to realis-
tically bring the great potential of textiles to wearable soft robots,
there is the need not only to identify new approaches for quickly
manufacturing actuators that perform reliably and repeatably, but
also to develop mathematical models to guide their design.

Here, we combine experimental and analytical tools to realize
textile-based soft inflatable actuators that can be integrated into a
glove to assist impaired individuals in performing activities of daily
living [18,19]. Our bending actuators fully exploit the anisotropic
properties of highly stretchable textiles (Fig. 1a) and are rapidly
designed by employing a mathematical model that enables us to
identify the geometric parameters resulting in the desired motion
for a given application (Fig. 1b). Moreover, a manufacturing ap-
proach which involves laminating the textiles with a thermoplastic
air-impermeable film and using heat to bond them enables the
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rapid fabrication of different actuator designs that do not rely
on a separate balloon to achieve inflation (Fig. 1c). With these
new manufacturing and modeling approaches, we design actuators
with articulation which imitate the motion of a finger and can be
integrated into an assistive glove (Fig. 1d). Notably, our manufac-
turing and modeling strategies are not limited to the specific cases
presented here, but could be applied to a range of assistive and
wearable robots for both upper and lower extremity applications.

2. Textile selection and modeling

We start by noting that to produce the required bending motion
while keeping the actuator as low-profile as possible along the top
of the finger, the top part of the actuator calls for a textile which
stretches significantly in one direction and stretches minimally in
the perpendicular direction, while for the bottom part we need
a textile which stretches less in all directions. We also note that
while the bottom textile should not stretch very much, it should
still have some extensibility — this allows us to incorporate the ac-
tuator into wearable devices which can stretch as a person moves.
Furthermore, to enable pneumatic actuation we need to make
the textiles impermeable to air. This can be achieved by coating
the textiles with a thermoplastic polyurethane film (3918, Bemis
Company, Inc.), which not only makes the textiles airimpermeable,
but also preserves their anisotropic properties and does not overly
inhibit their extensibility (see Figure S1).

Next, we use mechanical testing to identify commercially avail-
able textiles with the ideal mechanical properties. More specifi-
cally, we conduct uniaxial and equibiaxial tension tests on differ-
ent textile-film composites (see Supporting Information for more
details). We use knitted textiles since their looped structure en-
ables high levels of stretch and recovery. Knits have two distinct
directions referred to as the wale (parallel to the direction of
manufacturing) and the course (perpendicular to the direction of
manufacturing). For the top part of the actuator, we choose a
knit whose structure permits high stretch in the wale direction
while restricting stretch in the course direction (see Fig. 2c). For
the bottom, we choose a knit which is significantly stiffer than
the top knit in both the course and wale directions (see Fig. 2d).
Finally, it is important to note that the mechanical response of
the selected textiles can be nicely captured using a hyperelas-
tic anisotropic continuum model such as the Holzapfel-Gasser-
Ogden model [20], whose strain energy is given by

W=, —3)+ < (e"ﬂ’r”2 _ 1) . 1)
2](2

In the equation above, C, kq, k, are material parameters, I; =
tr(FF') and I; = FM - FM, F being the deformation gradient and
M denoting the stiffest direction of the textile in the undeformed
configuration (see Supporting Information for more details). We
find that the response of the top layer is best captured using C =
0.64 MPa, k; = 0.12 MPa, and k, = 0.52 (see Fig. 2c), while for the
bottom layer C = 0.99 MPa, k; = 0.017 MPa, and k, = 1.1 lead to
the best match (see Fig. 2d).

3. Actuator fabrication

Having identified two textile-film composites with ideal me-
chanical properties, we now combine them to make inflatable
actuators. To this end, we take advantage of the fact that the film
which we applied to the textiles to make them air-impermeable
can bond to itself and we use a heat press (Digital Knight DK20S)
to put the two composite layers together, eliminating the need
to sew a complex seam. To form an airtight textile pocket, we
place between the two layers a water-soluble polymer (Sulky Ultra
Solvy Stabilizer, a polyvinyl alcohol) which has been cut (using a

Versa laser) into the shape of the desired actuator chamber. The
polymer does not adhere to the film during heating and, when the
bonding process is complete, can simply be dissolved using water.
The actuator is finished by inserting a tube and gluing it in place
(see Supporting Information for more details).

