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Abstract

Soft grippers and actuators have attracted increasing attention due to safer and more adaptable human-machine
and environment-machine interactions than their rigid counterparts. In this study we present a novel soft
humanoid hand that is capable of robustly grasping a variety of objects with different weights, sizes, shapes,
textures, and stiffnesses. The soft hand fingers are made of flexible hybrid pneumatic actuators (FHPAs)
designed based on a modular approach. A theoretical model is proposed to evaluate the bending deformation,
grasping force, and loading capacity of the FHPAs, and the effects of various design parameters on the
performance of the FHPA are investigated for optimizing the soft hands. This new FHPA achieves a balance of
required flexibility and necessary stiffness, and the resulting soft humanoid hand has the merits of fast response,
large grasping force, low cost, light weight, and ease of fabrication and repair, which shows promise for a
variety of applications such as fruit picking, product packaging, and manipulation of fragile objects.

Keywords: soft humanoid hand, soft pneumatic actuator, flexible hybrid pneumatic actuators, rigid-flexible
coupling, soft robotics

Introduction Soft grippers are attractive because they not only can easily
adapt to objects of various forms and weights but also achieve
END EFFECTORS OR grippers are an essential component a conformal contact without the need for sophisticated con-

of a robot as they facilitate the contact with a manipu-  trol.>"'*~'? Soft grippers have been explored for a variety of
lated object, ensuring its position and orientation while a applications, such as grasping irregular and/or fragile ob-
specific task is being performed.'? Design of a gripper sys- jects,'>~'> noninvasive surgical procedures,'® wearable and
tem requires considering important factors such as the de- field robotics,'”"'® and assistive devices or prosthetic artificial
veloped force, stiffness/compliance, dexterity, and number of ~ organs'® among others. The actuation modes of soft gripgers
degrees of freedom (DOFs). can be classified into three major categories: pneumatic’!

Traditional rigid grippers for industrial applications are or hydraulic pressure driven,*” tendon or cable driven,>>** as

generally made of simple but reliable rigid structures that help in
generating large forces, high accuracy, and repeatability.® The
large force applied by such a rigid gripper, however, can deform
or even damage the manipulated objects. In addition, the hard
structure and potentially large mass and associated inertia of a
rigid gripper could cause severe injuries in possible collisions
between humans and robots. Thus, to enable safer human—
machine and environment-machine interactions,” the appli-
cations of soft grippers made from components of low stiffness
have attracted increasing attention for an inherently safe and
adaptive contact with humans and environments.””

well as soft active material driven (e.g., shape memory alloy,
electroactive polymer).>*>’ Among these, soft pneumatic
grippers have demonstrated particular promise in achieving
compliant grasping, simple but accurate control, low cost,
robust actuation, and ease in fabrication.?®

For example, Shapiro et al., inspired by bimetallic strips,
put forward a pneumatic bending actuator made of two ma-
terials with different shear moduli.?’ Mosadegh er al. de-
scribed actuators based on Pneu-Nets, which generally
consisted of an extens1ble top layer and an inextensible but
flexible bottom layer."® Giannaccini et al. proposed a soft
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gripper that used tendons to deform and flex a fluid-filled soft
deformable container.’® Galloway et al. designed a soft
gripper that utilized hydraulic pressure for subsea applica-
tions.”’ Homberg et al. developed soft continuum fingers
consisting of an expanding pneumatic layer bonded to a
nonextensible flexible layer.*> Recently, direct three-
dimensional (3D) printing of soft pneumatic actuators was
also 2presented using the fused deposition modeling technol-
ogy.”' Reviewing the designs of pneumatically driven soft
actuators, one realizes that although completely soft pneu-
matic actuators can make full use of the features of soft
materials, they also demonstrate some inherit disadvantages,
such as being easily broken when contacting sharp surfaces,
poor stability in grasping unbalanced loads, relatively weak
grasping force for handling heavy loads, as well as large
volume of air needed for actuation of an expanded bladder.

