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Abstract

®
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Pneumatic artificial muscles (PAMs) are compliant fluidic actuators, usually consisting of a
tubular bladder, a braided sleeve and end fittings. PAMs have been studied extensively by
researchers; however, most previous researches are focused on the axial PAMs. Herein, a pair of
nonlinear models were developed based on the principle of virtual work and the force balance
analysis. And the two models are applicable to both bending extensile PAMs (BE-PAMs) and
bending contractile PAMs (BC-PAMs). In this study, a cyclic bending moment loading
experimental method were proposed and conducted with BE-PAMs and BC-PAMs to
characterize their deformation and actuation performance and draw their overall relationships of
actuation moment to bending curvature and inner pressure. With the experimental results, the
validation analysis was carried out to demonstrate the validity of the two models. The energy
model can get higher accuracy, while the force balance model could provide more details of the
interior and interaction stress conditions. The combination of both can promote the
comprehension of non-axial bending PAMs. Moreover, two three-finger soft grippers and a
humanoid hand based on BE-PAMs and BC-PAMs were built and tested to investigate their
performance on gripping objects. The BE-PAM gripper showed more accommodative gripping
performance, whereas, the BC-PAM gripper owned higher gripping force. The humanoid hand
combining the merits of both showed excellent flexibility, adaptability and decent load
capability in gripping object with various sizes, shapes and materials.

Keywords: bending actuator, soft robotics, extensile, pneumatic, self-sensing

(Some figures may appear in colour only in the online journal)

1. Introduction

Pneumatic artificial muscles (PAMs) are compliant fluidic
actuators, usually consisting of a tubular bladder, a braided
sleeve and end fittings, among which the earliest and most
well-known one is McKibben actuator. With the thriving of
soft robotics, as one of earliest researched soft actuators, PAMs
have gained increasing attention from the general field of
robotics again.

1361-665X/21/025024+16$33.00

Axial contractile PAMs have been widely applied to bio-
robotics, humanoid robots, rehabilitation devices, which were
collected by Georgios Andrikopoulos et al [1]. But due to
its much higher stiffness after inflation, the axial contractile
PAMs are hard to bend and show less flexibility, especially
for wearable devices and soft robots. As a result, the axial
contractile PAMs were usually utilized as pneumatic cylinders
instead of soft joints. Meanwhile, the extensile PAM have
increasingly attracted researchers’ eyes owing to its excellent

© 2021 IOP Publishing Ltd  Printed in the UK
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deformability and compliance [2-5], even though it was long
neglected due to low output force and tendency to buckle
under external loads [4]. Recently, some new types of PAM
have been developed and applied to soft robotics by researches
including bending extensile PAMs (BE-PAMs) [6-8]/bending
contractile PAMs (BC-PAMs), helical extensile/contractile
PAMs [9] and Variable Stiffness Extensor-Contractor [10],
which promotes the blossom of PAMs. It is worth noting
that the BC-PAMs improved the flexibility of axial contractile
PAMs significantly, which enables contractile PAMs could be
more widely applied to soft robotics.

In soft robotics, the bending actuator is always the cent-
ral topic, since it provides the most essential motion, and can
be utilized in most of soft robots. Moreover, the researches of
bending actuators can be further wielded as the foundation of
other more complicated actuators such as helical and multi-
degree-of-freedom (DOF) actuators. However, predicting the
performance of soft actuators is nontrivial due to their nonlin-
ear response and complex geometry [11].

Various static and dynamic models have been built for
PAMs to accurately predict their performance and are based
on virtual work theorem [12-14], force balance analysis [15],
hyperelastic nonlinear analysis [16, 17], numerical or finite
element analysis [18, 19] and a variety of modifications. Zhiye
Zhang et al and Bertrand Tondu have done excellent sum-
mary of these modeling methods [20, 21]. However, these
studies were focused on axial PAMs (either contractile or
extensile), and there are limited models available for soft BE-
PAMs or BC-PAMs [7-9, 22], thus constraining their possib-
ilities as an attractive class of soft actuators [11]. Hassanin Al-
Fahaam et al built an output force mathematical model for
extensor bending PAMs considering the non-constant braid
angle around the circumference by introducing a circular
cross-section of the nominal radius derived from the braid
angles of the innermost and outermost points of the bending
actuator surface, with assumptions that there are not elastic
forces within the rubber [7, 8].

In addition, to investigate the performance of soft bending
actuators, the interaction force or torque were usually chosen
in the output test considering the testing convenience and
consistency with application conditions. And there have been
amounts of methods proposed to test the interaction force.
Pressure sensor [11, 23], torque sensor [24] and multi-axis for-
ceftorque [11, 25-27] sensors were fixed or mounted on an
orbit [24] to conduct the isometric test or isotonic test. How-
ever, different contact and constraint conditions result in dis-
crepant boundary conditions in mechanics. As a consequence,
the interaction force measured experimentally will vary with
different testing methods, which makes it difficult to com-
paratively analyze these test results from diverse actuator test
methods. Additionally, different interaction forces can gen-
erate various non-uniform distribution of bending loads and
bring non-constant curvature configuration, which is rarely
considered in the validations of prior studies and undermines
the consistency between theories and experiments. Moreover,
unlike the rigid hinge with limited DOF, for soft bending actu-
ators with infinite DOF in theory, the trajectory of the tip end
is complex and non-unique. As a result, the cyclic loading test

of interaction force at the tip is usually hard to be applied to
the bending actuator. While the hysteresis in the cyclic load-
ing is the primary evaluative criteria for the damping property
which is non-negligible for some soft actuators, especially for
PAMSs.

In this study, BE-PAM and BC-PAM were built with homo-
logous structures by reinforced along the axis with an elastic
frame with enough stiffness to restrain extension or contrac-
tion and resist buckling, which offers a chance to charac-
terize and compare the performances of BE-PAMs and BC-
PAMs with a homotypic structural design. Moreover, in this
study, a four-point moment cyclic loading test method was
proposed to facilitate the assessment and comparison of bend-
ing actuators. With this method, uniform bending loads could
be applied during the cyclic test. And it would bring more con-
sistency between experimental results and theoretical analyses
and make it more convenient to estimate the energy losses of
bending actuator.

