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In this article, the inverted honeycomb cell, known to ex-
hibit an auxetic behavior, is considered to design two pneu-
matic linear actuators. The actuators are built using a com-
bination of soft and rigid structures. They present comple-
mentary performances in terms of displacement, force and
stiffness. Experimental evaluations are conducted using pro-
totypes produced using multimaterial additive manufactur-
ing to combine soft and rigid materials with freedom of
shape. The first actuator is inspired by origami structures.
The possibility to obtain large deformations under low pres-
sure is observed. The second actuator is based on a cylindri-
cal auxetic structure based on the inverted honeycomb cell.
Smaller deformation is reached but the design favors the off-
axis stiffness, so the component can be integrated without
any additional mechanical joint for translation. A discus-
sion on the relative performances of these two actuators and
their possible uses concludes the paper.

barbe@unistra.fr

1 Introduction

Since the early 2000’s, soft robots have widespread to
become a new field of exploration for researchers, some-
how separated from the development of more classical rigid
robots. Contrary to stiffer structures able to work at very high
speed and accuracy levels, highly deformable components
allow to create compact and lightweight devices that are still
capable of delivering high power and can exhibit high in-
trinsic compliance. They are consequently particularly rel-
evant for applications where safety and/or adaptability are
major concerns, such as collaborative robots [1], exploration
robots [2], surgical robots [3], or exoskeletons [4, 5].

Although the motion of soft robots is harder to model
in comparison with their rigid counterparts, well character-
ized by rigid body kinematic models, several research groups
have worked on the development of new actuators that could
be used to produce elementary motions. Many actuation so-
lutions have been proposed in the literature, including but not
limited to thermo-activated materials such as shape-memory
materials (metallic alloys [6—8] or polymers [9, 10]) or mate-
rials exploiting phase transition [11, 12], electro-active poly-
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Fig. 1. Prototypes of proposed pneumatic soft linear actuators: (left)
deployable origami-inspired actuator and (right) auxetic actuator.

mers [13, 14] or fluidic actuation [15-18]. Among these so-
lutions, pneumatic actuators are of particular interest as they
allow for a very high power density with a relatively fast re-
sponse time if pneumatic distribution system and controller
are carefully designed [19]. In order to limit the impact of
distribution components on the bulk of the system, they can
be deported from the actuation site at the cost of increased
latency and modified dynamics of overall device.

Soft actuators have their body mainly composed of ma-
terials with low Young’s modulus, typically a few GPa or
less, following [20]. Soft pneumatic actuators are generally
single stroke actuators that rely either on their intrinsic stiff-
ness to return to their initial position [21,22] or on antagonis-
tic setup with either a similar actuator or an additional elastic
element to provide a spring effect [4,23]. This elastic ele-
ment can be designed using stiffening layers, such as fibrous
matrices, or by thickening specific areas in order to create the
required motion [24]. One of the most notable examples are
McKibben muscles [25] that use inextensible fibers wound
about a cylindrical room. As the room inflates, the fibers re-
strict the radial expansion of the “muscle”, resulting in the
contraction of the actuator [26—28]. These actuators, first de-
veloped in the 1950’s, have since then been used in a wide
range of applications. Similar concepts of bio-inspired con-
tractile muscles have also been proposed, such as the pleated
pneumatic artificial muscles [29] or buckling cellular net-
works that collapse under vacuum [22]. As those systems
work in contraction they have a lower risk of buckling than
extension actuators and are adapted to orthotics [4, 5] and
bio-inspired mechanisms [23]. Soft pneumatic extension ac-
tuators are much less frequent, as their tendency to buckle
usually limit their maximum length. In these actuators, ra-
dial expansion is restricted to favor the longitudinal expan-
sion. This is commonly achieved by the addition of stiffen-
ing materials such as fibers [5] or stiffer elastomers [30,31]
or by locally stiffening the geometry [32]. The actuators are
then designed to offer specific displacement and force char-
acteristics. They do not generally offer resistance to loads in
directions other than the actuator elongation, which means
the actuator off-axis stiffness is not investigated during the
design.

In the present work, the design of soft pneumatic ex-
tension actuators (shown in Fig. 1) is presented. Two de-
signs are described and compared. They take advantage of
the contrast between mechanical properties of a stiff poly-
mer and a much softer elastomer (three orders of magnitude
between their respective Young’s modulus [33]) to combine
several functions in a compact manner. The difference of
stiffness between the materials leads us to describe the ac-
tuators as a combination of soft and rigid materials, to form
hybrid soft/rigid actuators as designated in [34]. The actua-
tors include a rigid reinforcement structure which design is
inspired from the inverted honeycomb cell. From the cell ge-
ometry, the two actuators are built with complementary bal-
ance between in-axis compliance, force capability and also
off-axis stiffness.

The design work is conducted having in mind appli-
cations in the medical field. Actuators need then to be of
small size for integration in medical robots, and also possi-
bly compatible with stringent requirements such as compati-
bility with medical imaging devices [35,36]. This motivates
the choice of actuator manufacturing with a particular type
of additive manufacturing, Multi-Material Additive Manu-
facturing (MMAM), in order to combine easily soft and rigid
polymer materials and try to maximize compactness.