To augment the performance of soft robots, hybrid actuators
that combine both rigid components and soft structures have
been proposed to control their actuation characteristics. For
instance, Chen et al. designed a hybrid bending actuator in-
spired by crustaceans, wrapping a hard exoskeleton on surface
of soft actuators.”® They demonstrated a bending angle of 230°
under 120 kPa and the output force of 4 N at 165 kPa. Inspired
by the morphology of arachnids, Nemiroski ez al. utilized thin,
lightweight, and rigid links actuated by inflatable balloon
joints in combination with antagonistic tendons to achieve
passive retraction.> The joint from this work could generate
a force of 1200 mN when air pressure of 200 kPa was ap-
plied. However, the slow actuation speed of the joint and the
limited mechanical properties of materials significantly
constrained its broad applications. Fu et al. proposed a
spring-reinforced actuator (SRA) by integrating a closed-
coil sprin§ into a central lumen of a three-chamber soft
actuator.” They utilized the common mold-casting ap-
proach for building the soft body of SRA with silicone
materials, leading to a complicated fabrication process.

In this work, we propose a new design of soft humanoid
hand capable of robustly grasping a variety of objects with
different weights, sizes, shapes, textures, and stiffnesses. The
fingers of the soft hand are made of flexible hybrid pneumatic
actuators (FHPAs) based on a modular approach. The FHPA
consists of four major components: inner elastic bladder,
outer rigid constraining rings, elastic skeleton, and end cov-
ers, which are all independent and assembled together using
mechanical connections. A theoretical model is proposed to
analyze the deformation of the soft finger actuator and further
to predict the grasping force and the loading capacity of the
assembled hand. In addition, the effect of design parameters
on the performance of the FHPAs is investigated in detail for
optimizing the soft hands. This new soft humanoid hand has
the merits of fast response, large grasping force, low cost,
lightweight, and ease of fabrication, installation, and repair.

Materials and Methods
Materials and fabrication of FHPA

All the constraining rings and end covers are 3D printed
with ABS plastics. A rubber tube (Dalian Latex) is first
trimmed to a desired length and then sealed on its ends with
aluminum alloy plugs. The bottom plug is screw threaded to
connect with the end cover. To ensure the air tightness, the
constraining rings are set in advance for actuation test. Then,
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a leaf spring (65Mn or Stainless steel) is fixed onto the end
cover, which is provided with a matching installation groove
to constrain the bending direction of the actuator. Both the
upper and lower ends of the leaf spring and the end covers are
provided with mounting holes, and the leaf spring is firmly
connected to the end covers by a screw. This mechanical
connection greatly reduces the difficulty of installation and
also makes it possible to replace components. Next, a set of
constraining rings are installed onto the rubber tube and the
leaf spring. After that, the top-end cover is assembled with
the leaf spring and a threaded plug. The bottom-end cover is
finally connected with a pneumatic connector (SMC) for
pump actuation.

Measuring bending deformation
and angles of FHPA

An experimental setup is built to measure the bending
deformation and bending angle of the FHPA under different
conditions (Supplementary Fig. S1). The controller controls
the pneumatic system in which the proportional valves
(ITV0050-3BS) and solenoid valves (SMC-PSE560) adjust
the pressure of the actuators. There are six markers pasted on
the FHPA, and the motion trajectories of markers on FHPAs
are captured by a 3D motion capture system (Optotrak). Then
the change of lengths and curvature radius of actuators can be
captured by the motion trajectory of markers. In addition, the
bending angles of the FHPA are measured by gyroscope
sensor (MPU-6050, InvenSense, Inc.) mounted at the front
end of the actuator (Supplementary Video S1).

Measuring FHPA actuation forces

The bottom end of the actuator is fixed, and the probe of the
force sensor (Capacity 100 N) touches the measurement point
(L is from 0 to 60 mm, in steps of 4 mm) at the initial state.
Then, the applied air pressure is increased from 0 to 0.3 MPa
with a step size of 0.1 MPa to actuate the FHPA; in this
process the actuation force at the measuring point is recorded
by the force sensor. The force sensor is mounted on the slide,
and the measuring point can be adjusted by moving the force
sensor with the slide. After the output force at one point is
measured, the force sensor is then moved to the next position
to measure again. A 6D force sensor is used to measure the
normal force of the actuator. With a certain prebending angle
of the actuator, the force sensor, which is installed on the
cross slide, is adjusted to contact the actuator and then
measure force under different air pressures.