To solving the error brought by the neglect of elastic forces,
in models of this study, based on our prior works [9], not
only the non-constant braid angle and the effect of elastic
deformation of the rubber tube and elastic frame were con-
sidered, but also the nonlinear behavior of bladder tube mater-
ials was also involved with the Mooney—Rivlin hyperelastic
model.

Finally, two three-finger grippers and a humanoid hand
with multi-direction bending wrist based on BE-PAMs and
BC-PAMs were developed to demonstrate their performance
on robotics, in which the BE-PAM gripper showed more
accommodative gripping performance due to its better com-
pliance, larger strokes and flexibility. Whereas, the BC-PAM
gripper owned higher gripping force. Based on their character-
ization and performance, a humanoid hand with fingers, palm
and wrist was built. The fingers and palm were actuated by
BE-PAM showed excellent flexibility and adaptability in grip-
ping object with various sizes, shapes and materials. And the
wrist built with BC-PAM achieved four direction bending and
exhibited decent load capability.

2. Bending extensile and contractile PAMs

BE-PAM and BC-PAM are consists of end fittings, an elastic
tube, a braided tube and an embedded elastic frame (figure 1).
The braid angle « (figure 2(b)) of axial contractile PAM usu-
ally should be lower than the critical angle of 54.74°, at which
the PAM has the maximum volume. As a result, when inflated
the braid angle of contractile PAM increases and the PAM con-
tracts (figure 1(b)). Based on the same principles, the axial
extensile PAM could be realized by adjusting the braid angle
above 54.74° (figure 1(a)). In this work, to achieve the bending
motion, an elastic frame is placed concentrically between the
bladder and braided tubes (figures 1(c) and (d)) to constrain
the contraction/extension deformation on one side and gen-
erate a bending deformation toward or against the reinforced
side when inflated, as shown in figures 1(c)—(f). Moreover, as
the frame is flexible and relatively un-stretchable, it could be
utilized as a substrate for a flexible sensor.
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Figure 1. Schematic diagrams of conventional extensile and contractile PAMs (a), (b) and bending extensile and contractile PAMs (c), (d):
(e) and (f) show the simples of bending extensile PAM (BE-PAM) and bending contractile PAM (BC-PAM). The red curve is the position of
reinforced elastic frame to restrict the extension or contraction of one side and generate the bending deformation in the corresponding
direction.
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Figure 2. Kinematics of bending PAM: (a) main parameters of the BE-PAM are the bending angle 6, the initial active length L and the
deformed axial length L; (b) the definition of braid angle o: direction 1 is the axial direction, and direction 2 is the circular direction; (c) the
inhomogeneous strain distributions at a typical cross-section, of which the initial braid angle cy = 75° and the axial elongation ratio

Aaxis = 1.5. ¢ is the cylindrical coordinate defined in the plane of the cross section.

2.1. Kinematic parameters of bending PAMs distinction between bending and axial PAMs generates the
need to analyze bending PAMs in an unusual way. Guan et al

Unlike the axial PAMs, the deformation distribution of developed a kinematic model to describe the general bending

bending PAMs at the cross section is uneven. The mechanism  behaviors of PAMs including BE-PAMs and BC-PAMs [9].
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Figure 2 shows the kinematic parameters of bending PAMs.
« is the braid angle. A\; and \; are stretch ratios of the braid
along the axial and circular directions (figure 2(b)). Ly is the
length of the inextensible and uncompressible frame and the
initial axis, and L is the deformed axis length of (figure 2(a)).
0 is the bending angle of the actuator, and k is the bend-
ing curvature of the actuator axis (figure 2(a)). Moreover, the
bending curvature of the elastic frame k' was introduced to
simplify the analysis as equation (1).

k_1/<kl,+R>_k//(1+k’R). (1)

Due to the constraints of the braid, the relation of axial
strain, £ and circular strain £, can be written as below,

[cosag (1+¢1)]> + [sinag (1 +&2)]
= cos® apA; > + sin® aph? = 1. 2)

Then ¢; and &, can be written as a function of k¥’ and the
distance to the frame % or the cylindrical coordinate ® at the
cross section as equation (3), shown in figure 2(c). And the
braid angle around the circumstance can also be obtained from
the equation (4),

er=M—1~k'h=k"(1 —cos®)R 3

_ \/1 —[cosag (1 +¢)) B

sin

| sina ()

- —1=X-1
S1n ¢y

“

&2

Here, it is defined that the bending curvature k' is posit-
ive when the actuator longitudinal axis bends towards to the
reinforced side, otherwise it is negative. Here, it is assumed
that after inflation and bending, the actuator still maintains its
circular cross section to simplify the analysis, even though
the circular cross section of inflated actuator is not a perfect
circle. And the length of the elastic frame is also assumed as
a constant. Then relationship between the radius and bending
curvature of elastic frame can be defined as below [9].

R 2 y 1
T Ry sinoy 2m

m
1
0 \/] —[cosag14+k’R(1—cos®)]? de

=&(k'R,a0) =n (k' ). 3)

2.2. Cyclic moment loading test

To comprehensively characterize the mechanical properties of
BE-PAM/BC-PAM and understand especially the effect of the
elastic bladder and flexible frame, a BE-PAM and a BC-PAM
were built for quasi-static tests with braid angle of 68.0° and
35.0° (figure 3(a)). The BE-PAM and BC-PAM were both
built with polyethylene terephthalate braided sleeve tube, latex

Table 1. Geometry and material property parameters of BE-PAM
and BC-PAM for cyclic tests.

BE-PAM BC-PAM

The original braid 68.0° 35°
angle g

The original length
Lo

Outer radius Ry of
the bladder tube
Thickness #y of the
bladder tube
Dimensions of the

flexible frame

145 mm
8.5 mm
2.5 mm

0.5 mm (thickness) x 5 mm (width)

Elastic modulus of 6.796 GPa
the flexible frame
Starting threshold 0.068 MPa

pressure Pggar
Starting actuator
radius Ry, start

10.1 mm 8.6 mm

bladder tube, glass fiber reinforced epoxy flexible frame, alu-
minum end fittings and some fasteners. The geometry and
material property parameters of the BE-PAM and BC-PAM
are summarized in table 1.