We start by fabricating bending actuators with a rectangular
chamber of width W and length L (the chamber also has an ad-
ditional taper towards the tubing and is rounded at the distal end
— see Fig. 3a). To quantify the deformation of our actuators during
inflation, we use a camera (Canon EOS Rebel T5i) and extract their
outer edge (in the region of the chamber of initial length L) from
the recorded images via edge detection. By finding the circular arc
which best fits the edge of length I;, we can identify the radius
of curvature of the actuator p and the bend angle v = I;/p.
Moreover, by tracking the white lines located at the two ends of
the chamber (indicated by the red boxes in Fig. 3d) via digital
image processing we can monitor the radius of the actuator r; (see
Supporting Information).

In Fig. 3e we report the evolution of the bend angle per unit
length (v /L) and of the change in radius (r;/R; with Ry = W /) as
a function of the applied pressure for three actuators with length
L = 110 mm and width W = 10 mm (green markers), 20 mm (blue
markers), and 30 mm (black markers). All actuators are initially
flat. We find that as the inflation starts (i.e. for very small values of
applied pressure - Fig. 3e) the bend angle v of all three actuators
remains almost zero, while the radius r; rapidly increases until
ri/Ri = 1. At this point the actuators take on a cylindrical shape
with radius R; = W/m (see Fig. 3b). However, as the pressure
increases, the textiles begin to stretch and the actuators start to
bend, taking on the shape of a toroidal segment (Fig. 3c and d). We
see that the actuator with W = 10 mm deforms the most, reaching
¥ = 1.5°/mm at a pressure of 250 kPa. In contrast, the actuators
with widths W = 20 mm and 30 mm deform less and can sustain
lower values of pressure.

4. Actuator modeling

The experimental results of Fig. 3c indicate that the response of
the actuators can be tuned by varying their geometry. To rapidly
navigate the design space and identify actuator geometry leading
to the desired response for a particular application, we develop a
mathematical model based on nonlinear elasticity. Previous mod-
els of pneumatic soft actuators often relied on finite element anal-
ysis which gives accurate results but is time-consuming [21-23].
Analytical models were developed as an alternative, but relied
on the assumption of zero deformation in the radial direction
[6,24]. Such assumption is clearly violated by our textile-based
actuators, necessitating a new modeling approach. Taking inspi-
ration from the volume maximization strategy recently proposed
to model elastomeric fiber-reinforced actuators [25], here we use
strain energy minimization to predict the actuator deformation
(see Supporting Information for more details). More specifically,
guided by our experiments, we assume that the actuator starts
from a cylindrical configuration with inner radius R; = W /x and
length L, and inflates to the shape of a toroidal segment with major
radius p, minor radius r;, and length I; (neglecting the ends of
the actuator). Since the actuator consists of two materials, which
deform differently, one more parameter k is introduced to relate
the extension in the circumferential direction of the top layer to
that of the bottom one. Finally, to simplify the model, we assume
that all materials in the actuator are incompressible, an assumption
which we validated using finite element analysis (see Supporting
Information for more details). Under these assumptions, the strain
energy U of the actuator can be written as:

L rZ R L p3 R
U= / / / W®RdJRIOAZ + / / / WORdRIO®dZ,
0 —% R; 0 % R;
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Fig. 1. (a) Knitted textiles show highly anisotropic behavior under uniaxial tension. (b) By modeling textiles as homogeneous anisotropic continua, we can develop models
of bending textile actuators. (c) Using lamination and layering, we can fabricate actuators quickly and easily. (d) Manufacturing and modeling approaches can easily be scaled

to more complex designs.

(2)

where W®)(©) and W(©) are the strain energy densities of the
bottom and top textiles (given by Eq. (1)), R, ® and Z are the radial,
circumferential, and axial coordinates in the initial configuration,
R; and R, are the initial inner and outer radii of the actuator, and L
is the initial length of the actuator. Since the volume enclosed by a
toroidal segment is

2 b

V =nr; P ri,o, (3)
given a supplied volume Vy,piieq inside the actuator, we then solve
for (p, r;, I, k) by minimizing the strain energy U (via the con-
strained nonlinear solver fmincon in Matlab) subject to the con-
straint Vyppiea = V. Finally, we use the Cauchy equilibrium
equations to relate the deformation to the internal pressure P (see
Supporting Information for details):

113 o o@)— o®
P= 7/ / 900 =7 446
2 J_z J, r
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2

3
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+ 7/ / Mdrd@, (4)
2 z I r
where 0@ = —pI + dgﬁavg;“)l;r is the Cauchy stress (p is a

hydrostatic stress, I is the identity matrix, and « € {t, b} refers to
the top and bottom textiles). In Fig. 3e, we compare the predictions
of this model (continuous lines) to experimental results (markers)
for the three considered different geometries. We see a reasonably
good match between model and experiment, with discrepancies

most likely due to the constitutive models for the textiles not
picking up all of the complexities of the textile behavior and to the
assumption that the actuator cross-section is perfectly circular.