Results and Discussion

Figure 1a presents the prototype of a soft humanoid hand
made of five FHPAs, which has a weight of only 350 g and is
about 1.5 times size of a typical human hand. The humanoid
hand is designed to be symmetrical with four fingers evenly
distributed at the front of a relatively rigid hand palm and one
thumb located in the center of the palm (Fig. 1a). The hu-
manoid hand has five DOFs, and the four fingers can actively
bend toward the inside of the palm. Different from those four
fingers, the thumb is positioned on the opposite side and tilted
at a 75° angle with the palm and is equipped with two
pneumatic chambers to enhance the clamping force in
grasping operations. In addition, the fingertips and the
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FIG. 1. The proposed FHPA and flexible humanoid hand. (a) Prototype of a humanoid gripper assembled with five
FHPAs. (b) Bending deformation of a FHPA under air pressure actuation. (¢) Schematic illustration of the components of a
FHPA. (d) Schematic illustration of the fabrication process of a FHPA. (e) Demonstration of grasping a variety of objects by
the fabricated soft humanoid hand: Rubik’s cube (85 g), table tennis ball (3 g), cylinder (253 g), banana (232 g), tomato
(329 g), bottled juice (1366 g), thin cylinder (98 g), and water glass (615 g). FHPA, flexible hybrid pneumatic actuator. Color

images are available online.

silicone pads on the palm are patterned with textures to
increase the friction.

The FHPA is mainly composed of an inner elastomeric
bladder, a series of external constraint rings, a leaf spring as the
elastic backbone, and two terminal covers (Fig. 1¢). To achieve
high elasticity and good stretching capacity of the gripper
finger, commercially available latex or silicone tubes are used
as inner elastomeric bladder with the deformation range of
~200% to —500%.%° A set of 3D-printed rigid rings are placed
along the finger tube to restrict the radial expansion of the inner
elastomeric bladder. The rings are independent and movable
along the elastomeric bladder so that they can rotate freely
around the bladder tube during bending actuation by air pres-

sure. The constraining rings enable the FHPA to act like a
shaftless multihinge structure with improved flexibility and
more DOFs. It is noted that higher elasticity of the actuator
backbone facilitates the bending of FHPA, while higher ri-
gidity improves the stability and force output of the FHPA.
Thus, in this design, a leaf spring is used as the elastic backbone
of the FHPA. The transverse stiffness of the leaf spring is much
larger than its axial stiffness, making it flexible in axial direc-
tion but stiff transversely. This leaf spring-based structure
further improves the stability of the soft actuator and simplifies
the deformation analysis of FHPA. As shown in Figure Ic, two
end covers are utilized to fix the backbone and to seal the
actuator. The bottom cover is connected with an air path tube
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through a thread-through hole. Under actuation by air pressure,
the FHPA bends along the leaf spring backbone through the
expansion of the bladder chamber and the restricted layer on
one side, mimicking the bending motion of human fingers. As
shown in Figure 1b, the constraining rings are closely arranged
with no gaps in between in the initial state; with the increase of
the air pressure, the FHPA bends gradually and the constrain-
ing rings on the opposite side of the leaf spring are separated
due to the extension of the central axis of actuator.

Figure 1d describes the assembly process of an FHPA. A
rubber tube (Dalian Latex) is first trimmed to the desired
length (Fig. 1d-i) and then sealed on its ends with two alu-
minum alloy plugs (Fig. 1d-ii). The bottom plug is screw
threaded for the connection with the end cover. Then, a leaf
spring (65Mn or Stainless steel) is fixed onto the end cover
(Fig. 1d-iii) to control the bending direction of the FHPA. A
set of constraining rings are then installed onto the rubber
tube and leaf spring (Fig. 1d-iv). After that, the top-end cover
is mounted onto the leaf spring and the threaded plug
(Fig. 1d-v). The bottom-end cover is finally connected with a
pneumatic connector (SMC) for pump actuation.

The proposed soft humanoid hand has demonstrated excellent
adaptability and compatibility in grasping complex-shaped and
fragile objects while simultaneously maintaining a high level of
stiffness for exerting strong clamping forces to lift heavy loads
(object weights up to 1.37 kg). This novel FHPA design enables
the finger to deform easily but still maintains a large lateral
stiffness for implementing complex tasks. The rigid components
such as constraining rings and end covers are interfaced to the
soft and elastic bladder to restrain its radial expansion without
affecting its elongation or bending characteristics. As demon-
strated in Figure le and Supplementary Video S2, the robotic
hand is capable of grasping a variety of objects with different
shapes, sizes, and weights (Supplementary Table S1). The two
major postures, that is, enveloping and pinch grasping, can be
easily achieved in grasping tasks. For the tip-pinch grasping,
the thumb and the middle finger are actuated to press against
each other to pick a Rubik’s cube or a table tennis ball. For the
enveloping grasping, the other four fingers can bend simulta-
neously and work together with the thumb finger to grasp a
circular or cylindrical object with complex shapes.