The moment load was applied to the actuator via a four-
point bending fixture, as shown in figure 3(b). The test was
conducted on a Zwick-010 Electro-mechanical Universal Test-
ing Machine under a set of pressures. At each pressure, the
actuator was tested with three load cycles starting from the
blocked state to the free-bending state and then returning to the
blocked state, as shown in figure 3(c). Before the cycle load-
ing test, the position of loading frame at free-bending state was
detected via adjusting the position from blocked state till the
load reduced to 0.2 N, while the PAM was inflated.

The mechanical parameters and analysis of the Loading
device are presented in figure 3(d). F';, F, are loading forces
of loading frame 1 and 2. Fy, Fny are the interaction forces
applied to each connecting plate by loading frames. d is
the horizontal distance between the two loading rollers on
the same side. ¢ is the thickness of the connecting plate.
r = 2.5 mm is the radius of the loading rollers. g is pitch angle
of the connecting plate and can be obtained from equation (6).
According to the mechanical analysis in figure 3(d) and con-
sidering the self-weight effects of the actuator and the connect-
ing plates, the applied moment and bending curvature can be
calculated as follows.

d-tanﬁ+(\/1+tan2,6’—1)(t+2r):As 6)

M= Fload [d—i— (2r—|— l) sinﬁ]

,d=35mm, r =2.5mm,

2cos 32
t=4mm @)
2
K = ff @)
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S —6C-PAM

Figure 3. The four point loading fixture for quasi-static moment cyclic loading test: (a) BE-PAM (the initial braid angles g = 68.0°) and
BC-PAM with mounted connecting plates (cg = 35.0°); (b) main components of the test fixture; (c) the blocked state (c-i) and the
free-bending state (c-ii) of cyclic loading tests; (d) Mechanical parameters and analysis of the Loading device.

Foaq 1s the effective applied load of the testing machine that
is equal to Fy in figure 3(b), As is the stroke of load frame.

As the original signal of BE-PAM and BC-PAM contained
too much noise during the test, there cycle loading curves
of each PAM were filtered and averaged to one cycle load-
ing curve to better describe the relationship, as shown in
figures 4(a) and (b). For further analysis, the average moments
were calculated with the unloading and loading process to
eliminate the effect of the hysteresis. It needs to be stated
that some deviation occurred to the output moment of the
BE-PAM, which was caused by the increasing influence of
the actuator self-weight. This was due to the larger bend-
ing angle and the descending output actuation moment when
close to the free-bending state at pressures of 0.175 MPa and
0.200 MPa. BE-PAM achieved a free-bending curvature of
approximately 0.0113 mm~!, and a free-bending angle of 94°
under 0.20 MPa. During each cycle (figure 4(c)), the actuator
generated the maximum output moment at the blocked state
of approximately 300 N mm at 200 kPa (figure 4(d)). Mean-
while, the BC-PAM was tested under the pressure from 40 kPa
to 140 kPa (figure 4(b)), and its elastic frame buckled and frac-
tured at the blocked state around the pressure of 200 kPa with
the maximum output moment of 802 N mm. At free-bending
state, its bending angle is 65° under 200 kPa. The error bars
were added in figures 4(c)—(f). The error bars in figures 4(c)
and (e) shows the standard errors of block moments in different
pressures, which were calculated from the maximum moments
of three cycle loading curves. The error bars in figures 4(d) and
(f) shows the standard error of free-bending curvatures in dif-
ferent pressures, which were calculated from the data in the
free-bending state detection process before the loading test. It
needs to be stated that standard error of free-bending curvature
for BC-PAM at 140 kPa is much larger than others, which
indicated its measurement deviation. And based on the cycle
loading curve, the real free-bending curvature (figure 4(b))
may slightly lower than the measured value at 140 kPa, which

could be caused by the increasing bending angle and the larger
descending rate of output moment to curvature around the free-
bending state. But since the modeling work was based on the
whole loading process, the whole loading curve still has refer-
ence value for model analysis.

From figures 4(a) and (b), nonlinear behaviors, deadband
of pressure and hysteresis effects can be found in the cycling
load tests. From the linear fitting line of the experimental res-
ults about the block moments (figures 4(c) and (d)), the dead-
band pressure of BE-PAM and BC-PAM are approximately
68 kPa and 32 kPa, respectively. The energy loss is calculated
via the integration of a cyclic loading curve, and the max-
imum storage energy is obtained by integrating the average
loading curve of each cycle. The energy losses ratio is calcu-
lated by using the energy loss divided by the maximum storage
energy in a loading cycle. The hysteresis effect is more obvi-
ous at higher pressures due to the higher interaction forces of
the braid fibers and between the braid sleeve and the bladder
tube, while the energy losses ratio did not change much due
to the concomitant increasing output (figures 4(a) and (b)). It
should be noted that at lower pressures close to the threshold
pressures, the energy loss ratio is relatively higher, which is
caused by the joint effect of low output and indelible residual
friction due to the inherent tension of the fabric. The average
energy losses ratio of the BE-PAM from 0.1 MPa to 0.2 MPa
is approximately 25.57%, and the average losses ratio of the
BC-PAM is around 20.89% which is much lower than the
former (table 2).

Moreover, from figures 4(d) and (f), the free-bending
curvature increased with the working pressure, which indic-
ates that the output actuation moment is also related to the
elastic deformation of the bladder and the frame. Thus, the
data of moment loads and bending curvatures under a set of
pressures can provide a detailed reference for determining the
anti-moment generated by the bladder and the frame in the
quasi-static model building, discussed in the next section.
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Figure 4. Quasi-static cyclic moment loading test results: Filtered test data of BE-PAM (a) and BC-PAM (b). For each pair of curves is
measured at each pressure, the lower curve of each cycle presents the unloading process from blocked state to free bending state and the
upper curve of each cycle presents the loading process from free bending state to blocked state. Blocked moment vs. working pressure for
BE-PAM (c) and BC-PAM (e), and Free bending curvature vs. working pressure for BE-PAM (d) and BC-PAM (f).

