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a  b  s  t  r  a  c  t

Soft  pneumatic  network  (pneu-net)  actuators  are  widely  employed  for  achieving  sophisticated  motions.
However,  to produce  bending  and  twisting  simultaneously  in  a single  pneu-net  actuator  is challenging.
In  this  paper  we present  a  programmable  design  to enable  pneu-net  actuators  to  achieve  such  complex
motions.  This  achievement  is  mainly  owing  to tuning  a structure  parameter,  the chamber  angle.  Through
finite  element  analysis  and  experimental  verification,  variation  trends  of bending  and  twisting motions
eywords:
oft pneumatic actuator
neu-net actuator
oupled bending and twisting motion

with  respect  to  the  chamber  angle  are investigated.  Additionally,  deformation  characteristics  of  actua-
tors  are  demonstrated  by  depicting  configurations  of  actuators  and some  grasping  tests.  By  adjusting  the
chamber  angle,  the motion  of  pneu-net  actuators  is explored  into  3-D space  and  becomes  more  sophisti-
cated  and  dexterous.  This programmable  design  method  guides  the  design  of  pneu-net  actuators,  making

es  for
inite element analysis
exterous grasping

them  promising  candidat

. Introduction

Different from the traditional robots generally for repetitive
orks with specific environments, soft robots are emerging with

he capabilities of large shape deformation for the adaptive and
ompatible interactions with the environments [1–4]. During the
ast decade, extensive soft robots have been developed that can
ealize grasping [5], manipulating [6], creeping [7], crawling [8],
wimming [9], and jumping motions [10]. The actuators for soft
obots are commonly constructed from compliant materials, such
s silicones [6], shape memory polymers [11], shape memory alloys
12], electroactive polymers [13] and hydrogels [14]. Diverse stim-
li such as pressurized fluids [7], heats [11,12], electric fields [13]
nd chemical reactions can be utilized to drive the actuators [10].
mong them, soft pneumatic actuators (SPAs) are more promising

n various applications owing to their superiorities of a wide range
f motions under simple inputs, lightweight, low material cost, and
igh fabrication efficiency [14–18].
In abundant designs of SPAs, pneumatic network (penu-net)
ctuators [17,19–23] and fiber-reinforced actuators [14,16,24–28]
re two popular categories. A fiber-reinforced actuator is mainly

∗ Corresponding author at: State Key Laboratory of Mechanical System and Vibra-
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 more  complicated  and  advanced  applications.
© 2018  Elsevier  B.V.  All  rights  reserved.

composed of an elastomer body with a monolithic chamber, heli-
cally arranged fibers and an alternative inextensible layer [16].
By varying the fiber angles, fiber-reinforced actuators can achieve
extension, expanding, bending, and twisting motions [14,25].
Pneu-net actuators are characterized by their multiple connected
chambers, functioned as networks [17,23]. As internally pressur-
ized, the chambers of a pneu-net actuator are inflated, and the
actuator achieves extension motions. By adding a stiffer layer to
limit the extension of the bottom side, the pneu-net actuator real-
izes bending motions with large amplitudes.

Apart from elementary motion modes in 2-D space, for soft
pneumatic actuators, realizing coupled bending and twisting
motions in 3-D space is important for more dexterous operations
[14,24,29–32]. To bend and twist simultaneously, a fiber-reinforced
actuator may  employ several families of fibers with various angles.
As an early attempt, Hirai et al. [31,32] proposed an analytical
basis and demonstrated those motions using deformable cylindri-
cal actuators. They also realized compound actions with pneumatic
group actuators, which composed of multiple single-motion elastic
tubes. Moser et al. [27,28] applied an analytical model and cre-
ated a snake-like fiber-reinforced actuator by parallel combining
fibers and employing an additional fiber. Connolly et al. [14,24]
analyzed in detail how the motion of fiber-reinforced actuators

was affected by the fiber angle and raised an analytical model
for fast design. Sun et al. [18] offered an alternative method to
achieve helical movements by circumferentially shifting every step
of the strain-constraining layer of a soft pneumatic actuator. Corre-

https://doi.org/10.1016/j.sna.2018.01.018
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
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Fig. 1. The structure of a pneu-net ac

