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Modeling of Fluidic Prestressed Composite Actuators
With Application to Soft Robotic Grippers

Yitong Zhou, Leon M. Headings

Abstract—Soft and continuously controllable grippers can be
assembled from fluidic prestressed composite (FPC) actuators.
Due to their highly deformable features, it is difficult to model
such actuators for large deflections. This article proposes a new
method for modeling large deflections of FPC actuators called the
chained composite model (CCM) to characterize the quasi-static
response to an applied fluid pressure and load. The CCM divides
an FPC actuator into discrete elements and models each element
by a small rotation model. The strain energy of each element
and the work done by pressure and loads are computed using
third-order displacement polynomials with unknown coefficients;
then, the total energy is minimized to calculate stable shapes using
the Rayleigh—Ritz method. This study provides a set of systematic
design rules to help the robotics community create FPC actuators
by understanding how their responses vary as a function of input
forces and pressures for a number of modeling and design pa-
rameters. Composite actuators are fabricated and a soft gripper is
developed to demonstrate the grasping ability of the FPC actuators.
Pneumatic pressure and end loads are applied to the composite ac-
tuators, and their responses are measured. The modeled responses
of the actuators are shown to be in agreement with the measured
responses.

Index Terms—Hydraulic/pneumatic actuators, laminated
composites, soft robotic applications, soft robot materials and
design.

1. INTRODUCTION

OFT robotics exhibit relatively high compliance, contin-
S uum body motion, and large-scale deformation compared
to rigid robots. Such characteristics enable soft robots to perform
highly dexterous tasks [1], tackle uncertainties with passive
compliance [2], manipulate delicate objects [3], and cooperate
safely with humans [4].
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Many soft robots have been developed utilizing various kinds
of mechanisms, such as a universal robotic gripper using gran-
ular jamming [5], a starfish-like gripper based on embedded
pneumatic networks [6], a hydraulically actuated soft robot
fish [7], and a variable stiffness robotic arm based on discrete
layer jamming [8]. Among these, fluidic elastomer actuators
(FEAS) are one of the most widely adopted technologies for soft
robotics due to their light weight, high power-to-weight ratio,
low material cost, and ease of fabrication [9], [10]. Actuation
is achieved through pressure exerted by a fluid (liquid or gas)
on a chamber made of highly deformable materials, such as
silicone rubber. Upon pressurization, embedded chambers in
the soft actuator expand in the directions associated with low
stiffness and induce bending [6], twisting [11], and extension or
contraction [12]. Furthermore, these actuators can be integrated
into the structure of soft robotic systems both as actuators and
structural elements [3], [6], [12], [13].

A fluid-actuated precurved soft actuator is a type of FEA
that has a curvature in its equilibrium unactuated state. Upon
actuation, the precurved actuator becomes flat. When used in a
gripper, this allows it to open. Releasing the actuation returns
the actuator to its equilibrium curved state, hence allowing for
grasping of objects in the gripper. An advantage of precurved
actuators is that they require no energy to hold an object. Ho and
Hirai [14] presented a soft gripper composed of fingers with pre-
streched soft layers, where each finger’s curvature is controlled
by a simple tendon string pulled/released by a single actuation.
However, a complex integration of motors, tendons, and spools
is needed, which can result in a bulky system. Li er al. [15]
designed a soft bending actuator that is actuated to a curved
equilibrium shape by a precharged air pressure and retracted
by inextensible tendons. This method requires both electric
and pneumatic actuation to function, which adds complexity
to the actuation system. Chillara et al. [16] proposed a fluidic
prestressed composite (FPC) actuator, in which a prestressed
elastomeric layer is used to generate the curved equilibrium
shape and a pneumatic source is used to flatten the actuator. FPC
actuators can be easily designed through the selection of prop-
erties for each layer. However, the analytical model proposed
in [16] only works for small deflections of composite actuators
with small and constant curvatures, which inhibits design for
gripping applications.

Various models have been developed for the response of
FEAs under applied pressures and loads. A brief review of
different modeling methods is given in [ 10], including empirical,
analytical, and finite-element methods. Despite achievements
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made via empirical methods [17]-[19], they provide limited in-
sights into the physics of multimaterial FEAs, which limits their
potential for design purposes. Finite-element models provide a
more detailed and visual description of the nonlinear response
of the system, although at the expense of higher computational
cost [9], [20], [21]. Analytical modeling methods, on the other
hand, offer some advantages over finite-element models, such
as providing insights about the physics of the phenomenon and
fast computation.