Several assumptions are adopted to simplify the analysis of
FHPAs: (1) the radial expansion of the inner rubber tube is
fully constrained by the rings, the outer diameter of the
pneumatic chamber remains unchanged when actuated by air
pressure, and the bending profile of FHPA can be described
as a circle shape (Fig. 2a); (2) the inner diameter of the
chamber increases with its elongation and bending, while the
wall thickness of chamber with the leaf spring remains nearly
constant. To simplify the analysis, the wall thickness of
chamber is assumed to be changed uniformly when air
pressure is applied, and the circumference of inner wall of the
bladder remains smooth. Therefore, the centerline of the
chamber will offset a distance of e from its initial position
after the bending deformation, as shown in Figure 2b; and (3)
each constraining ring is fixed onto the leaf spring at the
contact point like hinges, and they are independent and can
rotate freely along the central lines when the FHPA bends. If
ignoring the friction between the rubber tube and the con-
straining rings, the rings will only act to constrain the radial
expansion of elastomer chamber and not generate any
blocked moment for the bending of the FHPA.
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As shown in Figure 2a, the cross section of the proposed
FHPA is plane symmetrical. When an air pressure p is applied
to the chamber, an axial force F, is generated on the end
cover, where F, =pS” and S’ is the cross-sectional area of
the bladder chamber, and it increases gradually due to the
decrease of the wall thickness when FHPA bends. The re-
sulting F,, produces a bending moment M,, leading to the
bending of the FHPA under the constraint of the leaf spring
backbone. Without considering the thickness of the leaf
spring, the bending neutral layer of FHPA coincides with the
leaf spring because of the negligible length change of the leaf
spring. Therefore, there are only two factors that affect the
bending of the FHPA, the leaf spring and the rubber tube. We
define M and M, as the blocked bending moments generated
by the leaf spring and the rubber tube, respectively. The
bending radius of FHPA is defined as the distance between
the bending center and the neutral layer, which can be ex-
pressed as r=1y/0, where ly and 0 are the original length and
the bending angle of the FHPA, respectively. As a result, the
elongation A/ of the central line of a FHPA can be calculated
by Al= (H + ¢)0, as shown in Figure 2b, where H is the dis-
tance from the center line of the chamber to the leaf spring in the
initial state, e is the eccentricity due to the change of the
chamber wall thickness when the FHPA bends.

Simple tension testing of a rubber tube is performed to
check the stress—strain relationship in actuation. As shown in
Supplementary Figure S2a, with the two ends of a FHPA
fixed on a tensile testing machine, displacement-controlled
tensile tests were performed at room temperature, with a
loading speed of 1 mm/min and elongation up to 75%. The
averaged values of three repeated tests were used for analysis.
The stress—strain relations of the FHPA under different
conditions (the shape of constraining rings, the gap and
thickness of the rings, and different air pressures) are shown
in Supplementary Figure S2b, indicating a strong linear re-
lationship. Thus, to simplify the calculation, it is assumed that
the deformation of FHPA chamber can be captured with a
linear elastic model for strain <70%.

Figure 2c shows the geometry and dimensions of the inner
wall of the chamber in the initial state and the bending state.

.. D, D,
The eccentricity e can be calculated as e = w where

D, and D, is the inner diameter of chamber in its original
state and the bending state, respectively. For the actuators
with multiple air chambers, the actuation moment M, can be
expressed as

4 4
M,= Z F.H;= Z piS,'Hi

i=1 i=1

i=1,2,34 (1

where H; is the force arm of the moment M, i is the number of
the chamber. When the FHPA is composed of i chambers
(Fig. 6), the arm force H; can be calculated as

Hi=H+e i=1
Hi=H,=H+e i=2 2
H1:H2:H+€, H3:2H+€ i=3
H =H,=H+e, Hy=Hy=3H+e i=4

The rubber material for the bladder is assumed to be iso-
tropic and incompressible, with a Poisson ratio of 0.4-0.5.
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FIG. 2. Deformation analysis and actuation of a FHPA. (a) Geometry and deformation principle of a FHPA. (b) Cross
section view and dimensions of the bladder, before and after deformation. (¢) Side-view and dimensions of the artificial
muscle before and after deformation. (d) Displacement and bending profiles under different air pressures, including both
experimental data and fitted curves. (e) Variation of bending angles under inflation and deflation process. (f) Comparison of
the bending angles between the theoretical and experimental data. (g) Photographs of the profile of the FHPA under
different air pressures from O to 0.3 MPa. Color images are available online.