3. Nonlinear quasi-static model development
of bending PAMs

For axial PAMs, there are many models describing the rela-
tionships among the input air pressure, output force and
axial displacement/deformation ratio. In this study, nonlinear
quasi-static models were built to describe the relationships
among the input air pressure, output moment and bending

curvature of the actuator. Two different models based on the
principle of virtual work and force balance analysis were
developed to predict the mechanical properties and study the
working mechanisms. Moreover, the Mooney—Rivlin hyper-
elastic model (see for example [28]) is applied to the blad-
der materials to capture its nonlinear elasticity. To develop the
nonlinear quasi-static model, several assumptions were made
as follows:
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Table 2. Energy loss rate of cyclic moment loading.

Test pressures of BE-PAM (kPa) 100 125 150 175 200 Average
Energy loss rate of BE-PAM 28.15% 23.50% 25.26% 28.58% 22.33% 25.57%
Test pressures of BC-PAM (kPa) 40 60 80 100 120 140 Average
Energy loss rate of BC-PAM 25.73% 16.05% 14.39% 18.04% 14.17% 16.06% 20.89% (15.74% after

excluding the data at
40 kPa)

Mﬂoad

Fload, axial

Plane A

N

Ftoad,Tran

Figure 5. The actuator differential element or unit body with initial
length of dly.

(a) There is no elastic deformation in the braided sleeve,
which means the thread is inextensible and its length is
constant.

(b) The friction between the braided sleeve and the bladder is
neglected.

(c) The bladder material is incompressible [16].

(d) The cross section of the actuator maintains a circular cross-
section before and after actuation.

(e) The length of the elastic frame is constant, but it is flexible
without buckling.

3.1 Energy model

A nonlinear energy model was developed for the actuator
unit-body with initial length d/y, based on the principle of
virtual work, as shown in figures 2(a) and 5. The Mooney—
Rivlin hyperelastic model was used for the elasticity of the
bladder.

The following equations can be derived from the work-
energy theorem:

dWin + dWout =dU (9)

dw;, = pdvinner (10)

dWout = —Floaads — Mjoaqdd (11)

dU = d(Upi + Us + Uyy) (12)
where p is the relative working pressure of the actuator, Viyper
is the inner volume of the bladder, Fly,qg and Mg are respect-
ively the resulting loaded Force and moment of the element at
the frame,ds and dé are respectively the linear displacement
and rotation angle of the element end, Uy, is the elastic energy
storage of the bladder, Uy is the elastic energy storage of the
elastic frame, and Uy, is the elastic energy storage of the elastic
frame. Due to the inextensible braid material, dU;, = 0.

As a result of the constraint of the frame, the actuator
mainly deforms in plane A, and the out of plane moments and
forces were not considered in this model, as shown in figure 5.
Meanwhile, Fioaq can be decomposed into axial force Fioad, axial
and transverse shear force Floaq, wran. Due to the inextensible
flexible frame and the negligible transverse shear deformation
compared with the bending deformation, for the actuator unit-
body, when dlj is at a minimum, the effect of Fload.axial and
Fload, tran can be neglected compared with that of Mjq,4. Hence,
only the in-plane bending moment load M),,q is involved in
this model. Nevertheless, for the entire actuator the contribu-
tion of force loads can still be calculated by converting them
into distributed bending moments.

From the principle of virtual work, the equation can be
derived as below:

dw; dR
Mair = dam = ﬂ'P (2R + 3kR2) @ +R3 (13)
dU
Mg = 0 = M; + My, (14)
dw; d(Up + U
Maq = d@l - ( bcllg t) = Mair — ME. (15)

Observe that actuation moment of the bending PAM is
composed of two terms. M, is the actuation moment due
to applied pressure and braid kinematics. Mg is the antag-
onistic moment considering the elastic energy storage of the
bladder and frame. As the axial strain of the elastic frame of
fiber-reinforced epoxy is negligible compared to its bending
deformation, and the frame is comparatively inextensible com-
paring with the bladder tube and the braid sleeve, the moment
generated by the elastic frame, My could be written as follows.
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P < R\'!m’t P= H‘.'tart

Figure 6. Force balance analysis: (a) force diagram of the actuator unit-body in the axial direction at the cross-section, (b) the free-body
diagram of the differential element. (c) hoop stresses and interfacial forces of the free-body differential element. (d) The diamond structure
unit cell of the braided sleeve; (e) The actuator cross section in states of P < Pgirt and P = Pgart.

M; = % = Eilik’ (16)
where the Ef is the elastic modulus of the frame and the I is
rotational inertia of the frame.

Here, it is assumed that the axial strain of the bladder are
consistent with those of the braid. Also, Ay 1, A2, and Ap 3
are the stretch ratios of the bladder along the axial, circular,
and radial directions, respectively. With the Mooney—Rivlin
hyperelastic material model and the incompressible property,
the following equations can be derived.

" i R(K)

Aols = — = ——— A1 = A Awa = 17
b3 = Yot N bl,1 1, Abl,2 (17)
i=1,j=1 A '

Wy= > Cyi(li=3)'(L-1). (18)

i=0,j=0

With the principle of virtual work, the moment related to
the bladder deformation My, can be derived as follows.

Apl
dUbl dk’ ’ /del
— — =1 R 1
W= g g - UFER) U (19
0

By substituting equations (16) and (19) into equation (11):

dWy
dk’

Mg = My + My = (1+k'R) / dA | - Edek’. (20)

0

The output moment M)y,q can be derived by substituting
equations (10) and (20) into equation (12) to obtain:

dR
Mioaqa = TP {(ZR +3k'R?) W +R3}

+ Elik’ 21

— |(1+k'R dA
(1+KR) /dk’

3.2. Force balance model

In this alternative method of derivation, the force balance
model for the actuator element was developed using the force
analysis of the free bodies shown in figure 6. The Mooney—
Rivlin hyperelastic model was also applied to the elasticity of
the bladder to describe the nonlinear behavior of the actuator.