Several pioneering studies have been conducted on analytical
modeling for quasi-static responses of different FEA types, the
most studied of which are fiber-reinforced FEA [9], [15], [22],
[23] and pneu-net FEA [24]. A common challenge in these
models is that they assume constant curvature, which is more
suitable in the unloaded state but can be inaccurate when the
applied moment is not constant along the actuator or the cross
section of the actuator is not uniform. In addition, these models
cannot be directly applied to FPC actuators.

The piecewise constant-curvature approximation is widely
used to model continuum deformable bodies, where the highly
nonuniform shape in both 2-D and 3-D can be well simu-
lated. Numerous kinematic studies on continuum robotics have
adopted this assumption, mainly for control purposes [25]-[29].
However, fewer efforts have focused on developing material
mechanics models, which are more appealing for design pur-
poses than semiempirical models that are based on experimental
results.

Inspired by the piecewise constant-curvature method and the
small rotation model (SRM)), this article presents a method called
the chained composite model (CCM) for modeling FPC actua-
tors under large deflections. The CCM segmentizes a composite
actuator into multiple elements and models each element using
the SRM from [16]. The CCM is developed using a Lagrangian
strain description based on classical laminated plate theory
and takes material mechanics and geometric nonlinearity into
consideration. Low-order polynomial functions with unknown
coefficients are used to represent the quasi-static equilibrium
shape for each segment of the FPC actuator. The coefficients
are calculated by minimizing the system net energy of the FPC
actuator in response to the applied fluid pressure and external
loads. With the CCM, we investigate the effects of geometric
parameters and the number of CCM segments on the modeled
responses of FPC actuators. Multiple FPC actuators have been
fabricated and experiments have been performed for model
validation.

In summary, a large-deflection analytical model has been
developed for FPC actuators, which enables analyzing small
and large curvatures and constant and nonconstant curvatures.
Following a similar process, many other constant-curvature
models [9], [15], [22]-[24] can be modified to analyze non-
constant curvatures. The parametric analysis provides a design
methodology for designers to select structural parameters and
pneumatic pressure to achieve targeted curvatures and gripper
flexural rigidity, or to predict bending curvatures and flexural
rigidity based on structural parameters, pressures, and applied
forces. Motion capture and loading tests have validated the
model relating actuator shapes to applied pressures and external
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Fig. 1. Rendering of an FPC actuator in its (a) equilibrium curved state and
(b) actuated straight state.

loads. Compared to the SRM [16], the CCM eliminates the lim-
itation of small deflections with small and constant curvatures
since each segment has its own shape function with a small
deflection in its local coordinate frame, but can add up to a
large deflection with nonconstant curvature in the actuator’s
global coordinate frame. This allows for modeling complex
loading conditions, such as nonuniform loads and variable cross
sections. In addition, low-order polynomials and segmentiza-
tion allow for fast computation, solving in several seconds
depending on the number of segments. Finally, two important
design improvements have been made compared to the original
actuators from [16]: 1) replacing the metal inlet air tube with a
compressed soft tube and 2) adding stiffening ribs to the fluid
channel inside the actuator. The former helps to increase the
maximum air pressure from 80 kPa to around 400 kPa without
air leakage, which allows for flattening FPC actuators with larger
initial curvatures, hence providing larger gripper strokes. The
latter prevents ballooning under high pressures, hence helping
translate the effects of pressure into a moment for changing
curvature.

The rest of this article is organized as follows. The FPC actu-
ator mechanism is described in Section II. Section III presents
the CCM. Section IV shows parametric studies for design of
an FPC. FPC fabrication and a soft gripper are demonstrated in
Section V. The fabricated samples are tested for CCM validation
in Section VI. Finally, Section VII concludes this article.

II. PRESTRESSED FLUIDIC COMPOSITE ACTUATOR
MECHANISM

The concept of a prestressed composite actuator proposed by
Chillara et al. [16] is shown in Fig. 1. The composite actuator
is composed of four layers, including a prestressed elastomeric
matrix composite (EMC) layer, a fluidic layer with embedded
fluid channels, a regular EMC layer, and a constraining layer.
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The equilibrium curved state [see Fig. 1(a)] is created by fabri-
cating the actuator with a prestressed EMC layer. Pneumatically
pressurizing the actuator flattens the actuator from a curved state
[see Fig. 1(a)] to a flat state [see Fig. 1(b)].