Fig. 2. The stress-strain curve for the silicone Elastosil M4601 based on experimen-
tal  test data and theoretical model data. The test nominal stress-strain data of each
specimen is fitted in ABAQUS with the Yeoh model. Since this model still results in
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xcessive deformation and causes a convergence problem, an extra fitting process
s  conducted to overcome this problem. The coefficients of the model are finally
etermined as C10 = 0.125 and C20 = 0.0075.

pondingly, a pneu-net actuator should employ oblique chambers
o realize coupled bending and twisting motions. Ilievski et al. [5]
rstly developed an embedded network of channels design for a
nger, which, when actuated, curled in a helix. Gorissen et al. [33]
eveloped a pure twisting actuator, by combining two  opposite
ending motions, each of which was realized by a group of angular
oids. Although pneu-net actuators’ bending and twisting motions
ave been observed in previous works, there is still lack of study to
nalyze how the chamber angle affects this motion.

In this paper, we present a programmable design of pneu-net
ctuators that can generate coupled bending and twisting motions
y tuning the chamber angle. We  numerically and experimentally

nvestigate the influences of chambers’ orientation on the actu-
tor’s deformation and motion. The fabrication process follows
he simple molding method as other pneu-net actuators [23]. The

otions of actuators with varied chamber angles can be predicted
y the finite element analysis (FEA). Based on the FEA results, we
an adjust chamber angles of the actuator to generate a wide range
f deformations. To verify the development, we  fabricate actua-
ors with 30◦, 45◦, 60◦ oblique chambers and conduct a series of
xperiments. Experimental results of the relationship between the

otion of actuators and the chamber angle agree well with the

EA simulation results. Tests on grasping objects with different
izes and shapes (such as tubes, cylinder, scissors, and Ping-Pong
all) demonstrate that the fabricated actuator can realize a more
tuator with oblique chambers.

stable grasping with a sufficient contact area and better adapt-
ability towards different geometric features of target objects. We
show our programmable design method based on simulations and
experiments could guide the design of pneu-net actuators for more
applications.

2. Materials and methods

The actuator presented in this paper is based on the prevalent
pneu-net actuators which are comprised of elastomeric materials
with multiple connected chambers, functioned as pneumatic net-
works [17,23]. The previous research and analysis upon pneu-net
actuators are mostly focusing on their bending property in two-
dimensional space [17,23]. Here, we  present a new structure of
pneu-net actuators that generates coupled bending and twisting
motions in three-dimensional space by modifying the angle of the
pneu-net chamber. We  define the chamber angle as �, as shown
in Fig. 1. The orientation of chambers in Mosadegh’s structure [17]
is perpendicular to the long edge of the actuator, which naturally
means, � equals to 0 degrees. When the value of � changes, the
deformation will become complicated as the actuators are pres-
surized. When an actuator is pressurized internally, the thinner
inside walls of chambers inflate. The inflation direction is per-
pendicular to the oblique chambers, resulting in coupled bending
and twisting motions in the three dimensions. By programming
the chamber angles, we can obtain a more sophisticated actuator
for dexterous grasping that is comparable with the programmable
fiber-reinforced pneumatic actuators [24]. We  will demonstrate
later that the motion of the new design is also predictable by the
finite element model.

For a pneu-net actuator, there is a set of geometrical parameters
(Fig. 1) that influence the performance and behavior of the actuator.
And different combinations of these parameters determine a large
number of actuators which may  have various performances. A lot of
works have been done about how some parameters alter actuators’
performances like the height of chambers, the wall thickness, and
the total length of the actuator [17,23]. In this work, we focus on
one specific parameter that has not been exploited, the chamber
angle �, to investigate the behavior of actuators as the chamber
angle changes.