Figure 6(a) shows the force balance analysis of the actu-
ator unit-body in the axial direction. The resulting loading
force Fioag and loading moment My,q are separately composed
of four parts corresponding to the braid, bladder, air pressure
and frame as equations (22) and (23), respectively, which are
named as Fy,, and My, Fy) and My, F, and M, and Fy, and My,
and can be written as equations (24)—(27).

Fload:Fp_Fframe_Fbl_Fbr (22)
Moad = FpR — Mirame — Myt — My (23)
Abr Abr
For = /O'br,ldAszr = /Ubr,lhdA (24)
0 0
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A Apl
Fy = /0b1,1dA,Mb1 = /Ubl,lhdA (25)
0 0
Fp=7(R—1)’P, My = (R —1)*PR (26)
Mframe = Eflfk/ (27)

where oy, is the nominal axial stress of the braid and oy, is
the axial stress of the bladder.

As mentioned in the energy model, due to the comparat-
ively inextensible frame, M)y, was only considered for the
actuator element. The loading moment M)q,q can be written
as follows.

Apl Apr
Mload = 7T'(R — [)2PR — Ef]fk/ — /O'bl,lhdA — /O’br,ll’ldA.
0 0
(28)

According to the equation (28), in order to obtain the solu-
tion of Mioad, 01,1 and oy, first need to be solved. To solve
the distribution of oy ; and oy, 1, a force balance analysis was
conducted with the microelement free-body in figure 6(b).

It is assumed that the actuator radius R is far less than the
bending radius, i.e. Rpena = 1/k, and the elastic tube applies
uniform pressure on the braided sleeve. From figures 6(b) and
(c), the force balance equation of the bladder microelement
can be expressed as

- APd@R(I +€b171)d<p

= O'b172t(1 +€b1,1)dg0d9+0b1,1td9 dgﬁ. (29)

Rbend

Here, oy, > is the hoop stress of the bladder, and AP = P, —
P, where P, is the interfacial pressure that the bladder applies
on the braid sleeve.

As the actuator radius R is far less than the bending radius
Ryend, the second term on the right hand side can be ignored.
Equation (29) can be simplified as below.

—APR _ —(P,—P)R

Obl,2 = .
’ t t

(30)

With the same approach, the nominal axial stress of the
braid oy, can be formulated as follows:
P.R

Obr,2 = .
' Tor

€19}

Here, 1, is the nominal thickness of the braid sleeve, and
Obr,2 is the nominal circular stress of the braid sleeve.

With the Mooney—Rivlin hyperelastic material model, the
following equations are obtained.

1 1
o1, 1 — opl2 = 2C ()\bl,lz — >\b1,22) 2G| ——-—7T—>
Abl,1 Abl,2

(32)

1 1
o1z — 0p1,3 = 2C) <)\bl,22 - )\b1,32> 26—
Moi2” w3

(33)

where oy 3 is the radial stress, and Apy1, Api2, Apl3 are the
stretch ratios of the bladder along the axial, circular, and radial
directions, respectively. It is assumed that the axial strain of
the bladder is the same as that of the braid. Considering the
incompressibility and deformation of the bladder, the stretch
ratio equations can be derived as follows.

At =A=14ep,1 = 1+k'h=1 +k/R(l —COS(b) (34)

27 27
Ry 1 / 1 1
=—=— dd=— [ — db 35
g R 27 ) (l+eno) 2w bl,2 43
0 0
t 1

Apl3=— = ——. 36
bAT TN, (36)

Previous models regard the bladder as a thin walled tube
with the assumption that the bladder wall section only carries
stresses in the axial and circular directions. Howeyver, in real-
ity, op1,3 = —P at the inner wall of the tube, and oy, 3 = —Peyr at
the outer wall [18]. When Ay 1 = Api2 = Ay 3 = 1, the stresses
Obl,1 = Obl,2 = Op1,3 = —P, which are demonstrated in models
involving the effect of the bladder thickness [16]. Therefore,
the radial stress oy, 3 is assumed to be —P in this study in
order to consider the effect of the thickness and simplify the
modeling.

op,3 = —P. (37

With equations (31)-(37), op1,1 and o> could be solved
in theory, but the solution procedure and results would be
too complex for practical applications, so that an approximate
method was employed. Therefore, an assumed solution of the
circular stretch ratio Ay » was used with some compromises in
the stress and strain conditions, as shown below.

R
Apl2 = —.
bl,2 R

(33)

Equation (38) was chosen to satisfy equation (35); however,
this also brought conflict to equation (33). To resolve the con-
flict, the average axial stretch ratio A and the average thick-
ness 1 were introduced.

27
N 1
Abl,1 = —/Aldé‘ =1+k'R (39)
2w
0
_ to
Abl, 1 Abl,2
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Replacing the Ay ; in equation (36) with Ay, equations
(32) and (33) can be rewritten as follows.

1
opl,1 = 2C </\bl,12 — 22)
Abl,1 Abl2
1 —2 2
—-2C 5 = Abl,1 A" | =P (41)
b, 1
5 1
b1 = 2C1 | Moi2” — —5—
Abl,1 Abl,2

2

1
-2C
(5

—
LR /\bl,22> —P. (42)
bl,2

By substituting equations (36), (38) and (39) into equations
(41) and (42), the axial stress and hoop stress of the bladder can
be derived, as shown below.

For the actuator with the original radius of Ry and original
braid angle of g, A\, =1 = R/Ry is only related to the bend-
ing curvature k’, the axial stress op1,1 is determined by bend-
ing curvature kK’ and cylindrical coordinate ® at cross section,
and the hoop stress oy is only determined by the bending
curvature k',

ot =261 | (14 KR(1 —cosg)) — ————
(1+ kR (&)
-2c ! (1+k’R)2<R>2
2 (1+k'R(1—cosg))’ Ro
—P (43)
R\’ 1
opl2 =2C () -
B/ Ry (£)
~2C L qrwrp( R ’ —P. (44
2 7 (1+k'R) Ro NG
Ro

P, can be obtained from equation (30) by substituting equa-
tion (44) and replacing ¢ with the average thickness of the blad-
der, 7.