Thus, the volume of materials can be expressed as
V =ASolp =AS’(lp + Al), where AS; and AS’ denote the
annular cross-sectional area of the chamber in the initial and
the bending state, respectively. As the FHPA bends, the gap
between the constraining rings on the tension side will be-
come larger and lead to the swelling of the rubber bladder
along that side. Consequently, the correction AS is intro-
duced to modify AS’, and ASy and AS’ can be expressed as
{ Ao = 3(D3 ~ D3) 3
AS 47rD S +AS

where D, is the outer diameter of the chamber; the modifi-
cation AS is related to the shape, size, and gap of hoops,
which can be obtained by comparing theoretical values with
experimental data. Therefore, S’ can be expressed as

4(lo + Al)

’

+AS 4)

Substituting Eqs. (2) and (4) into Eq. (1), one can obtain the
momentM,. Based on the assumption (3) and Euler—
Bernoulli beam bending theory,” the resisting moments



Downloaded by Michigan State University from www.liebertpub.com at 04/03/24. For personal use only.

180

generated by the leaf spring (M) and the bladder (M,) can be
expressed as

bE I’

T ) ©

& B
M, = —_— 6
20+ H ©
where E, b, and h are the elastic modulus, width, and thick-
ness of the leaf spring, respectively, u is the Poisson ratio, E»
is the elastic modulus of the elastic bladder, I, is the iner-

. Dt — D} H(D? — D%
tial moment of the chamber, and I, = n( T 2) +1Z it 4 2)

Thus, we can finally get M, =M, 4+ M,. This model can be
used to predict the bending deformation of FHPA.

To verify the theoretical model for the bending deforma-
tion of FHPAs, experimental testing of 33 actuators with
different parameters is performed to examine the influence of
boundary conditions, dimensions, and number of chambers
and materials. Figure 2d presents the deformation profiles of
the FHPAs under an air pressure of 0.1, 0.2, and 0.3 MPa,
respectively, in which the fitted lines from the experimental
data show that the bending radius of the actuators reduces
from 143.42 to 105.27 mm when the applied air pressure
increases from 0.1 to 0.3 MPa. The radius error ¢ between
bending deformation and fitting circle can be obtained by
comparing distance d; from the markers to the center of the
fitting circle with the fitting radius r; and calculated by

o= W X 100%. When the air pressure is 0.1, 0.2, and

0.3 MPa, the error g between the experimental bending radius
and the fitting circle is calculated to be 0.86%, 0.69%, and
0.35%, respectively. The larger initial error is due to the gap
between the constraint rings and the rubber tube, and the
actuator is not in full action at low air pressure. The error
decreases with the increase of the air pressure (Fig. 2d). The
maximum deviation of the bending angle of the actuator is
19.8% during inflation and deflation process (Fig. 2e), re-
sulting from the hysteresis of the rubber.

In addition, because of the influence of the gravity of the
actuator and the friction between the bladder and the con-
straining rings, the bending angles during deflation are slightly
larger than those during the inflation process. As shown in
Figure 2f and g, the actuators can bend up to a bending angle
Omax Of 275° when an air pressure of 0.3 MPa is applied. The
bending angle increases nonlinearly with the applied pressure,
with a relatively slow increase at the initial stage and a rapid
increase afterward when the air pressure reaches beyond
0.15MPa. Remarkably, as shown in Figure 2f, the predicted
values from theoretical model agree very well with the ex-
perimental data, especially in the initial stage of the actuation
with lower air pressures. The slight deviation at higher pres-
sures (p>0.15MPa) is attributed to the incomplete constraint
of chamber with the increasing gap size between the external
stiff slice constraints. The chamber separated by the stiff slice
constraints will bulge outwards when the bending angle of
FHPA becomes large at high air pressures, resulting in a
nonlinear enhancement of the actuator. When the air pressure
exceeds 0.24 MPa, the nonlinearity of FHPA deformation
slows down, making the experimental data close to the theo-
retical curve, but lower than the theoretical value.

LIU ET AL.