To make sure the only changing parameter is the chamber
angle, other parameters in experiments are fixed as follow: the
total length of the actuator L = 104 mm,  the width of the actuator
W = 15 mm, the height of the actuator H = 14.5 mm, the height of
chambers h = 5 mm,  the inside wall thickness ti = 1 mm, the out-

side/top wall thicknessto = 2 mm,  and the thickness of the bottom
layer d = 3.5 mm. The width and total length of the actuator is fixed.
According to our design, as the chamber angle increases, the length
of each chamber increases and the number of chambers decreases.
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Fig. 3. FEA results of the pneu-net actuators with different � under the same boundary conditions. The original and deformed shapes of each actuator are demonstrated in
(a)  - (g).

ation

[
p
t

Fig. 4. FEA results of sequential deform
The fabrication process follows a traditional molding method
1,23]. The three-part molds are designed in Solidworks, and 3-D
rinted out. Two of them are assembled to make the upper part of
he actuator, and the other is for the bottom layer. After mixing and
 images of the actuator with � = 90◦ .
defoaming Elastosil M4601 (Wacker) part A and B, Elastosil M4601
is poured into the molds. When the Elastosil solidifies, molds are
removed. Then the upper part and the bottom layer are attached
with Elastosil.
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Fig. 5. The illustration of how the bending angle  ̨ and twisting angle  ̌ of a deformed actuator are extracted and calculated based on the FEA results and experimental
r otion
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esults.  (a) The actuator’s motion is decoupled as a bending motion and a twisting m
he  bending angle and twisting angle respectively. (b) Node A, B, and C in FEA sim
osition as that in FEA simulations, since we assume the deformation of Tip edge ca

n  the FEA simulations and experiments.

. Results and discussion

A series of finite element analyses were executed to determine
he proper chamber angle, �. The geometry models of the actu-
tors with different values of � (0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦)
ere designed in SolidWorks 2016 (Dassault Systemes S.A). The
odels were meshed in HyperMesh 13.0 (Altair) with C3D4H ele-
ents. The element size was set as 1 mm.  The meshed models were

hen imported into ABAQUS 6.14-4 (Dassault Systemes S.A) for
EA simulations. Uniaxial tensile tests were executed according to
he standard ASTM D638 [23] to determine the constitutive model
arameters of the actuator’s material (Fig. 2). Gravity and uniformly
istributed internal pressure (90 kPa) were applied to the actuators.
s shown in Fig. 2, the Yeoh model shows some discrepancies with

he silicone Elastosil M4601 test data at large tensile strains and at
ompressive strains. It should be note that the Yeoh model is appli-
able in this work since the deformations of our designed actuators

re generally within the range 0–600%, in which this model matches
ell with the real data.

FEA results of displacement contours for each actuator are
emonstrated in Fig. 3. As expected, a pure bending motion appears
. Vector rAB along Side Edge and vector rCB along Tip Edge are selected to calculate
ns and in experiments. For convenience, Node C in experiments is not in the same
eglected. (c) Markers selected to describe the deformed configuration of Side edge

when � = 0◦. The chambers expand and the actuator then gener-
ates the bending deformation when � = 90◦ (Fig. 4). The other five
actuators can generate coupled bending and twisting motions. We
can see from the FEA simulation results (Fig. 3) that under the same
input pressure, as the chamber angle increases, the actuator’s bend-
ing motion level decreases and the twisting motion level increases,
which can be verified by the following calculation and analysis of
bending and twisting angle as shown in Fig. 6.

The motion of this kind of actuators can be decoupled as bend-
ing and twisting. To describe the bending and twisting motion, we
first elaborate how the bending angle  ̨ and twisting angle  ̌ are
extracted.