This paper is organized as follows. In section 2, the de-
sign approach starting from the requirements and the interest
of the inverted honeycomb cell is described. The principles
adopted for the two actuators are then briefly presented. In
sections 3 and 4, we go into the specific details of both de-
signs, focusing more on their respective challenges and how
they were tackled, including the manufacturing constraints.
Then, in section 5, the experimental characterization carried
out on both designs are presented, showing the performances
of each actuator. Finally, section 6 describes the respective
performance and interest of the two actuators and some pos-
sible fields of applications.

2 Inverted honeycomb cells for linear motion
2.1 Design objectives

Soft pneumatic actuators that are manufactured using
only soft materials behave as balloons: when they are in-
flated using pressurized fluid, they expand in all directions.
When such an actuator interacts with a load, most of the in-
put power is used for the system deformation and not for the
task itself. To generate a motion in a specific direction, soft
pneumatic actuators are designed with a reinforcement struc-
ture. Up to now, the actuators suffer however from a limited
kinematic accuracy, as the reinforcement is designed to con-
trol the motion, but not the resistance to forces applied in
other directions. When accuracy is needed, an external stiffer
structure or ’skeleton” has to be added [23]. We consider in
this paper the integration of this skeleton as an intrinsic part
of the actuator. It acts both as a reinforcement to guide the
motion in one direction, and also helps withstanding trans-
verse forces. This combination of soft elements with a stiffer
structure creates the actuators. The goal is to have actuators
offering a customizable trade-off between the following de-



sign properties:

Off-axis stiffness: withstanding external transverse
forces helps guiding the motion and limits a potential drift
in the motion axis position and orientation. This allows pre-
dicting more easily the behavior of the actuator by using for
example pseudo-rigid body models [37].

In-axis compliance: the use of pneumatic energy and
soft materials allows such actuators to be compressible. This
means that the actuator can act as a security component and
limit interaction forces.

Force capability: conversely, the inclusion of some
rigid elements in the design would allow increasing the pres-
sure level. Consequently, if higher forces are required, they
can be generated by such an actuator.

Compactness: enclosing both the actuation and the
guiding structure in the same design allows reducing the bulk
by integrating several function in the same system.
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Fig. 2. a) Material with positive Poisson’s ratio and b) material with
negative Poisson’s ratio. The honeycomb (c) and inverted honey-
comb (d) cells before and after deformation. The relationship be-
tween axial and radial displacement differ between the two cells.

For the reinforcement structure, our proposition in this
paper is to exploit the inverted honeycomb cell to adjust these
four characteristics. The cell is represented in Fig. 2. Fig. 2a)
and c) show a material made with classical honeycomb cell
with a positive Poisson’s ratio. A radial compression induces
an axial expansion. In contrary, the material made with in-
verted honeycomb cell has an auxetic behavior with a nega-
tive Poisson’s ratio (Fig. 2b) and d)). In other words, a radial
expansion induces an axial expansion.

2.2 A deployable pocket actuator

A first way to design an actuator from the inverted
honeycomb cell is to get inspiration from cellular actua-
tors [38,39] and origami designs [40,41]. The proposition
is then to use the inverted honeycomb cell as an articulated
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Fig. 3. lllustration of the honeycomb cell as a deployable tube sec-
tion. a) Presentation of the pattern and its parameters. b) Evolution
of the internal surface area S with respect to the extension L in both
classical and inverted honeycomb patterns, with b = 2a. The simu-
lation shows that the maximum of surface area Syyax is not reached
for the maximum extension L = 2a, limiting the maximum reachable
extension of the classical honeycomb cell to a value L' <2a.

mechanism composed of rigid links as described in Fig. 3a).
The increase under pressure of the internal volume delim-
ited by the articulated structure is then used to get the actu-
ator motion. This shape guarantees a monotonic increase of
the internal volume during the structure deployment, as pre-
sented in the following. More specifically, it permits a full
deployment of the pattern unlike the classical honeycomb
shape (see Fig. 3b)). Consequently, a design based on an
inverted honeycomb cell will be more compact for a same
displacement range. The actuator will be designated in the
following as a deployable pocket actuator and will be pre-
sented in section 3.

2.3 An auxetic reinforced actuator

Another way to design an actuator is to create a pattern
of cells, and build the actuator as a simple soft tubular actu-
ator reinforced by this structure, to benefit from the auxetic
effect. The inverted honeycomb cell is again of interest, but
for a different property. It can be seen as a truss structure
composed of elastic beams. The goal is then to constrain the
radial expansion, bending, shearing and torsion of the actua-



tor thanks to the truss structure, while exhibiting a higher ax-
ial compliance and favoring the axial extension of the struc-
ture under pressure thanks to its geometry (see Fig. 4). This
actuator will be designated in the following as an auxetic re-
inforced actuator and will be presented in section 4.
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Fig. 4. Parametrization and deformation of the auxetic cell under
axial strain.