5. Application to assistive glove

Having identified tools for rapidly modeling and manufacturing
textile actuators, we now demonstrate that these methods enable
us to design a wearable device which assists with grasping. It
has been shown that soft robotic gloves can help people who
have hand impairments with performing activities of daily living
[18,19,26,27]. This idea has been explored in detail for elastomeric
actuators [ 18], but more recently, textile actuators have been pro-
posed as an alternative [17] as they are easier to integrate into
wearable devices. Furthermore, textiles are more lightweight than
elastomers, making the device transparent when not actuated -
this means it is more comfortable to wear and does not impede
movement. While previous work has shown that textile actuators
could successfully be used in a soft robotic glove [19], here we
show that our new manufacturing and modeling methods facilitate
faster and simpler fabrication of the device, as well as the design of
actuators which more accurately mimic finger motion.

We first note that the textile actuators presented in Fig. 3 are
not ideal to mimic finger motion, since they have constant bending
curvature, whereas fingers bend at discrete locations (i.e. joints). To
produce actuators capable of matching the motion of the fingers,
we require the portions of the actuator which will be located at
the joints to bend upon inflation, while those in between should
resist deformation. Notably, these alternating bending and straight



F. Connolly, D.A. Wagner, CJ. Walsh et al. / Extreme Mechanics Letters 27 (2019) 52-58 55

(a) (b)

(€) high stretch textile

load cells

cruciform
specimen

uniaxial equibiaxial
0 10
8 8
6 € 6
=3
4 6 4 /
2 2
course 0 :
1 15 2 1 12 14
A A
(d) low stretch textile
uniaxial equibiaxial
10
8
€ 6
wale =3
5 4
™ i 2 /e/e/e/y
course 0
1 12 14

Fig. 2. (a) Uniaxial tensile test setup (b) Biaxial tensile test setup (c) SEM image, experimental data, and best-fit model for the laminated Raschel knit (24710, Darlington
Fabrics) (d) SEM image, experimental data, and best-fit model for the laminated Tricot knit (26210, Darlington Fabrics).

segments can be realized with a single pocket (so that the actuator
has only a single pressure input), by applying a stiff polyamide film
(4220, Bemis Company, Inc.) to alternating portions of the actuator
to significantly increase its stiffness in those areas. Thus, such ar-
ticulated actuators can be manufactured following the same proce-
dure as before, simply adding an extra step where we laminate the
actuators with the stiff film in alternating areas (Fig. 4b). However,
identifying the actuator width and the lengths of the bending and
straight segments is challenging, as there are a few requirements
which must be fulfilled. More specifically, we want the actuator (i)
to be as narrow as possible, to ensure it remains low-profile when

inflated (but it must still be wide enough to enable easy fabrication
and provide adequate force); (ii) to achieve the target configuration
at a low pressure, to ensure safe operation and minimize hardware
requirements; (iii) to have bending segment lengths which are as
short as possible (to fit over the joints). Assuming that there are
no interactions between bending and straight segments, we can
use our analytical model to identify actuators capable of achieving
the target configuration while satisfying all these requirements. To
this end, in Fig. 4c we report the bend per unit length as a function
of initial actuator width and applied pressure as predicted by our
analytical model for a homogeneous bending segment. We see that
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Fig. 3. (a)-(c) lllustration of model parameters (d) Photographs of actuators with different widths at different actuation pressures. (e) Comparison of experimental results

and model predictions of actuator deformation.

at any given pressure, wider actuators yield greater bend per unit
length (v /L). Moreover, we find that for each actuator width, there
is a critical pressure above which the model breaks down due to a
ballooning instability in the constitutive models (see white area in
Fig. 4c). Such instability clearly limits the maximum pressure at
which we can operate.