The actuation force of the soft actuator is important for the
performance in achieving different tasks. In this study, we
characterize these two kinds of output forces: blocked force
and normal output force, to analyze the performance of
FHPA. Supplementary Figure S2a and b shows the experi-
mental setup for measuring the blocked force at different
positions of actuators in the FHPA upon air pressures. Sup-
plementary Figure S2c illustrates the blocked force as a
function of measured position on the FHPA when the applied
air pressure is 0.1, 0.2, and 0.3 MPa, respectively. It can be
seen that the blocked force increases with the increase of air
pressure. For a specific actuation pressure, the blocked force
first increases to a maximum value and then decreases along
its length, that is, the actuation force reaches the maximum
blocked force at the position of about L=20mm. Supple-
mentary Figure S2d illustrates the method to measure the
normal output force of the actuator with a six-dimensional
(6D) force sensor. Supplementary Figure S2e displays the
specific experimental platform. The value of the normal
output force is zero at the moment when the actuator just gets
in touch with the force sensor, and then the value increases as
the air pressure. In other words, the normal output force is the
force output of the actuator after it achieves a certain bending
deformation.

Supplementary Figure S2f shows the relationship between
the normal output force and the air pressure. It indicates that
with the increase of the initial bending angle of actuator, the
maximum normal output force decreases gradually, and the
normal output force increases linearly with the increasing air
pressure. Therefore, the bending deformation and the clamping
force can be easily controlled and programmed by the applied
air pressure. Based on the as-fabricated prototype of FHPA
(weight ~50g), the output force of a soft finger for the hu-
manoid hand can be as large as 15 N at the working air pressure
of 0.3 MPa. Its working frequency can reach over 3 Hz, com-
parable with the actuation frequency of a human finger.

We further study the major design factors of the actuator
for optimizing its mechanical performance, including the
geometry size/dimension of the actuator, the material prop-
erties, the constrained boundary conditions, and the number
of chambers that are discussed in detail. The bending angle
and the output force of the actuator are utilized to evaluate the
performances of FHPA. In this study, a series of different
types of FHPAs (Supplementary Table S2) are fabricated to
study the influence of cylindrical ring on the deformation and
the output force of the FHPA. The bending angle of the ac-
tuator is measured by a gyro sensor (MPU-6050, InvenSense,
Inc.) mounted on the tip of the actuator (Fig. 3a).

The key geometric parameters of the FHPA include the
thickness of the constraining ring (#), the gap between the
constraint rings (0), the actuator length (/), the chamber size
(Dy, Dy), and the leaf spring size (b and h), as shown in
Figure 3b. The bending angles of 10 different types of FHPAs
under different air pressures are tested: five with cylindrical
rings (I=40mm, D;=12mm, D,=9mm, b=8mm,
h=0.2mm) (Fig. 3c) and the other five with torus rings
(I=40mm, D;=11mm, D,=8mm, b=8mm, #=0.2 mm)
(Fig. 3d). It is found that the effect of the thickness 7 of these
two shaped rings on the bending angle is opposite. Thicker
cylindrical rings result in a smaller bending angle, while
thicker torus rings lead to a larger bending angle. With the
same type of constraining rings (torus ring, =2 mm), rubber
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FIG. 3. Effect of the geometry of an FHPA on its performance. (a) The experimental setup for measuring the bending
angle of the FHPA. (b) Schematic illustration of the geometric parameters of a single chamber FHPA. Variation of the
bending angle of a FHPA with applied air pressure for different widths of the (c) cylindrical-shaped and (d) torus-shaped
constraint ring. Variation of the (e) bending angle and (f) generated force of a FHPA as a function of body length / under
different applied air pressures. Variation of the (g) bending angle and (h) generated force of a FHPA as a function of arm
height H under different applied air pressures. Color images are available online.

tube (latex, D; =11 mm, D, =8 mm), and leaf spring (65Mn,
b=8mm, h=0.25 mm), five actuators with different lengths
(0) ranging from 20 to 60 mm are tested to assess the influence
of the FHPA length on its bending angle and normal force. It
is observed that the bending angle increases with the applied
air pressure and the increased length /, and every 10 mm
increase of the actuator length leads to about 20° increase of
the bending angle (Fig. 3e). However, the actuation force
becomes smaller as the actuator length / increases (Fig. 3f).

In contrast, we test another five FHPAs having the same
rubber tube (latex, D;=11mm, D,=8 mm, /=40mm) and
leaf spring (65Mn, b=8 mm, #=0.25 mm) but different force
arm H (ranging from 9 to 29 mm) to examine the effect of H on
its bending angle and normal force. It is obvious that the
bending angle of FHPA decreases significantly with the in-
crease of the force arm H (Fig. 3g), and the normal force only
slightly increases with the force arm H (Fig. 3h). It is also noted
that the force does not change significantly when the force arm
is larger than 15 mm. The experimental results demonstrate

that the FHPA has better performance when the force arm H is
in the range of 8 ~ 14 mm when its length / is <60 mm.