2.4 Manufacturing process

Although a combination of flexible and stiff materials
can be achieved through various methods and processes [42],
MMAM is considered with use of purely-additive inkjet
printing technology (Stratasys Polyjet [43]). This choice is
motivated by three reasons. First, it is a convenient method
to produce at the same time both the inflatable structure
and the guiding skeleton of the actuator, as well as any re-
quired interface part for actuator integration. This should be
in favor of actuator compactness. Second, the use of poly-
mers makes the implementations compatible with a future
use in image-guided robotics, as outlined in the introduction.
Third, among the possible MMAM processes (multi-step
with shape deposition manufacturing [44], direct ink writ-
ing, HP Multi Jet Fusion, Arburg APF), the Polyjet process
provides interesting resistance of interfaces between materi-
als as observed in a previous work [33].

All geometries and dimensions are chosen to be com-
patible with the process specifications [45]. In particular,
minimum thickness of materials of 1 mm is respected, as
well as the need to remove support material when producing
hollow structures. In the following, ’stiff” and 'rubber-like’
materials will respectively refer to the VeroWhite and Tan-
goBlack Plus materials, according to their trade names [43].
Their Young’s modulus are respetively equal to 2 GPa and 1
MPa. Previous characterization showed that the rubber-like
material can endure elongation up to 60%, and that a max-
imum yield stress of 25 MPa has to be respected for stiff
structures [45]. This will be our resistance criteria during the
actuator synthesis.

3 Deployable pocket actuator
The first way to design the actuator is to use the inverted
honeycomb cell as an articulated pocket which internal vol-

ume increases during its deployment. The main inspiration
comes from previous work such as an inflatable inverted hon-
eycomb cell network proposed by Vos et al. [38] as a shape
morphing structure for aerospace applications.

Fig. 3a shows how the inverted honeycomb cell can be
used to create a deployable mechanism. The actuator cen-
tral part is obtained by extruding this base articulated shape,
forming an open prismatic tube with rigid faces and revolute
joints along the faces vertices. The convexity of the lateral
arms of the hexagonal section has a direct impact on its per-
formance. For the concave shape (inverted honeycomb with
0 < 0), the surface area of the cell increases monotonically
with L and the maximum extension is reached for L.x = 2a.
In contrast, the convex shape area (8 > 0) reaches its maxi-
mum for the extension L' = % \/ 2V b* +8a%b? +8a% — 2b% <
2a as illustrated on Fig. 3b. Consequently, the inverted hon-
eycomb shape is of particular interest for two reasons: 1) it
provides the highest extension and 2) it has a reduced foot-
print with a maximum width of b, compared to 2a + b for the
convex shape in the fully folded (6 = £m/2) configuration.

In order to form a fully closed pocket, the hollowed in-
verted honeycomb structure is closed with additional faces.
The pattern used for these closures is inspired by the origami
“waterbomb” pattern. Four out of the six faces of both these
end caps have been chosen as soft in order to allow the de-
formations required for the chamber deployment under pres-
surization. At this point, chamber closures could be set to-
ward the interior or the exterior of the actuator. The latter op-
tion has been selected, favoring integration commodity over
a small gain in performance and compactness. Some addi-
tional design details can be found in [46].
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Fig. 5. a) Geometry of the polyhedral pocket highlighting both the
deformable faces (in red) and the variable length edges (in blue). b)
CAD view of the actuator and c) exploded view of a quarter cutout
with details on the hinges geometry. The rigid and rubber-like mate-
rials appear in gray and black respectively.



The resulting polyhedric volume obtained is detailed in
Fig. 5a. Faces and edges highlighted in red an blue indicate
areas which need to be deformable for the design to function
properly. For evaluation, the geometry was selected keeping
in mind actuator performance and manufacturing constraints.
The chosen dimensions [46] are b = 35 mm and w = 40 mm
as the base dimensions, with w being the extrusion length of
the inverted honeycomb cell. The arm length is a = 16 mm,
and the initial length of the actuator is set to Ly = 22 mm.

The final design is obtained by creating a quasi-
monolithic system combining rigid articulated panels with
deformable areas. The CAD view of the obtained prototype
is shown in Fig. 5b and c. Flexure hinges as well as the de-
formable areas in the chamber closures are made of rubber-
like material as depicted in Fig. 5Sc. Angular end-stops are
also added to both the base and the end plate in order to stop
the deployment of the inverted honeycomb pattern. With-
out these limits, the cell would then possibly change from
inverted to classical honeycomb configuration. Indeed, as
illustrated in Fig. 3b, the maximum volume is reached at a
lower extension value in the classical honeycomb cell con-
figuration.

The hinges are submitted to complex sollicitations dur-
ing deployment with bending, shearing and traction of the
rubber-like material. It is then difficult to establish a static
model for the actuator. To favor smooth changes in material
properties and limit the stress in the hingers, transition areas
are created by adding a thin layer of rubber-like material on
the rigid panels near the hinges. Finally, both base and end
plates are manufactured separately from the rest of the actu-
ator and then glued on it to easily access the internal volume
for support material removal operations.