An EMC layer is a fiber-reinforced elastomer composite that
exhibits anisotropic stiffness, and its mechanical properties vary
with the orientation and volume fraction of the embedded fibers.
EMC has fibers oriented along the Y-axis (90°), making it stiff in
this direction and compliant in the X -direction [see Fig. 1(b)].
A 90° EMC layer is made by sandwiching the carbon fibers
oriented along the Y'-axis (90°) between two precured silicone
layers. Due to this fiber orientation, the 90° EMC is almost
inextensible in the Y'-direction and highly compliant in the
X-direction. Prestretching a 90° EMC along its X-axis prior
to bonding it to other layers creates a precurved actuator in its
equilibrium state.

A fluidic layer is an elastomer layer with fluid channels
molded in it. To translate the effects of pressure into a moment for
changing curvature [see Fig. 1(a)], fluid channels are designed
to expand only along the longitudinal direction under pressur-
ization. The Y -direction strain is negligible due to the constraint
given by the adjacent EMC layers, whereas the Z-direction strain
can be mitigated by adding ribs inside the fluid channels, as
described in Section III.

A regular (no prestress) 90° EMC layer is added between the
constraining layer and the fluidic layer to constrain the Y -axis
expansion when the composite is pressurized.

A constraining layer is typically a thin film with a much higher
elastic modulus than that of the other layers. It is used to produce
the inextensibility property required for actuation and to increase
the actuator’s flexural stiffness.

The laminae of the composite actuators can be arranged
in different configurations, as shown in [16]. In this article,
we chose the configuration shown in Fig. 1 since it generates
a large curvature for a given prestrain, which yields a large
gripper stroke from curved to flat. More details about different
configurations can be found in [16].

III. LARGE ROTATION MODEL FOR COMPOSITE
ACTUATORS—CCM

The CCM presented in this article segmentizes the composite
along its X -axis into a few elements and models each element
using the SRM. Each element of the composite is modeled as a
laminated plate based on a strain formulation and classical lam-
inate theory. Strain energy for each segment and actuation work
are computed using third-order displacement polynomials with
unknown coefficients. Energy minimization is carried out using
the Rayleigh—Ritz method, and the polynomial coefficients are
solved for the displacements of each segment. By using the
CCM, the composite actuator’s curvatures and flexural rigidity
are analyzed and derived from structural parameters (material
properties and actuator geometries), pneumatic pressures, and
external forces.

A. Structures and Geometries

Fig. 2 shows our proposed composite actuator. The four
layers, including a prestressed EMC layer, a fluidic layer with

Fig. 2. Proposed design and geometry for an FPC actuator. (a) Overall view.
(b) Section view A-A. (c) Section view B-B, at the midplane. (d) ith segment of
the fluidic layer.

embedded fluid channels, a regular EMC layer, and a constrain-
ing layer, are indicated in Fig. 2(b). Compared to the original
design in [16], we propose two main changes to improve the
actuator performance: 1) for the constraining layer, stiffening
ribs are added to prevent bulging of the constraining layer under
high pressure, which could cause an uneven stressed interface
between the constraining layer and the regular EMC layer, fur-
ther damaging the interface adhesive; and 2) for the air channel,
transverse ribs in the Y -direction and a longitudinal rib in the
X -direction are added to connect the top and bottom surfaces of
the fluidic layer to prevent ballooning in the Z-direction under
pressure, hence helping translate the effects of pressure into
a moment for changing curvature. This phenomenon was also
noticed in [17] when comparing cylindrical, ribbed, and pleated
soft actuators.

The coordinate frame for a composite actuator is defined in
Fig. 2(c), where the coordinate origin is L. from the tip of the
actuator. Note that L. corresponds to the length that is clamped
flat by a base fixture. The XY plane is the midplane of the
composite actuator, as indicated in Fig. 2(a), using a dashed-
dotted line, which is at the middle of the actuator height. The
X7 plane is at the middle of the actuator width. Geometric
parameters of the composite actuator are shown in Fig. 2(b)
and (c) and include the following: composite length L, width
Ly, and height H; fluid channel length C, and width C; and
out-of-plane heights of each layer with respect to the composite
midplane hq, ho, hs, h3,, and hsp. In addition, fluidic layer ribs
in the Y-direction have width w, length ¢, and between-ribs
spacing ws, as shown in Fig. 2(d). For the fluidic layer, the
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(b)

Fig. 3. (a) Segmentization of a composite at its deflected equilibrium state.
(b) ith segment at its deflected equilibrium state.

spacing between the transverse and longitudinal ribs and the
width of longitudinal ribs are both ¢ [see Fig. 2(d)].