In addition, the influences of the thickness and the width of
the leaf spring on the performance of FHPAs are studied. For
a fixed width b= 12 mm, the FHPA containing a thicker leaf
spring generates a smaller bending angle but larger normal
force (Fig. 4a, b). When the leaf spring thickness is fixed
(h=0.25 mm), FHPA bends less but generates larger force
when it has a larger leaf spring width (Fig. 4c, d). This phe-
nomenon actually agrees well with the theoretical analysis by
Eq. (5), which also indicates that the increase of either
thickness 4 or width b of leaf spring will result in a decreased
bending angle of the FHPA. However, it should be noted that
the influence of the geometry of the leaf spring on the normal
force of the FHPA is limited and becomes negligible for
larger values. It is also found that the elastic bladder with
larger diameters (D;=15mm, D,=12mm) can generate
slightly larger bending angle and significantly larger output
force compared with the tubes with smaller diameters
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FIG. 4. Effects of leaf spring and bladder parameters on the bending performance of an FHPA. (a, b) The effects of width
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output force. (e, f) The effects of outer diameter (D;) and inner diameter (D,) of chamber on bending angle and output force.

Color images are available online.

(D;=8mm, D,=11mm) (Fig. 4e, f), although it definitely
needs a longer time to inflate a larger chamber to reach a
specific pressure for actuation.

The proposed FHPA consists of both soft and rigid materials
and, thus, combines the advantages of the deformability,
adaptability, and compliance of the softness, while maintain-
ing the large output force originated from the rigidity of the
actuator. Supplementary Figure S3 shows the variation of the
bending angle and the output force of FHPAs with the applied
air pressure when different kinds of materials are used for the
bladder (i.e., hyperelastic latex or silicone rubber) and the leaf
spring (65Mn Spring steel and SUS301 Stainless steel). The
silicone rubber has lower elastic modulus and will generate
larger bending deformation than the latex rubber under the
same conditions. However, the material of the leaf spring has
little effect on the bending deformation, achieving approxi-
mately the same bending angles under the same pressure
condition, as shown in Supplementary Figure S3a.

In addition, the silicone rubber is more antiaging and anti-
corrosion compared with latex, which are favorable for a va-
riety of applications. It is found that the FHPA with silicone
rubber tube and Spring steel (65Mn) backbone has much
greater output force than the other two designs due to the higher
elastic modulus of Spring steel (Supplementary Fig. S3b).
Despite producing a larger output force, the leaf spring made of
Spring steel (65Mn) has the drawbacks of being brittle and
fragile. The experimental results show that FHPAs with the
Spring steel (65Mn) leaf spring cannot survive the fatigue
testing of high strength and large deformation (6= 180°, 1 Hz)
for along time. After cyclic bending for 26,400 times (Fig. 2g),
the Spring steel (65Mn) leaf spring backbone breaks at the
location of the sixth constraining ring (about 12 mm away from
the top), although the FHPA can still maintain the initial un-
deformed profile, without deviation from the central line po-

sition. In contrast, the FHPA with stainless steel leaf spring
breaks due to the elastic bladder explosion after 41,400 cyclic
bending (0=180°, 1 Hz), and the stainless-steel leaf spring is
slightly deformed, about 5° away from its center line.

The deformation and the cross-section shape of the inner
rubber tube of the FHPA are obtained from the computed
tomography (CT) scanning image produced by a Caliper-
Quantum FX High Resolution CT. As shown in Figure 5a, the
thickness of the chamber wall changes uniformly as the ac-
tuator bends, while the bladder wall bonded with the leaf
spring has almost no deformation. The walls of the chamber
become thinner gradually with an increasing distance away
from the leaf spring, reaching a minimum value on the ten-
sion side. The external and internal deformations of the
chambers of the actuators constrained by rings of different
shapes (torus and cylindrical) are also compared. Then, the
thicknesses of chamber walls are measured from the CT
images using the software Analyzer. Figure 5b shows that the
wall thickness and the inflation profiles of the chamber vary
with the shape of constraining rings and the gap and thickness
of the rings. Compared with cylindrical constraint rings, the
contact between torus rings and the chamber surface is a line
and, thus, has much smaller contact area, leading to a smaller
radial constraint area (Fig. 5b). The wall thickness ¢,, of the
chamber with torus constraining rings is thinner than that
with cylindrical rings (Fig. 5c¢).