4 Auxetic reinforced actuator

The second way to design the actuator is to use a pat-
tern of inverted honeycomb cells used as an auxetic rein-
forcement structure. Auxetic structures are usually con-
sidered for meta-material design [47-49] but scarcely in
robotics [50,51] as an efficient way to design new soft actu-
ators. To design a tubular pneumatic actuator, one can con-
sider a simple hollow cylinder as depicted in Fig. 6a). The
lateral wall of the hollow cylinder is made of homogeneous
elastic material to get a reversible behavior, using in particu-
lar a rubber-like material to have large admissible deforma-
tions whereas its end caps are made of rigid, non-deformable
material. When submitted to an internal pressure P, the lat-
eral wall deforms, and as consequence the cylinder shape is
radially and axially deformed as shown in Fig. 6b). Depend-
ing on the cylinder geometry (diameter, height and thickness
of the walls), the resulting displacement of the top surface to-
ward the lengthening of the actuator is mitigated by the radial
expansion of the actuator which is detrimental to the actua-
tor efficiency, as it tends to decrease the cylinder length. The
auxetic structure is here used on purpose to obtain a cylinder
lateral wall which material has a negative Poisson’s ratio. In
these conditions, the pressure on the lateral wall induces the
lengthening of the cylinder, so the detrimental antagonistic
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Fig. 6. Section view of the chamber: a) without pressure; b) with
pressure, conventional outer envelope; c) with pressure, auxetic re-
inforced outer envelope. Axial and radial forces produced by internal
pressure are represented by red and gray arrows.

effects are suppressed as depicted in Fig. 6¢).

Fig. 7. a) the auxetic structure and b) its circular section.

Stiff material

Rubber-like material

Hermetic chamber
b)
Air input P

Fig. 8. a) CAD view of the complete auxetic actuator with b) cross-
sectional detailed view.

The actuator lateral wall structure is therefore based
on the repetition of the inverted hexagonal honeycomb cell.
This unit cell, described and parametrized in Fig. 4 is circu-
larly repeated to create a ring and several rings are then con-
nected along the axial direction to obtain the auxetic structure
depicted in Fig. 7b) and c).

Another advantage of the auxetic structure is its conti-
nuity as the pattern is wrapped around the actuator (Fig. 8a).



a length of the slanted strut

b length of the vertical strut
SH) inclinaison of the slanted strut
d diameter of the strut

N, || number of unit cells along the circumference

Ny number of unit cells along the length
Dy nominal diameter of the cylinder
Ly nominal length of the cylinder

b thickness of rubber-like material for sealing

Table 1. Parametrization of the auxetic structure geometry.

This favors the off-axis stiffness which is very interesting to
obtain satisfying kinematic behavior without the need to in-
troduce additional guidance in parallel with the actuator. In
Fig. 8b), a cross-sectional view of the actuator is represented.
One can identify the auxetic structure and an inner tube made
of rubber-like material to create a hermetic chamber. This
material is used to create the inner envelope and it is also
placed between the struts of the auxetic structure in order to
improve the structural strength. An outer envelope made of
the same rubber-like material has been also added in order to
further increase the resilience of the actuator, but this enve-
lope is not represented in Fig. 8a) for the sake of clarity, and
is only visible in Fig. 1.

The auxetic structure is described by nine parameters
introduced in Fig. 4a), Fig. 7a) and b) and listed in Table 1.
Because of the inverted honeycomb cell and the way the unit
cells are assembled, two relationships can be written:
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When the hermetic chamber is pressurized, the axial
deformation results from the deformation of structure com-
posing the inverted honeycomb cell, as depicted in Fig. 4a).
The model describing this deformation was derived in [48].
The chamber of the actuator is composed of three layers
(see Fig. 8). External and internal layers are made with the
rubber-like material to ensure the chamber sealing, with a
thickness of 7,,. The Young’s modulus of this material is de-
noted as E>. The third layer corresponds to the auxetic struc-
ture, where the presence of rubber-like material between the
beams of the truss is neglected. This third layer is then char-
acterized by the material properties described by four param-
eters (see the model description in appendix): the Young’s
modulus in the axial direction E, the Young’s modulus in the
circumferential direction E,, the Poisson’s coefficient v, de-
scribing the ratio between tube circumferential and axial con-
tractions when submitted to an axial load, the shear modulus
G,y describing the ratio between the shear stress in the tube

wall and the corresponding shear strain. Ej is the Young’s
modulus of the stiff material used for the auxetic structure.
The static model relates the pressure P in the actuator cham-
ber, the force F' generated by the actuator at its end, and its
elongation denoted as AL = L — Ly. Its derivation was per-
formed for McKibben actuators [36] using the principle of
virtual work. With the same approach [52], it comes that:

—F+2PA (A R )
cx L

AL =

— 3)
T+ 2mT B

with

A =Dy—d-"2t,

Ly =So(Ex+Ex)+ (S1 +52)Er

(E.+Ey)d Erty,
DO DO_d_tm

Ertyy,
Do+d+t,

T =

Stiffness expressions can be derived as well using beam the-

ory as provided in appendix. The flexural stiffness, i.e. the
off-axis stiffness K, is of particular importance to obtain a
linear extension along x without any additional mechanical
linear guidance.