B. Segmentization

Fig. 3(a) shows the midplane of a curved composite, where
the composite is segmentized into N segments, and for the
1th segment shown in Fig. 3(b), its local coordinate frame
(0;X;Z;) is attached to and moves along with the free end of the
(i — 1)th element, i.e., O;. The first segment’s coordinate frame
(01 X1 Z4) coincides with the global coordinate frame (OX Z2),
which is the same as in Fig. 2(c). The length of each segment
before deflections and prestress is denoted L;. The end rotation
angle for the ith segment is denoted 3;. The angle between O X;
and OX at each node O; is denoted 6;, which can be expressed
with respect to end rotation angles from all previous segments as

i—1
0;=> Brl(i€2,...N]), 6 =0 (1)
k=1

Forces fy and pg are applied along X and Z, respectively, to
the free end of the composite. A rule of thumb for small end
rotation angles is given by [30] as 8“’“ < 1, which corresponds
to approximately 3; < 45°. For example to model the whole
composite illustrated in Fig. 3(a), which has an end rotation angle
of approximately 90°, at least two elements would be required.

C. Strain Energy of the ith Segment

Strain energy modeling of the ¢th segment follows the small
rotation modeling presented in [16]. The strain of the midplane
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of the actuator is represented using polynomial functions with
unknown coefficients. We first describe midplane displacements
of the ith segment of the composite in the X;, Y;, and Z;
directions by polynomial functions with unknown coefficients
as

wip = binw + bizz®, vio = ey, wig = dipx?
(€ [0,L), y € [-L,/2,Ly/2), i€ [1,...N]) (2

where the subscripts ¢ and 0 denote the ith segment and the
midplane, respectively. The strains (€,4, Yy, €,y ) of an arbitrary
point (x, y, z) on the ith segment of the composite are expressed
in terms of its displacements (u;0, v;0, w;0) as [31]

‘ _5Ui0+1 Owig 2—2 D*wip
‘= o 2\ Ox 0%z

I dvig + 1 (Owig ? . *wio
Yoy 2\ oy 0%y
811,1'0 (%io 8’[117;0 8wi0 82w,-0
vy = -2 . 3
Tizy Oy oz T or Oy - <8x8y ®)
By substituting (2) into (3), one obtains

€iw = 2d5H2% — 22d;5 + 3bz® + by
€iy = Cil

Transverse shear (X Z, Y Z) and transverse normal (ZZ2)
stresses are neglected due to the plane stress assumption of
classical laminated plate theory. Hence, the strain energy of the
constraining layer for the 7th segment can be written as

(I)CL(-) = /H/2 /LZI/2/ ( CL) 2 +Q(CL €ix€i
. e 12 y

1
+ 2@&3”6%) dxdydz (5)

where (), are the plane stress-reduced stiffnesses given as

FE V1o E
Qu=—— Qo=—22_ = 2

1 —viav9g 1 —vio19g

(6)
where F and v are the elastic modulus and Poisson’s ratio of each
lamina, respectively. An initial finite-element analysis showed
that the strain energy stored in the ribs is much smaller than that
stored in the thin region; hence, the thickness of the constraining
layer is assumed to be constant.

The strain energy of the regular EMC layer ®gyc has the same
)

)
1 —viav9g

energy form as in (5) except for replacing QI(,((ZIL) with Q,(,%MC
and integrating over [hz, h1] along the Z-axis.

The strain energy of the prestressed EMC layer with a pre-
strain of ¢ for the ¢th segment is expressed as

Ly/2
maco= [ [0 ] (e
PEMC(4) H/2 Lo

( e”) + 3(60

6iw)5
511)3

Z
%( em) + Q(EMC) 2>da:dydz @)
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TABLE I
POLYNOMIAL COEFFICIENTS CORRESPONDING TO A NONLINEAR STRESS
FUNCTION FOR A 90° EMC MADE OF CARBON FIBER-REINFORCED SILICONE,
OBTAINED FROM A UNIAXIAL TENSILE TEST [16]

al a as aq
—0.698 x 106 229 x 105 —2.306 x 106  1.598 x 10°

where the coefficients a; (i = 1,2,3,4) are those of a quartic
polynomial that describes the nonlinear stress function for a 90°
EMC [16] listed in Table I.