As depicted in Figure 5d, for the actuator with cylindrical
rings, a smaller thickness ¢ of a constraining ring will lead to a
larger gap between the rings, thus a thinner wall thickness ¢,,
of the bladder chamber. In contrast, for a specific ring
thickness, the wall thickness t,, of the chamber becomes
thinner as the gap clearance between constraining rings re-
duces from =2mm to d=1mm (Fig. 5e). Figure 5f and g
shows the relationship between the cross-sectional area
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FIG. 5. Effect of constraint boundary on the working performance of an FHPA. (a) CT-image for the profile and
deformation observation of FHPA chamber using a Caliper-Quantum FX High Resolution CT. (b) CT images of the contact
deformations of the FHPA elastomeric bladders under different kinds of constraint boundaries. (¢) Comparison of the
constraint effect by different kinds of rings on the wall thickness of bladder for a fixed ring thickness =2 mm. (d) Variation
of wall thickness of the FHPA bladder as a function of actuation pressure for different thicknesses of constraint rings t=1,
2 mm. (e) Variation of wall thickness of the FHPA bladder as a function of actuation pressure for different gap clearances
0=0, 1 mm. (f) The change of cross-sectional area of the FHPA chamber with the applied actuation pressure for specific
constraint rings without gap clearance. (g) The change of cross-sectional area of the FHPA chamber with the applied
actuation pressure for specific constraint rings with a ring clearance of =1 mm. (h) The variation of the bending angles of a
FHPA as a function of air pressure with different kinds of constraint rings. CT, computed tomography. Color images are

available online.

(CSA) of the elastomeric bladder and the applied air pressure
when the gap 0 between constraining rings is equal to 0 and
1 mm, respectively. It can be seen that the theoretical results
agree well with the experimental data. The increase of gap ¢
results in a reduced wall thickness and an increased CSA. The
gaps between the constraining rings can enhance the flexi-
bility and bendability of the hybrid actuator in actuation.
Figure 5h shows the bending angles of the two kinds of
FHPAs with cylindrical or torus constraining rings as a
function of the applied air pressure. There is no obvious
difference observed in the low-pressure working range;
however, the bending angles of the FHPA with torus con-
straining rings are slightly larger than those with cylindrical
rings in the high-pressure range.

We finally investigate the performance of FHPAs con-
sisting of multiple chambers, including the configurations
of single-chamber (S-C), dual-chamber (D-C), triple-
chamber (T-C), and four-chamber (F-C) (Fig. 6a—d). As
shown in Figure 6e, the bending angle and normal force of
the FHPAs with different number of chambers are given as
functions of the applied actuation pressure. It can be seen
that the single-chamber FHPA produces the minimum
bending angle, and the FHPA with two chambers generates
the largest bending angle. However, there is no obvious
difference between FHPAs with three or four chambers.
The reason is that the increase of the number of chambers
may affect both the active bending and resisting moments,
leading to more complex variations. In contrast, it can be
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images are available online.

observed that FHPAs with more chambers indeed generate
larger actuation force. Experimental tests demonstrate that
the maximum output force of a FHPA with four chambers
can reach 42 N (Fig. 6f). Therefore, it will be desirable to
use multiple chamber based FHPAs for implementing large
grasping forces.

Conclusions

In summary, we have successfully developed a novel
FHPA and a new design of the soft humanoid hand capable
of grasping different kinds of objects robustly. The pro-
posed theoretical model for the FHPA is verified by ex-
perimental investigations and valid for predicting the
bending deformation and the grasping force under different
conditions. The effects of the major design factors such as
boundary condition, geometric, and material parameters on
the overall performance of the actuator have been studied
for further optimizing the soft robotic hand.

It is found that thicker cylindrical rings or torus rings
thinner result in smaller bending angles, and for both types of
constraining rings, the bending angle of FHPA increases with
the applied air pressure, the increased length /, the reduced
force arm H, and the increased thickness & or width b of leaf
spring. The bending angles of the FHPA with torus con-
straining rings are slightly larger than those with cylindrical
rings in the high-pressure range but no obvious difference
observed in the low-pressure working range. The normal
force of FHPA increases with the increasing force arm H, the
decreasing length /, the wider leaf spring, and the number of
chambers of the actuators.

This new soft humanoid hand exhibits the advantages of
fast response, large grasping force, low cost, lightweight, and
ease of fabrication and repair and is expected to be used in a
variety of applications such as soft robotics, packaging au-
tomation, and agriculture harvesting.
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