The geometrical parameters of the inverted honeycomb
cell influence the performances of the actuator, and some de-
sign rules can be established. It is indeed easy to describe
the sensitivity of elongation and stiffness to geometrical vari-
ations. Increasing the actuator length Ly improves the elon-
gation AL but decreases the stiffnesses. The stiffnesses are
directly proportional to the number of cells wrapped around
the actuator N, and the actuator elongation AL is inversely
proportional to this number. Increasing the outer diameter Dy
increases the displacement AL but decreases the stiffnesses.
Enlarging the diameter without modifying any other geomet-
rical parameter indeed distorts the auxetic structure with low-
ers actuator stiffness. Increasing the diameter d of the struts
in the auxetic structure is favorable to the stiffness but lowers
the elongation.

The diameter of the struts d affects the bending stiffness
of the struts Kg , the torsional stiffness Kg ; and consequently
all properties of the actuator. By modifying d, a large range
of actuator performances can be covered. It also of course
implies a high sensitivity of the actuator behavior to such a
parameter in the manufacturing. The influences are summa-
rized in Table 2.

The synthesis of actuator depends on the desired trade-
off between the elongation AL and the flexural stiffness K.
Some geometrical constraints also exist on the geometry of
the auxetic structure. The inverted honeycomb can be pro-
duced without geometrical interferences in the cell shape if
the value of 8 belongs to ]0, 18 arcsin (%4)]. The elastic
material also has a limited stress domain. Maximum stress
Cimax = % is encountered in the slanted struts of the
auxetic cellé, submitted to bending, with an overall displace-
ment of the structure with the dimensions possibly limited
by the manufacturing process.
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Table 2. Sensitivity of the elongation and the stiffnesses to the geo-
metrical parameters.
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Fig. 9. Evolution of the chamber elongation AL with respect to the
flexural stiffness K — y. In dashed red line, the expected minimum
goal stiffness.

For the experimental evaluation, the actuator synthesis is
performed by setting first the size of the actuator. The outer
diameter of the actuator is chosen to keep it compact and
compatible with an integration in a robotic device for needle
manipulation such as the one presented in [53]: Dy =27 mm,
Ly = 25 mm. The actuator volume is then comparable to
the one of the inflatable pocket actuator, which will ease the
comparison during the discussion.

The selection of the geometry is performed by plotting
all possible values of displacement AL and stiffness K, after
a discretization of the geometrical parameters: N, € [3,5]
step 0.5, N, € [1,4] step 0.5, 8y € [5,15] step 1° and
d € [1.5,2.5] step 0.1 mm. For each combination of geo-
metrical parameters, the value of AL is computed then ver-
ified in order that 6 < 0,,,x, Cmax < 25 MPa, and that the
stiffness K is at least five times stiffer than a 1-mm steel rod
with a length of 25 mm, which means K, > 12 N/mm. The
possible performances are plotted in Fig. 9. The dashed red
line is the minimum expected flexural stiffness of the cham-
ber. All the geometries that respect the three constraints are
compared and the geometry that presents highest value of
AL is chosen. Fig. 10 shows the influence of the strut di-
ameter d on the chamber elongation for different pressure
levels. One can notice the high sensitivity of the actuator
elongation to this diameter. An elongation AL = 1.1 mm
can be obtained for a P = 100 kPa pressure when choos-

ing a diameter d equal to 1.7 mm. The off-axis stiffness
is then still satisfactory with Ky, ~12 N/mm. It was ob-
served in [54] that variations of dimensions can reach 0.5
mm when producing details such as 2-mm beams within a
layer of soft material, because of the material gradients au-
tomatically created during the production. In order to en-
sure the diameter d is at least equal to 1.7 mm, it is decided
to select d = 2.2 mm. The final geometry is defined by
(Do, Lo,N¢,N,,00,d) = (27mm,25mm,4,2.5,10°,2.2mm).
In order to ensure the airtightness of the chamber, the inner

and outer tube thicknesses have been chosen to be equal to
0.65 mm.
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Fig. 10. Evolution of the elongation AL with respect to the diame-
ter d for different pressure levels.