P(R 7?) — O’bl,ﬁ

P, = o

(45)
From figure 6(d), the axial force F and the circular force

F, of the diamond unit of the braid sleeve are related as shown

below.

_cosa  sinaoy,

Fy
— = atana =
2

— = : (46)
Niiye% COSQOpr,2

As the axial stretch ratio \; = sina/sincy and the circu-
lar stretch ratio A, = sina/sinay, the constitutive equations of
the braid sleeve can be derived from equation (46) as equation

' iy

Obr,1 1 the nominal axial stress of the braid sleeve. Accord-
ing to the equations (31), (45) and (47), o, can be expressed
as equation (48).

) 2

Opr,] == (

Finally, substitute equations (43) and (48) into equation
(28), the formulation of Mj,,q was derived as follows.

Obr,1 2 /\ICOSao

=tan“«

(47)

Obr,2 Aasinag

Aicosag\ P (R—1) — ouiaf

Tor

48
Aasin oy “8)

Mioaa = FpR — Mirame — My — My,
27
= 7R*P — Eflgk’ —/(201(1 +k'R(1—cosg))’
0
1
2 2
(I1+k'R(1—cose))

) [R(1 — cosf)]7RdE

—27R% | 2C % —26:(1 —|—k’R)2(
(1+Kk'R) (&)

e — [P(R —?) e Ubl,z?] RZCOS2(X0

7

0

)

/ _ 2
[14+k’R(1—cosh)] 49)

1 — cos?ap[l + k'R (1 — cosh)]?

(1 —cosf)d6.

3.3. Corrections for working pressure and prestrain

The phenomenon of the pressure deadband has been
studied extensively in PAM research [12, 28-31]. From
figures 4(c)—(f), it is shown that there is little or no block
moment or free-bending motion generated until the threshold
of driving pressure, Py, has been reached. This pressure
deadband phenomenon [31] is mainly due to the gap between
the elastic tube and the braid sleeve at the resting state. An
initial pressure is required for the bladder to be inflated and
to contact the surrounding braid in order to output bending
moment or motion, as shown in figure 6(e). To include this
effect of the working pressure deadband in the model, the
working pressure P is reduced as follows:

Piyctive = P — Pgar (50)
where P is the actual working pressure, P,ye 1S active work-
ing pressure, and Py is the threshold pressure at which the
actuator starts to work.

Moreover, due to the prestrain of the bladder at Py, the
outer radius and thickness of the bladder change, which means
that the original parameters of the bladder need to be corrected
to adapt to the modeling. It was assumed that the length of
the bladder remains invariable before the working pressure P
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reaches the starting threshold pressure Pgy¢. The corrections
can therefore be made as shown below.

s [Ro, start> — (Ro, start — o, smn)z} =7 [Roz —(Ro— l0)2
(5D

tO, start — RO, start — \/RO, start2 - 2ROl‘O + Z‘02~ (52)

Here, Ry start and g sar are the actuator radius and thickness
of bladder, respectively, at Pgy.

3.4. Experimental validation of analysis

Simulations of the two nonlinear quasi-static models were
conducted and compared with the experimental results of the
cycling moment load test of BE-PAM and BC-PAM. The input
geometry parameters were determined from the PAM geo-
metry measurements, as listed in table 1. The elastic modu-
lus of the elastic sheet frame was defined by a uniaxial tensile
test on the Zwick-010 Electro-mechanical Universal Testing
Machine, as shown in table 1. The simulations were calculated
with set of pressures corresponding to the cyclic loading tests.

As the Mooney-Rivlin coefficients are challenging to
determine experimentally, the material parameters were iden-
tified via an iterative parameter identification procedure based
on the experimental data. The estimated values of C; =
114 kPa, Cy = 300 kPa were obtained from a tension test of
the bladder tube on the Zwick-050 Testing Machine and util-
ized as the starting value for the iteration process. Moreover,
due to the significant influence on the behavior of the actuator
and the unavoidable measuring errors, the initial braid angle
o was also allowed to float within the range of £10% to bet-
ter match with the experiment results.

The modeling results are shown in figure 7 and table 3.
Figures 7(a) and (b) show the modeling results of BE-PAM
with energy model and force balance model. Both models
meet well with the experimental results besides the curves
around the free-bending state at 175 kPa and 200 kPa. That
was mainly caused by the increasing bending angle and the
descending output moment as mentioned in section 2.2, which
also appears in the loading curve of BC-PAM at 140 kPa and
led to the larger deviation of free-bending curvature between
the model and experiment (figures 7(d) and (h)).

Figures 7(e) and (f) show the modeling results of BC-
PAM with the two models. Both models also meet well with
the experimental results. However the estimated values of
block moments is a bit lower than the experimental results
(figure 7(g)), which could be the result of the elastic elong-
ation of the fibers in the braid tube, except for the fitting error
of models. In the assumptions, the braid fiber is assumed as
inextensible, however due to lower braid angle, the braid fiber
of BC-PAM bears much larger tension stress, under which
the braid fiber extends elastically and the diameter of PAM
also becomes larger than models, which could also explain
the lower deviation between the estimated and tested block
moments of BE-PAM (figure 7(c)). As a result of higher

braid angle, tension stress in the braid fiber of BE-PAM is
much lower, so the effect of elastic expansion is less than
BC-PAM.

The normalized root mean squared errors (NRMSEs) of
BE-PAM and BC-PAM for the energy model about the load-
ing cycles are approximately 3.30% and 5.41%, respectively,
that for the force balance model are approximately 3.32% and
5.48% (figures 7(a) and (b) and table 3). The NRMSEs of cyc-
lic loading, block moment and Free Bending Curvature were
calculated with equations (53), (54) and (55). RMEScyjic i,
Max,; and Ky i are the root mean squared error (RSME),
maximum moment and maximum bending curvature of a cyc-
lic loading test under a pressure of P;. RMESgy and RMESgpc
are the RSME:s of block moment and free bending curvature.
BMpax and FBCypax are the maximum block moment and free
bending curvature of the BE/BC-PAM cyclic loading test.