To demonstrate the power of our modeling approach, we choose
an everyday task - picking up a glass or bottle — and use the predic-
tions of Fig. 4c to design actuators that mimic the grasping motion
used for that task. Given the average joint angles for grasping a
cylindrical object of diameter 50.8 mm [28] and the average finger
dimensions for a large-sized hand (see Fig. 4a and Supporting
Information), we can identify the required actuator configurations
for each of the fingers (index, middle, ring, and little). Focusing on a
middle finger with total length of 194 mm, we find that an actuator
of width 11.5 mm with bending segments of length 27 mm, 25
mm, and 21 mm reaches the target configuration at a pressure of

240 kPa (Fig. 4d), satisfying all of our requirements. In Fig. 4e we
show the fabricated actuator based on this design when inflated
to a pressure of 240 kPa, with its target shape overlaid. We see
that the actuator behaves as expected, with only a slight difference
between the target configuration and the actual configuration. This
difference is most likely due to the inaccuracies of the model (as
outlined above) and also due to our assumption that the straight
segments do not affect the deformation of the bending segments
(we can see in Fig. 4e that the radius of a bending segment has
to decrease a lot at its edges in order to match the radius of the
straight segments). However, the discrepancy between the target
configuration and the actual configuration is not large enough that
we would expect it to affect the functionality of a soft robotic glove.
Finally, while in Fig. 4 we show results only for the middle finger,
the index, ring, and little finger actuators were designed similarly
(see Supporting Information).
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unit length as a function of actuator width and applied pressure (d) Middle finger actuator design (e) Middle finger actuator at 240 kPa, overlaid with target configuration

(f) Assistive glove pressurized to 240 kPa.

Next, we show that the articulated actuators we have designed
can be integrated into an assistive glove. Rather than individu-
ally fabricating an actuator for each finger, we use our layered
manufacturing approach to make the device in a single piece (see
Supporting Information). Since the geometry here is more complex
than that of the individual actuators, we use an alignment board
and pins to ensure that the layers line up correctly. As before, we
start by laminating both the high stretch and low stretch textiles.
We then seal the laminated textiles together to create a glove-
shaped device with five embedded air chambers. We add rigid film
to the top and bottom of the device to create articulation for each
of the fingers, and we insert tubing to provide an air supply to each
of the actuators. Lastly, we make the device wearable by sewing it
onto a large-size glove (Shima Seiki USA). For the index, middle,
ring, and little fingers, we use the articulated actuator designs
identified in the previous section. Differently, for the thumb we
use just a simple bending actuator, since the actuators presented
here are not sufficient to replicate its ability to move out of plane
as it bends. Note that since the glove is fabricated all in one piece
(as shown in Fig. 1d), the middle finger is aligned with the wale
direction of the textile, as in the model, but the index, ring, and lit-
tle fingers are at a slight angle to the wale. We ran a finite element
simulation to compare the behavior of an actuator aligned with the
wale to the behavior of one at an angle of 10° and found that their
behavior was quite similar, and therefore this angle did not affect
the functionality of the glove (see Supporting Information).

Pressurizing all five of the actuators in the glove to 240 kPa, we
see that the glove produces a grasping motion, enabling the wearer
to grasp a jar (Fig. 4f). Notably, since the articulated actuators have
been designed to mimic finger motion, they distribute pressure
more evenly over the fingers than simple bending actuators which
have constant curvature and produce a motion which is further
from the natural motion of the fingers (see Supporting Informa-
tion). Moreover, while the glove stiffens and applies forces to the
wearer when it is actuated, the compliance and flexibility of its
constitutive materials make it transparent when not actuated (see
Supplementary Video).

6. Conclusions

In summary, we have presented new manufacturing and analyt-
ical methods for rapidly fabricating and modeling textile actuators.
In particular we have shown how to laminate highly stretchable
textiles to make them air-impermeable and heat-sealable. We have
mechanically characterized these textile-film composites and used
the characterization results in an analytical model which predicts
the quasi-static behavior of the actuators. Future work on this
project will include modeling the time-dependent response of the
actuators.

The manufacturing and modeling methods presented here al-
low for the rapid iteration of actuator designs, as the modeling
process tells us the effect of changing actuator geometry, while
the manufacturing process allows us to quickly investigate the
effect of using different materials (such as different textiles or films
with different properties). Our manufacturing process can easily be
scaled to produce devices with more complex geometries, giving
these actuators potential to be used in a wide range of wearable
and assistive devices. These devices could aid people who have
suffered injuries which impair their ability to perform activities
of daily life, or could be used in factories to reduce work-related
musculoskeletal injuries.
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Supplementary material related to this article can be found
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