5 Results

The behavior of the two proposed soft actuators has been
analyzed through experimental characterization. The com-
parison is performed under two conditions: 1) a character-
ization of the maximum displacement without load, and 2)
a characterization of the maximum load in static condition.
These tests are complemented with cyclic tests in both con-
ditions in order to assess the repeatability and lifetime of
the actuators. For the auxetic reinforced actuator, additional
characterization is achieved to establish the off-axis stiffness,
as it is a specific property of the actuator. In order to con-
trol the actuators during these tests, a pneumatic distribution
bench was designed as shown in Fig. 11. It is composed of
a proportional valve (VPPM series, Festo) for the pressure
regulation and a fast 3/2-way solenoid valve (MHE2 series,
Festo) to trigger the output. The air pressure delivered by
this stage is measured with a pressure sensor (SPTW series,
Festo). A custom software running under a real-time op-
erating system (Linux Xenomai) is used to synchronize all
sensor acquisitions with the control of the distribution at a
sampling rate of 1kHz. For both actuators, preliminary as-
sessments of the maximum pressure were carried out in or-
der to define the maximum working pressure that preserves
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Fig. 11.  Pneumatic control bench used during the characterization
experiments.

the actuator integrity during tests. The identified maximum
pressure was 250 kPa for the auxetic reinforced actuator, and
25 kPa for the pocket deployable actuator. In both cases,
the actuator failure is related to the tearing of the rubber-like
material that leads to pressure losses.

5.1 Displacement characterization

The first experiment carried out on both actuators was
a displacement characterization with a setup described in
Fig. 12. In this test, the actuators were allowed to move
freely without load and several steps of increasing pressures
were applied. The displacements was then measured using a
laser telemeter (OptoNCDT 2300 series, Micro-Epsilon) and
synchronized with the distribution control.

Fig. 12a) and b) show the setup and results of the dis-
placement characterization for the auxetic and the deploy-
able actuator. In the presented plots, € represents the relative
displacement of the actuator, computed as € = AL/L, where
AL and Ly denote respectively the displacement and the ini-
tial length (i.e. its length in the resting position without in-
flation) of the actuator. Fig. 12c) and d) show the transient
response of the actuators for several air pressures. Both ac-
tuators show at first an extension followed by a slower stabi-
lization phase. This phenomenon is due to the creep of both
the rigid and soft materials. Fig. 12e) and f) represent the
maximum relative displacement at several pressure levels,
expressing both actuators steady-state displacement/pressure
relationship. As pressure increases, the maximum relative
displacement also increases due to the intrinsic stiffness of
the actuators.

For the auxetic actuator, the observed relative dis-
placement shows a maximum of about 10.7% at a pres-
sure of 250 kPa, corresponding to a displacement of about
2.68 mm. Up to 200 kPa, the relative displacement/pressure
relationship is mostly linear with an experimental slope of
38.6 MPa~!, that is compared to 44 MPa~! as the result
of actuator synthesis. This is advantageous in order to cre-
ate linear motion similarly to stepper motor, where precisely
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Fig. 12. Configuration of the displacement test for a) the auxetic ac-
tuator and b) the deployable actuator. Relative displacement without
load at various pressures with respect to time for c) the auxetic actu-
ator and d) the deployable actuator. Maximum relative displacement
without load with respect to the pressure for e) the auxetic actuator
and f) the deployable actuator.

controlling the step is more important than having a large
step size. However, for a 100 kPa internal pressure, the
expected displacement of the actuator should be roughly



1.1 mm, but the experimental results give a displacement of
0.88 mm.The difference can be explained by the fact that
the manufacturing process could not ensured the shape and
the diameter of the auxetic struts and the external rubber like
membrane increases the longitudinal stiffness that can not be
include in the synthesis.

For the deployable actuator, the observed relative dis-
placement shows a maximum of 51.3% at a pressure of
24.9 kPa, corresponding to a maximum displacement of
about 11.3 mm. This allows the actuator to create quite large
range displacements with respect to its initial length. As a
comparison, McKibben muscles usually exhibit relative dis-
placements in the 10 to 30% range [25], vacuum buckling
muscles up to 40% [22] and paper-reinforced silicon rubber
origami actuators up to 300% [40].

In a previous study [46] where the model was obtained
following pseudo-rigid kinematics, the maximum displace-
ment obtained was 10 mm (€ = 45.5%). The slightly greater
experimental value could be explained by the initial model
not accounting the longitudinal strain of the hinges that re-
sults from the tension of the end plate. This means that the
actual strain level is higher than initially expected, with a
potential negative impact on the material resistance and ac-
tuator lifetime.

5.2 Force characterization

The second type of experiment carried out with the ac-
tuators was a static force characterization. In this test, the
extension of the actuators was blocked by a 100N force sen-
sor (K1563, Scaime) in order to measure the force gener-
ated by both actuators in their rest configuration under sev-
eral steps of pressure. In order to avoid transmitting torques
and normal forces that could disturb the measures, the con-
tact between the sensor and the actuator is achieved thanks
to an hemispheric finger. The force measured in this exper-
iment represents the maximum force the actuator can apply
as the elastic deformation should be minimal in this state.
The setup and results of the static force characterization are
displayed in Fig. 13a) and b). Fig. 13c) and d) show the
transient response of both designs to the pressure steps. The
actuators force response exhibits a fast increase, followed by
an almost constant value once stabilized. Fig. 13e) and f)
show the maximum force/pressure relationship of both ac-
tuator at different pressure levels. Both actuator show a
quasi-linear behavior and can thus be described with an equa-
tion Fnax = k1P. The slope k| corresponds to the surface
area of the equivalent pneumatic cylinder with similar force-
pressure behavior.