As shown in Fig. 5, the vector rAB is selected to calculate the
bending angle of the actuator. We  name the vector rAB as ri

AB and

ri+1
AB at the i-th iteration step and the i + 1-th iteration step respec-

tively. The increment of the bending angle �˛i+1 from the i-th
iteration step to the i + 1-th iteration step is
�˛i+1 = arccos
ri

AB · ri+1
AB∣

∣ri
AB

∣
∣
∣
∣ri+1

AB

∣
∣

. (1)
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ig. 6. Bending angles and twisting angles as functions of internal pressures for actu
esults  and experimental test results. We  choose the three actuators with � = 30◦,
rom  0 to 90 kPa. The error bars represent the standard deviation from the average 

The accumulative bending angle ˛i+1 as of the i + 1-th iteration
tep is

i+1 = ˛i + �˛i+1. (2)

The method of calculating the twisting angle  ̌ is similar to the
ending angle ˛. The vector rCB is chosen to determine the twisting
ngle.

The FEA results of bending angles for actuators with different
hamber angles are demonstrated in Fig. 6a. The bending angle of
ach actuator apparently goes up with the increase of the pres-
ure. The actuator’s bending deformation capacity decreases when
he chamber angle increases. The actuator with � = 0◦ acquires
he maximum bending angle 318◦, while the actuator with � = 60◦

eforms with a bending angle of 188◦.
Results in Fig. 6b shows the twisting angles of the actuators

ith oblique chambers goes up with the increase of the pressure.
he actuators with larger chamber angle can twist more easily. The
ctuator with � = 15◦ and � = 60◦ twists to 115◦ and 364◦ respec-
ively. It should be noted that the calculation of the twisting angle
elies on the vector rCB. Theoretically, the actuator with � = 0◦ can-
ot generate twisting motion, vector rCB should not change and
he twisting angle should keep zero. However, vector rCB would
lightly change because of the inflation deformation of the actuator
nder the input pressure. This tiny increase of inflation deformation

aused by the increasing input pressure results in minor positive
ncrements of the calculated twisting angle.

To verify the finite element results, we conducted experiments
n the three kinds of actuators with � = 30◦, � = 45◦ and � = 60◦
with different �. (a) – (b) show FEA results, (c) – (d) show comparisons between FEA
5◦, � = 60◦ for the tests. Each actuator is tested three times as the pressure varied

 of the three tests.

since we  expected they had the best performances according to
FEA simulations (see Video 1). We  fix the tested actuator on its
base side, and let its tip side free to move. To numerically analyze
the spatial position of the actuator, we set up a frame (Fig. 5) at the
base side of the actuator since the base side will always hold still.
We set up a two-camera system to acquire images synchronously.
For ease of calculation, one camera’s optical axis is perpendicular
to the XY-plane for capturing XY-coordinates, and the other one
is perpendicular to the YZ-plane for capturing YZ-coordinates. We
took images of the actuator every 10 kPa from 0 to 90 kPa during
loading. By tracking markers on the actuator, we  could first confirm
relative locations for markers on the actuator and reference points
in the environment with a software named imageJ (NIH). Relative
positions were transformed into 2-D coordinates in Matlab (Math-
Works). XY- and YZ-coordinates were combined and processed to
produce 3-D coordinates. With 3-D reconstructions of the coordi-
nates of the actuator, we  can estimate the bend angle, twist angle
and depict configurations under specific pressures.

With the method above, we estimated the bending angle  ̨ and
the twisting angle  ̌ as functions of pressure. (Fig. 6c and d) show
the results. The experimental results match well with simulation
results: under the same pressure, bending angle  ̨ decreases as
chamber angle � increases. It reveals that pure bending capability
of actuators can be weakened by increasing the chamber angle. The

experimental results also show a good consistency with FEA results
on the twisting angle: pure twisting becomes more significant as
chamber angle � increases. However, experimental results can-
not match the FEA results perfectly and there exist discrepancies
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ig. 7. FEA and experimental test results of the configurations of Side Edge for actua
ost  matching the corresponding FEA results are demonstrated here. (a) – (f) show

g)  – (i) show the configurations of Side Edge in the 3-D space for the three actuato

etween them, as generally reported in the literature [14,16,23,25].
nconsistencies may  come from flaws in fabricating process, insta-
ility of the air source, changes in material behaviors after repeated
tretching, errors in image processing and locating of markers.