The strain energy of the fluidic layer for the 7th segment is
expressed as

Prr (i) = Pwnole(s) — Pehannel(i) T PLribs(s) )

where @ynole(i)s Pehannel(i)> and Pripg(;) are the strain energies
for the whole volume, the channel volume without ribs, and
ribs of the fluidic layer on the ith segment, respectively. The
strain energy of the whole volume of the fluidic layer for the ¢th
segment is calculated as

ho Ly/2
FL
whole( ) —/ /L /2/ < ) 2 +Q12 €iz€iy
Yy

1
+ §Q$L)ez2y) dxdydz. (9)

The strain energy of the channel volume of the fluidic layer
without ribs for the ith segment is calculated as

hza Cy/2 iz (FL) (FL)
(I)channel(i) = /h /C /2/ ( 2 +Q12 €ix€iy
—h3p v =LY

+ QS;LE )dmdydz

(10)

where C;, is the length of the fluid channel for the ith segment.
The strain energy of the ribs inside the fluid channel for the ¢th
segment is expressed as

hsa [t/2 Ciz
rlbs(L) / / /
hap t/2Jo

. (2 (FL) ; +Q$L)6m61y + Q;;L)G?y) ey

/ h3a /Bt/2+w1 ni—l /T'i(j+1)
hsp t/2 Tij

1
X (2 (FL) 2+ Q1F2L)6$61, §Q§F2L)62)dxdydz

1,j€1,3,5,...] (11)

where the first and second blocks represent the strain energy
of the longitudinal rib in the X -direction and all small ribs in
the Y-direction. If there are no transverse ribs inside the ¢th
segment, the second block is zero. It is noted that the number of
rib nodes on the ith segment in the X-axis is n;, which is two
times the number of ribs in the ith segment. By this definition,
n; is an even number. In addition, r;; is the coordinate of the

J<=n;—

jth node in the ith segment along the X-axis. For example,
Fig. 2(d) shows the ith segment, where there are two ribs and
n; = 2 x 2 = 4 rib nodes in the X -direction with coordinates
in the X -direction of 7,1, 742, 1;3, and r;4, in which r;; depends
on the initial segmentization for the ith segment, r;o = r;1 +
t, ri3 = ri2 + wa, and ;4 = 7;3 + t. Different segmentization
affects the distribution and the number of ribs in the ith segment
Note that the sum of the number of ribs in each segment Z 1M
does not necessarily equal the total number of ribs in the actuator,
because if a transverse rib crosses the ith and (¢ + 1)th segments,
that rib accounts for one rib in each segment with their lengths
adding to t.

Therefore, the strain energy of the ith segment ®;) can
be expressed as the summation of the strain energies of the
constraining layer ®c (5, the regular EMC reinforcement layer
Prmc(q), the prestressed EMC layer ®ppyic(s), and the fluidic
layer ®pp ;) as
12)

D) = DLy + Pemc) + Premci) + PrLs)-

D. Chain Rule and Work Done by Loads

Only displacements in the X and Z directions are considered
for load analysis due to loads in these directions. The deflected
positions are calculated as follows: deflected positions = dis-
placements + original coordinates. For a random point on the
ith segment’s midplane, its original positions are (z, y, 0) in
its local coordinate frame. Note that by the definition of the
midplane, the Z;-direction position of the midplane is 0 before
deflection. Based on the displacements in (2) and the original
positions, under deflection, the positions of points along the ith
segment’s midplane in the local coordinate frame are expressed
as

UiO = U;0 +xr = (bzl -+ ].)ZL’ -+ bi3Z3
Wz’O :wi0+0:di2x2
(xel0,L;], ye [—Ly/2,L,/2], i €[1,...,

N]). (13)

We denote the end position of the ith segment’s midplane in
the local coordinate frame as

Uie = Uio|(a=1.,) = (b1 + 1)L; + bz L}

Wie = Wiol(w=r,) = di2 L7 (14)