The auxetic actuator produces a maximum force of
30.1 N at a pressure of 250 kPa, with an effective surface area
of about 117 mm?. This represents only 28% of the actual in-
ternal surface area of 430 mm? (room diameter: 23.5 mm).
Such efficiency is probably due to the contraction of the soft
material. Indeed, the elastic behavior of the auxetic structure
gives the actuator some axial stiffness that is still detrimental
to the actuator extension.

At the pressure of 24.9 kPa, the maximum force mea-
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Fig. 13. Configuration of the force test for a) the auxetic actuator
and b) the deployable actuator. Static force response generated by
¢) the auxetic actuator and d) the deployable actuator at various pres-
sures with respect to time. Maximum force generated by e) the aux-
etic actuator and f) the deployable actuator with respect to the pres-
sure.

sured on the deployable actuator is 33.2 N, with the actuator
effective surface area of 1410 mm?. This value is quite com-



parable to a rectangular piston with the same footprint, i.e.
with a surface area wh = 1400 mm?. This shows the abil-
ity of the actuator to convert most of the pressure into actual
force with a maximum efficiency similar to that of a friction-
less pneumatic cylinder with the same piston surface.

5.3 Cyclic loading

Some major concerns related to actuator manufactured
with soft material are both their viscoelastic behavior and
also their material strength. While actuation steps give an
estimate of the actuator dynamic performance, they do not
provide insights on the actuator repeatability and lifetime.
To this end, cyclic loading tests have been carried out. In
those tests, the actuators have been positioned in similar con-
ditions to the ones enforced during the step tests, with input
pressure set to an intermediate value of 150 kPa for the aux-
etic actuator and 17.4 kPa for the deployable actuator. The
commutation valve was then toggled within a 8 s time frame
in order to obtain a square pressure signal. The period has
been chosen in order for each actuator to reach its equilib-
rium before switching on or off the pressure. During each
period, the maximum relative displacement/force value was
measured, and the total number of cycles were calculated.
Tab. 3 sums up the results obtained. ~After more than 10>

Actuator P [kPa] €max (%] Fax [N]
Auxetic 150 6.1 [0.09] | 20.310.03]
Deployable 17.4 47.2[0.48] | 24.410.44]

Table 3. Cyclic loading performances of both actuators. The val-
ues displayed are the mean and standard deviation of the maximum
relative displacement and the maximum force measured during each
cycle.

cycles, the auxetic actuator was still working properly. In
addition the actuator shows a very good repeatability in both
force and relative displacement. This is particularly inter-
esting for the application, as it allows a higher precision for
positioning tasks.

The deployable actuator started to fail between 25 and
30 cycles during the displacement test but was still opera-
tional after more than 60 cycles in the force test. This dis-
crepancy is probably due to the higher strain level gener-
ated by the structure deformation during displacement tests.
The force tests being carried out in a static configuration,
the strain level is a priori more limited. Cyclic performance
shows a lower repeatability than with the auxetic actuator,
most probably due to the higher axial compliance.

5.4 Flexural stiffness evaluation for the auxetic rein-
forced actuator

The off-axis stiffness of the actuator is assessed by de-

termining its flexural stiffness. The actuator is in an hori-

zontal configuration, so that transverse loading may easily
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Fig. 14. a) Experimental setup for the measurement of the flexural

stiffness of the auxetic-based actuator. b) Load-deflection character-
istics for the determination of the flexural stiffness value.

be performed using weights suspended at the free end of
the actuator, as shown in Fig. 14a. The corresponding dis-
placements of the actuator end are measured by vision (cam-
era Canon®EOS 700D, 18-55 mm, 18 MPixel resolution).
The load-deflection curve built experimentally is presented
in Fig. 14b. The flexural stiffness, Ky, can be estimated from
this characteristics as the inverse of the slope of the linear
model interpolated from the experimental data. This stiff-
ness value is estimated equal to 7.9 N/mm, lower than value
of 12 N/mm provided by the model. The uncertainties of
struts geometry have to be the main sources of difference be-
tween theoretical value and experimental value.

6 Discussion

In this article, we have presented the design of two soft
pneumatic extension actuators, starting from the exploitation
of the inverted honeycomb cell either as an articulated mech-
anism or a compliant structure.

Using a single cell, an inflatable pocket actuator was de-
signed and tested. Inspiration from origami shapes was nec-
essary to create the closed pocket. The stroke to length ra-
tio was measured to be 50%. The blocked force is 33.2 N,
which corresponds to a specific stress of 0.02 MPa, using the
criterion from [52]. The measured response time is between
0.8 and 1.94 seconds. The highest value of time response
is probably due to the dynamics of servo-valve for very low
pressure. Based on a pattern of inverted honeycomb cells, the
other actuator has rather complementary performances. The
stroke to length ratio is much smaller, in the order of 10%.
However the specific stress is equal to 0.01 MPa, almost one



order of magnitude higher than the inflatable pocket actuator.
The response time is between 0.97 and 1.15 seconds.