For further studying the deformation of the actuator with differ-
nt � under particular conditions, we fixed the internal pressure as
0 kPa and observed configuration of the actuator body. To depict

he configuration, we monitor the profile of the Side Edge (Fig. 5).
s pressurized, the tip side of the actuator goes towards -x, -y, +z
irection (with the frame set up in Fig. 5). The configuration of each
ith � = 30◦, � = 45◦, � = 60◦ . Each actuator is tested three times and the ones that
onfiguration of Side Edge for each actuator is projected to XY-plane and YZ-plane,

actuator’s Side Edge can be reconstructed by tracking several mark-
ers on Side Edge. 2-D configurations in XY-plane, YZ-plane and 3-D
configurations of each actuator are shown in Fig. 7.

The actuators sustain an internal pressure of 90 kPa. The com-
parison in each figure shows that the FEA results agree well with
the experimental test results, though some small discrepancies
exist. Comparative results show that each of the three actuators

can realize coupled bending and twisting motions. The actuator
with a larger chamber angle curls up to an approximate helix with
a smaller radius of curvature but a larger pitch. In contrast, the body
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ig. 8. Grasp experiments for the actuator with � = 30◦ . The target objects are (a
ing-Pong ball, (e) a slender scissors, and (f) a 100 ml  beaker. Experiments in (a) – (

f the actuator with a smaller chamber angle forms a helix with a
arger radius of curvature but a smaller pitch. These conclusions on
he bending angle, the twisting angle and configurations can give
s a great help to design actuators with different characteristics.

Furthermore, we performed a series of dexterous grasping
ests to verify the capability of the designed actuators to real-
ze the coupled bending and twisting motions (see Video 2). In
his test, the actuator with � = 30◦ was employed as an illus-
ration. Fig. 8 shows the experimental results to grasp different
bjects, such as syringes, rulers, measuring cylinders, Ping-Pong
alls, and scissors. We  observe from the experiments that the
ctuator realizes coupled bending and twisting motions and
enerates a helical configuration. We  can adjust the actuator’s
elical configuration to fit with target objects with different
haracteristics by changing the internal pressure. The helical
onfiguration helps the actuator accomplish stable grasping by
roviding sufficient frictions with larger contact areas and show

n excellent adapting capability towards the objects that may
ot be handled by a single bending pneu-net actuator. How-
ver, the grasping capability of the actuator is limited by its
ody length. Fig. 8f shows a failure of holding a beaker. These
 ml  syringe, (b) a 20 cm long flat steel ruler, (c) a 25 ml graduated cylinder, (d) a
 succeeded, while the experiment in (f) is failed.

tests prove that the actuators with oblique chambers can gen-
erate coupled bending and twisting motions. Benefited from
coupled bending and twisting motions, the pneu-net actuators with
oblique chambers can perform a more stable and dexterous grasp-
ing.

4. Conclusions

This paper presents a programmable design of pneu-net actua-
tors that can generate a wide range of coupled bending and twisting
motions by simply tuning a structure parameter, the chamber
angle. Effect of chamber angles on the actuators’ deformation and
motion is analyzed in detail. In finite element simulations and
experiments, we  calculate bending and twisting angle for each
actuator with oblique chambers under different internal pressures.
Results demonstrate that as the chamber angle increases, the actu-
ator’s bending capacity decreases and twisting capacity increases.

Through studying configurations of actuators and single actuator
grasping tests, we  demonstrate this coupled motion would enable
actuators to accomplish more dexterous manipulations. We  con-
clude our programmable design method could guide the rapid
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esign of pneu-net actuators, which broadens their applications
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Our future work will try to develop an analytical model for this
ind of actuator and use the developed model for new actuator
esign with the desired trajectory. We  believe combining cham-
ers with different chamber angles in a single actuator will produce
ore motion forms for various application demands and our future
ork will also focus on this issue.
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