The position of the end of the ith segment in the global
coordinate frame is

Uli-1)e
Ul |10 cosdy —sindy) [ Wity | )
we 0 1 sinf; cosbt; U,

Wl.ie

where the superscript O represents the global coordinate frame
and the subscript ze indicates the end position of the ith segment.
The expression for 6; is given in (1), and the end slope of the ith
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segment [3; is calculated as

arctan Wio |
AUy, ) o=t
AUy /dz ) @=L
2d;oL;
(bil + 1)Li + 3bL3L$ '

Bi

arctan (

(16)

= arctan (

By recursively calling (15), the end position of the Nth seg-
ment’s midplane in the global coordinate frame [US,, WY ]
is expressed in terms of the coefficients for all segments k; =
(bi1, bis, ci1,diz) and L; (i € [1,..., N]). Then, the displace-
ment of the Nth segment’s midplane in the global coordinate
frame is simply calculated as

0 _ 770

ue = Upre — Loy W, = Wi, (17)

where L, is the original full length of the composite. Therefore,
virtual work done by end loads on the composite actuator, as
shown in Fig. 3, is calculated as

SWp = fo - 6ul. + po - Swly,. (18)

When loads are applied at an intermediate location rather than
the free end, one needs to segmentize the actuator before and
after the loading point separately. Then, the work term in (18)
is computed for the segments only before the loading point.

E. Work Done by Pressure to the ith Segment

The work done by the pneumatic source on the composite’s
ith segment and the final volume V; of the fluid channel under
pressurization for the ith segment are expressed as

Vi :/(1+e,;x)(1+e7;y)dv,;, 1e[l,...,N] (19
Vi

where v = 1.4 is the adiabatic coefficient of air and Iy, Py, Vp,
and V are the initial pressure, final pressure, initial volume,
and final volume, respectively, of the air channel during a
pressurization process. When actuated, the final volume V;; of
the fluid channel for the ith segment has the same volume as
D channel (i) — Pribs(s) and can be integrated in a similar fashion.
In addition, the initial pressure F; is assumed to be zero since
every actuated state can be considered as being actuated from
zero pressure, which means we assume a memoryless system.
Therefore, the work done by the pneumatic source on the com-
posite’s ¢th segment is simply

. — Py fvi(l + €ix) (1 + €iy)dV;

o (20)

F. Computation of Actuator Shape

The actuator’s equilibrium shape is obtained in response to
the external forces and pressure by minimizing the net energy
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TABLE II
GEOMETRIC PARAMETERS THAT CORRESPOND TO A SINGLE COMPOSITE
ACTUATOR (UNIT: MM)

Ly Ly L. C; cy, H h1 ho h3 h3a
110  31.75 20 105 26 82 37 18 21 09
hap, w1 wa t

1.1 8.0 6.0 2.0

TABLE III
MATERIAL PROPERTIES AND THICKNESSES OF THE LAMINAE CONSIDERED FOR
MODELING AND FABRICATION

Thickness (mm) FE; (MPa) FEs (MPa) vy = vy
Constraining layer (PP) 0.4 263 263 0.43
Fluidic layer (pure elastomer) 4.0 1.2 1.2 0.48
Regular EMC (reinforced elastomer) 2.0 1.5 170 0
Prestressed EMC 1.8 Nonlinear 170 0

using the variational Rayleigh—Ritz approach as

(X7 Piy) — 0T Wegy) — OWr
Ok;

where k; = (b1, bis, ¢i1,di2), © € [1,..., N], which results in
4N nonlinear algebraic equations. The 4N equations are calcu-
lated symbolically from (21), which are then solved numerically
with the Newton—Raphson method.

=0 @1

IV. MODEL-BASED STUDY OF FPC ACTUATOR RESPONSE

In order to determine the numbers of segments used in the
CCM, a convergence study is conducted with different numbers
of segments. Then, case studies are developed and conducted to
optimize the design of a composite actuator and develop a thor-
ough understanding of how different design parameters affect
curvature, flexural rigidity, and actuation effort. A parametric
study investigates the effects of design parameters, including
prestrain and fluid channel size, on actuator response. The
composite structure in Fig. 2 is considered with the dimensions
and material properties shown in Tables II and III.

A. Convergence Study of Actuator Curvature

To study the effects of the number of segments /V on the actu-
ator curvature, the CCM is run for different numbers, including
1,2,3,4,6,8, 12, and 16 segments. Here, N = 1 represents a
single segment, which equals the SRM. Three prestrains, 0.4,
0.25, and 0.15, are modeled for all numbers of segments. The
value of the prestrain indicates how much the bottom EMC layer
is prestretched. For example, 0.4 means the bottom EMC layer
is prestretched to 1.4 times its original length before it is bonded
to other layers. No load is applied and pressures are applied from
0 kPa with an increment of 27.6 kPa until the actuator curvature
is almost zero (flat).