. [RMESCylic,i/ (MMax,i - O)]ZKMax,i
NRMEScyaic = | = .
z KMax,i
i=1
(53)
NRMESgy = RMESgy/ (BMyax — 0) (54)
NRMESgpc = RMESggc/ (FBCpax — 0). (55)

As a consequence of the different assumptions, the defined
Mooney—Rivlin material coefficients of the energy model are
a little different from the force balance model. An equival-
ent circular cross-section strain was involved to simplify the
calculation both in the assumptions of the energy model and
the force balance model. However, it is further assumed that
the elastic tube applies uniform pressure on the braided sleeve
in the force balance model, which generates the distinctions
between the two models. In general, the energy model can be
derived and expressed in a simpler mathematical form and has
a higher accuracy but lacks a comprehensive explanation of
the actuating mechanism, while the force balance model fur-
ther promotes the comprehension of the inner working mech-
anisms by revealing internal stresses and interaction forces dis-
tribution existing in different components.

The two quasi-static nonlinear models were validated and
achieved good agreement with load curves for both the BE-
PAM and BC-PAM, which demonstrates that the nonlinear
model of the bladder material and the variable section profile
can accurately predict actuator characteristics.

4. Soft grippers and humanoid hand based
on BE-PAMs and BC-PAMs

4.1. Soft three-finger grippers

Two three-finger grippers were developed to investigate the
performance of BE-PAMs and BC-PAMs on gripping robot.
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Figure 7. Modeling results using the energy model and the force balance model: analysis of the energy model compared to test data for
cyclic loading test of BE-PAM (a) and BC-PAM (e); Analysis of the force balance model compared to test data for cyclic loading test of
BE-PAM (b) and BC-PAM (f); Analysis compared to test data for block moments of BE-PAM (c) and BC-PAM (g); Analysis compared to
test data for free bending curvature of BE-PAM (d) and BC-PAM (h).
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Table 3. Modeling results of Energy model and Force Balance Model.

The normalized

root mean
squared error The NRMSE
(NRMSE) of The NRMSE of of free bending
ap/° Cio(Cy) kPa™! Co1 (C2) kPa™! loading cycles blocked forces curvature

Energy model 69.7 —318.9 515.5 3.30% 2.63% 8.78%
(BE-PAM)
Force balance 69.7 —133.7 373.3 3.32% 2.64% 8.20%
model (BE-PAM)
Energy model 36.57 1485.3 —1196.8 5.41% 4.74% 1.92%
(BC-PAM)
Force balance 36.60 1499.9 —1169.9 5.48% 4.94% 2.03%

model (BC-PAM)

a
1.Gripper
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2.Fingers
3.Finger
tip
3.Finger
tip pad
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Figure 8. Soft three-fingered grippers based on BE-PAMs and BC-PAMs. (a) The soft three-fingered gripper, (b) measuring the gripping
forces of the three-fingered gripper (BC-PAMs) for a 3D printed sphere with the diameters of 24 cm. (c), (d) Measured gripping forces of
two grippers for 3D printed spheres with different diameters from 8.0 cm to 28.0 cm under pressures from 130 kPa to 250 kPa.

The two soft grippers were both composed of three parts,
including a hand base, soft fingers and fingertips. Each fin-
ger was built with a BE-PAM or BC-PAM. One end of
each BE-PAM/BC-PAM, having the ports for inflation and
deflation, was fastened to the base, which is shown in
figure 8(a).

Two three-finger gripper were built with three BE-PAMs
and BC-PAMs with the active length of 13 cm separately. Tip
pads made of thermoplastic polyurethane with the Shore hard-
ness of 85 A were attached on the tip to keep the gripping force
among measurement range. These pads were also designed
with triangular grooves with the height of 0.8 mm, the bottom
edge of 1 mm and periodic spacing of 1.5 mm.

The gripping force tests were conducted with the spheres
with different diameters from 8 cm to 28 cm at the pres-
sure from 130 kPa to 250 kPa, shown in figure 8(b). These
spheres were 3D printed with same material of poly lactic acid,
layer height of 0.2 mm and other printing parameters to con-
trol the contact conditions such as hardness and texture. In
the test, the gripper was fastened on the end of a commer-
cial six-axis manipulator arm (VOPLUS Robotic Arm from
RobotAnno (Shen Zhen) Co., Ltd) which owns the positional
accuracy of £0.5 mm. During test, the arm first moved close
to the 3D printed sphere, and the gripper was inflated and
grasped the ball, then the robot arm pull the gripper away ver-
tically from the sphere with the speed of 3 cm s~!, during
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Figure 9. A soft humanoid hand. (a) Components of the humanoid hand. (b) Gestures of dexterous hand (c) gripping objects of different
sizes, shapes and stiffness with the soft humanoid hand, (i) a basketball (20.4 cm), (ii) a 3D printed sphere (4 cm), (iii) a bottle full of water
(550 g), (iv) a pen, (v) a corrugated paper box, (vi) a circuit board, (vii) a roll of tape, and (viii) a pneumatic quick connector (8 mm). (d)The
wrist base on BC-PAMs, (i and ii) holding a bottle of water (335 g) horizontally, (iii—vi) multi-direction bending motion.

which the maximum pulling force were recorded as gripping
force.