The range of motion of the actuators is obviously much
more limited than a conventional pneumatic cylinder. How-
ever the actuators are quasi monolithic, which can be of inter-
est to design them within a more complex assembly, without
constraints related to their integration. This can be an ad-
vantage in terms of compactness in a system development.
In addition, the maximum force of the inflatable pocket ac-
tuator is comparable to the one of cylinders with the same
footprint, with the advantage of no dry friction. The auxetic
reinforced actuator has the same advantage of absence of dry
friction. In addition, it can be designed to avoid any addi-
tional component for guidance, as needed with a cylinder.
Control of motion can then be simplified, especially if high
resolution motions are expected.

The specific stress and the stroke to length ratio, in
other words the admissible strain, makes them comparable
to pneumatic artificial muscles. But it is worth noting first
that the performances of the actuators represent an exten-
sion of the specific stress-deformation space defined by usual
pneumatic artificial performances. The 50% strain is above
performances of commercial McKibben artificial muscles.
The auxetic reinforced actuator has half the strain offered
by these muscles. However, the use of inverted honeycomb
cells makes it possible to control the off-axis stiffness. The
two actuators provide extension linear actuators, which can
be in addition of interest as it provides design freedom for
integration.

The performances of the actuators make them compara-
ble in some ways to McKibben artificial muscles. In terms
of application contexts, this helps to define the primary fields
of applications where they can be of interest, with first the
medical field, our initial motivation. The auxetic reinforced
actuator could be designed with a sufficient stiffness to drive
surgical tools such as medical needles. The displacement
provided by the actuator can then be used in a step by step
motion as considered in inchworm motors [35, 36]. If the
range of motion of the actuators is too restricted, step by step
kinematics can indeed be used, in a similar manner as for
actuation technologies like shape memory alloys or piezo-
electric actuators. The main second field of application is
assistive and service robotics where the compliance, in par-
ticular, is of interest.

The design approach used in our study is combined to
a manufacturing strategy based on MMAM. In our opinion,
this work shows their combination is of high interest because
of the freedom of shape and mechanical properties within the
inflatable structure. In this way, this work opens the way to
further design work to closely link kinematic analysis and
properties of materials, in particular using gradients of ma-
terials. The level of performances of the actuators is today
linked to the failure modes of the soft material, so specific
work should be conducted on this aspect. Alternate hybrid
production of the two actuators could be considered if neces-
sary, such as the additive manufacturing of the elastic parts,
before over-molding the elastomeric envelope. Another in-
teresting perspective will be to follow the design approach

we adopted, which is to build actuators from a given cell em-
ployed either as an articulated mechanism or a deformable
structure, and apply it to other geometrical patterns. This
can be seen as a way to have convergence between metama-
terial designs and origami-based designs. It also offers novel
solutions to customize actuators for service robotics where
integration and compliance are challenges. However, some
technical difficulties remain for the inflatable pocket actua-
tor, for which the complex solicitations of hinges make it
difficult to establish static models. The development of these
models remains an open subject.
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Appendix: Equivalent model of auxetic structure

It was shown that it is possible to describe the auxetic
structure behavior by considering this latter as a continuous
tube made of an homogeneous material, orthotropic to be
representative of the auxetic behavior. The material proper-
ties of this Homogeneous Auxetic Structure (HAS) are di-
rectly linked to the unit cell geometry and the number of
cells in the tube. As given by Karnessis et al. [48], four co-
efficients are then sufficient to describe the behavior of the
equivalent tube when submitted to the internal pressure:
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The stiffness of the actuator can be expressed by considering
the three layers are placed in parallel and connected alto-
gether to the actuator tip.

Using beam theory, flexural stiffness in the y direction
is defined as the ratio between a force in the y direction and
the corresponding translation:
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This stiffness is proportional to E,, the second moment of
inertia of the homogeneous auxetic structure, the Young’s
modulus of the soft material and inversely proportional to
Lg. The rotational stiffness along the z direction is defined
as the ratio between a force in the z direction at the tip and
the corresponding rotation:
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This stiffness is proportional to E,, the second moment of
inertia of the homogeneous auxetic structure, the Young’s
modulus of the soft material and inversely proportional to
L(z). The torsional stiffness along the x direction is defined as
the ratio between a moment in the x direction and the corre-
sponding rotation:
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This stiffness is proportional to G, the second moment of
inertia homogeneous auxetic structure and Young’s modulus
of the soft material and inversely proportional to Ly. And the
axial stiffness in the x direction is defined as the ratio be-
tween a force in the x direction and the corresponding trans-
lation:
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This stiffness is proportional to E,, the surface of tubes in
perpendiculaire plane to their axis, Young’s modulus of the
soft material and inversely proportional to Ly. The second
moment of inertia of the each layers are I for HAS, I; for
external soft layer, I, for internal soft layer, G, is the shear
modulus of soft material. S, S1 and S, are respectively the
surfaces of layers in the plane perpendicular to their axis.
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