Fig. 4 shows the convergence analysis results at the zero
pressure state. The modeled shapes of a composite actuator with
four different numbers of segments for prestrains of 0.4 and 0.15
are illustrated in Fig. 4(a). It is observed that the prestrain of
0.4 has a much larger curvature than the prestrain of 0.15. The
SRM with a prestrain of 0.4 does not yield a circular shaped
like the CCM, and the SRM with a prestrain of 0.15 yields a
slightly larger curvature than the CCM. With the new CCM,
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Fig. 4. Convergence analysis results at the zero pressure state. (a) Modeled
shapes of a composite actuator with different numbers of segments for prestrains
of 0.4 and 0.15. (b) Curvature versus the number of segments for prestrains of
0.4,0.25, and 0.15.

each segment is represented by a low-order polynomial function.
Therefore, the model will output a solution that does not have
a constant curvature. Because we designed our actuators with a
uniform construction along their lengths, they happen to have
nearly constant curvatures. As a result, we use curvature as
a simple metric for describing actuator shapes over the range
of prestrains and pressures examined. In order to calculate the
curvatures of the actuator, the modeled shapes are fit to circles
using least squares, as shown in Fig. 4(b). For a prestrain of
0.15, it is observed that the SRM (/N = 1) yields a similar
curvature as the CCM. For prestrains of 0.4 and 0.25, the SRM
deviates significantly from the CCM since the SRM predicts
shapes far from circular. All three curves tend to converge on
constant curvature values as the number of segments is increased
and indicate that using more than eight segments will have a
minimal effect on the calculated curvature for the range of initial
curvatures examined in this study.

Fig. 5(a) shows the curvature versus pressure for prestrains of
0.4,0.25,and 0.15 modeled with 1 (SRM), 4, 8, and 16 segments.
It is observed that the SRM fails at predicting larger curvatures
and agrees with the CCM for smaller curvatures. For the CCM
alone, CCM4 has alarger curvature than CCM8 and CCM 16, and
the difference decreases with increasing pressure. In summary,
the larger the expected curvature, the more segments should
be used in the CCM. As expected, the more segments that are
employed, the more converged the model results.

Fig. 5(b) shows the computational time for a prestrain of
0.25 with no pressure or force. The initial conditions for the
polynomial coefficients are set to be equal for all segment
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Fig. 5. (a) Curvature versus pressure for different prestrains and numbers of
segments. (b) Computational time for a prestrain of 0.25 with no pressure or
force.

numbers. The computational time is similarly low for segments
less than or equal to 4 (0.2-0.3 s) but is much higher for 12
segments and above. CCMB8 takes 3.8 s for this task. All results
are computed in MATLAB using a MacBook (Retina, 12-in,
Early 2015). Computational time varies little within the range
of prestrains and pressures studied in this article. The number
of segments is set to eight throughout the rest of this article due
to relatively high accuracy and low computational time.

B. Parametric Study

For a given set of construction materials, prestrain and the
width and height of the fluid channel have a major influence on
the gripper’s bending curvature, flexural rigidity, and actuation
effort. The width and the height of the fluid channel are C), and
hsq + hsp, respectively. In the dimensional analysis, the values
of C'y and h3, are varied, and the rest of the dimensions are
maintained as shown in Table II. Note that varying the lower
fluid channel height hg;, has a similar effect on the actuator’s
response as varying the upper fluid channel height hs,, which
is not examined here.

The flexural rigidities of a composite actuator along the X
and Z axes are defined in a similar way as for a cantilever beam

_ fol? ~ pol?
38, ° 34,

where 0, and §,, are tip displacements in the X and Z directions
caused by end loads f and pg, respectively, at a fixed fluid
pressure (see Fig. 6). The lever lengths [, and [, are the global
positions along the Z and X axes in the loaded equilibrium

K, (22)
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Fig. 6. External end forces applied on an initially curved composite actuator.
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Fig. 7. Response of an FPC actuator for different prestrains with CCMS. (a)
Curvature versus pressure. (b) Flexural rigidity along the X -axis versus pressure.

state, which are equal to WY, and Uy, as described in Sec-
tion III-D. In this article, we use K, for parametric studies
since it approximately aligns with the grasping direction, which
provides more information about grasping rigidity. To determine
the flexural rigidity at a fixed pressure, we first run the CCM to
find the unloaded equilibrium shape at that pressure. Next, §,, is
set equal to 10 mm to find f; and the loaded equilibrium shape
at that pressure using the CCM. Then, K, is calculated based on
(22). All parametric studies are conducted with eight segments,
CCMS.