It was found that the grasping force is almost linear to
the applied air pressure for both BE-PAM Gripper and BC-
PAM Gripper. The contacting force between the finger and the
object increases with the diameter, while the angle of the con-
tacting surface to the gravity vertical decreases. As a result, at
higher pressures, the maximum grasping force of the BE-PAM
Gripper were obtained when grasping the spheres of 20 cm at
250 kPa instead of the maximum diameter. Though the BC-
PAM Gripper failed at 230 kPa when grasping the sphere of
28 cm due to the buckling and fracture of reinforced frame [9],
the gripping force data at 210 kPa still indicated that as the dia-
meter of the sphere increases the gripping force would finally
decrease, which means the grasping force not only relates to
the contacting forces but also to the contacting orientations.
Besides, the BE-PAM Gripper showed more accommodative
grasping performance for objects with various sizes, which is
brought by the larger deformation range and lower variation
rate of interaction force to object sizes. Whereas, the BC-PAM
Gripper could generate much more gripping force when grasp-
ing objects with larger sizes. In a word, compared with the

BC-PAM Gripper, the BE-PAM Gripper showed the larger
work space and more excellent compliance which is much use-
ful for grasping smaller object, but BC-PAM Gripper could
bear higher loads and provide more stable gripping for larger
objects.

4.2. Humanoid hand with multi-direction bending wrist

Based on the characterization tests and the performance of
grippers, a soft humanoid hand with multi-direction bending
wrist was designed and built based on BE-PAMs and BC-
PAMs to better utilize their different features. The humanoid
hand was made of fingers, palm and wrist, as figure 9(a).
The fingers and palm were actuated by BE-PAM to realize
high Flexibility and adaptability in gripping objects. And the
wrist was built with four BC-PAMs to achieve four direction
bending motions and enhance the load capability.

The thumb has two freedoms of motion in two directions
with the intersection angle of 60°, each part of which can
bend over 90° (figures 9(a) and (b)). The thumb is fasten on
a reconfigurable palm which enables the thumb roll over 90°
around the index finger. So the tip of the thumb has three



Smart Mater. Struct. 30 (2021) 025024

Q Guan et al

freedoms of motion in total, which made it succeed in the
Kapandji test, a test requires the thumb tip achieves touch-
ing eight points on other four figures to evaluate its flexibility,
shown in figures 9(a) and (b). It should be noted that though the
thumb achieved to touch the point 8, its tip failed to touch the
point due to the too close distance between thumb and index.
But this does not affect too much on the dexterity on gripping
objects. The dexterous hand is able to adapt to diverse objects
with various sizes, shapes, weights and materials, shown in
figures 9(b) and (c).

And the wrist can not only support the weight of the hand
and object but also can adjust the orientation of the hand to
improve its gripping performance, especially for large objects,
as figure 9(c)—(i) and (v). The wrist is actuated by four sym-
metrically distributed BC-PAMs, which enables the wrist to
bend over 30° in four different directions via inflating the
corresponding actuator as figure 9(d)—(iii—vi). Moreover, the
wrist also presents descent load capacity in horizontal state via
activating the upper BC-PAM as figure 9(b).

The application in soft gripper and humanoid hand demon-
strates that BE-PAM and BC-PAM have great potential in
soft robotics, nevertheless appropriate types and paramet-
ers of bending PAMs should be chosen carefully in the
design to maximally utilize their capability and get the best
performance.

5. Conclusions

This study investigates and compares the behaviors and
properties of BE-PAMs and BC-PAMs with cyclic moment
loading tests, nonlinear energy and force balance models and
soft robotics devices.

The new loading and processing methods were proposed to
conduct a bending moment cyclic loading test and provide a
more precise evaluation of the actuator performance. The over-
all relationships of actuation moment to the bending curvature
and inner pressure were mapped via this method. Besides, the
damping behaviors of BE and BC PAMs were also investigated
for the first time. In addition, the soft grippers demonstrated in
this study show the merits of bending PAMs on robotics: low
cost, wide range of motion, simple and reliable design, soft
and compliant structure, while the BE-PAM gripper showed
more compliance. It can be drawn that the BE-PAM exhibit lar-
ger scale deformability and outstanding compliance, while the
BC-PAM show higher output capacity and efficiency, which
indicates the wide range output performance and designabil-
ity of bending PAMs and implies their promising prospects
on soft robotics and wearable devices such as soft sorting
manipulators, bio-robots, assistant exo-suits and force feed-
back wearable devices. Nevertheless, it should be noted that
during the tests, especially in the tests of soft grippers and
humanoid hand, some limitation of BE-PAM and BC-PAM
also were revealed. BE-PAMs are easily interfered by external
forces due to its relative low stiffness. For example, BE-PAMs
is liable to be distorted under out-plane loads which may affect
gripping stability of grippers built with it. While BC-PAM has

higher stiffness and is less liable to be distorted, its inner frame
bears high compressing force and is easy to buckle and frac-
ture under high inner pressure or external loads, which would
lead to the failure. Further works on out-plane and buckling
behaviors of bending PAMs are needed to explain, predict to
improve their performances.

The most significant contribution of this research is propos-
ing two nonlinear quasi-static models based on the principle
of virtual work and force balance analysis. The models pre-
dicted the nonlinear behavior of the actuators well with the rel-
ative error around 5%. Meanwhile the two models further pro-
mote the comprehension of the inner working mechanisms by
revealing interactions among different components and rela-
tionships between the output moment and the actuator para-
meters. The experimental and modeling efforts also provide a
valuable reference for others analyzing and utilizing actuators
with similar structures.

However, the hysteresis effect has not been included in the
model of this work, which also has much influence on the out-
put performance especially for the dynamic behaviors. And
in this work, only in-plane bending moment was considered,
while in many cases, the load conditions of actuators are much
more complex, including out-plane force/moment/torsion,
concentrated/distributed force/moment and non-uniform load
distribution. Even though some in-plane loads can be treat as
non-uniform distributed bending moments, the behaviors of
bending PAMs under out-plane loads still need further stud-
ies and modeling works, and in some situations shear and
torsional deformation of the bending PAMs would be non-
negligible. So in the future, more studies will be conducted
with the mechanism and modeling of their hysteresis effect,
dynamic behaviors and complex load conditions to build bet-
ter prediction model for the analysis, design and control of
bending PAMs and the mechanisms/robots based on them.
Furthermore, it would be also possible that these modeling and
analysis works were expanded to these more complicate actu-
ators following the same principles, such as helical, twist and
multi-DOF PAMs.
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