Fig. 7 shows the response of an FPC actuator for different
prestrains. The values of C, and h3, are maintained at 26
and 0.9 mm, respectively, as shown in Table II. It is observed
that curvature versus pressure curves are almost parallel for
different prestrains, and the higher the prestrain, the higher the
curvature [see Fig. 7(a)]. To achieve a curvature of zero, higher
pressures are needed for higher prestrains. Flexural rigidity K,
is found to decrease with increasing pressure, and the higher
the prestrain, the larger the flexural rigidity [see Fig. 7(b)]. This
is because higher prestrains have larger lever lengths ., which
increase flexural rigidity according to (22). In addition, smaller
prestrains have steeper slopes, which is because the term [ in
(22) decreases faster for smaller curvatures. When the actuator
is actuated to be fully flat, . is zero, which leads to K, = 0.

The actuator response for different fluid channel widths C, is
shown in Fig. 8. The values of prestrain and h3, are maintained
at 0.25 and 0.9 mm, respectively. It is observed that increas-
ing Cy reduces the actuation pressure needed to achieve the
same curvature and flexural rigidity and increases the curvature
in the unactuated state. This occurs because increasing the
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Fig. 8. Response of an FPC actuator to fluid channel width with CCMS8.
(a) Curvature versus pressure. (b) Flexural rigidity along the X-axis versus
pressure.
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Fig. 9. Response of an FPC actuator to the upper fluid channel height with
CCMS8. (a) Curvature versus pressure. (b) Flexural rigidity along the X-axis
Versus pressure.

cross-sectional area of the fluid channel increases the available
actuation energy at that pressure. In addition, the higher C,
the more material reduction in the fluidic layer, the higher the
curvature in the unactuated state. In general, increasing C', leads
to softer actuators but requires lower actuation pressure to flatten
actuators and open up a gripper.

The prestrain and C, are maintained at 0.25 and 26 mm,
respectively, and the effects of the upper fluid channel height i3,
are modeled as shown in Fig. 9. Note that negative h3, means that
the fluid channel ceiling is below the actuator’s midplane. It is
observed that the slopes of both curvature and flexural rigidity
curves increase with hg,. This behavior is similar to varying
Cy. The overall effect of increasing C, or hs, is increasing
unactuated curvature, reducing flexural rigidity, but reducing
actuation effort to achieve the same curvature or flexural rigidity.

Within a given actuation pressure range, the maximum curva-
ture variation is obtained for C;y — L, and h3, — ho, which
may cause extremely high strain at high pressure states due
to extremely thin walls for the fluidic layer. Conversely, the
minimum flexural rigidity variation within a given actuation
pressure range is obtained for C, — 0 and h3, — —hayp, which
requires significant actuation effort to flatten the actuator. In ad-
dition, actuators with higher prestrains provide similar curvature
variation and smaller flexural rigidity variation within a given
actuation pressure range but require much more actuation effort
to flatten. In the following study, we maintain C, at 26 mm and
hs, at 0.9 mm since they generate relatively higher unactuated
curvature and require relatively less actuation effort to achieve
the same curvature or flexural rigidity.
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V. ACTUATOR PROTOTYPING AND GRIPPER DEMONSTRATION

To experimentally validate the CCM, three sample composite
actuators are fabricated with prestrains of 0.4, 0.25, and 0.15,
respectively. The fabrication procedures for each layer and the
FPC actuator are presented in Section V-A. Dimensions and
material properties of the FPC actuator are shown in Tables II
and III. Then, a soft gripper is constructed with three composite
actuator fingers to demonstrate its capabilities, as described in
Section V-B.

A. Actuator Prototyping

Each finger of the soft gripper is an FPC actuator fabricated
with four laminae: a prestressed EMC, a fluidic layer, a regular
EMC, and a constraining layer. The fabrication processes are
presented in Fig. 10.

Fig. 10(a) shows the fabrication steps for a 90° EMC. Two
silicone sheets are molded as shown in (i) and (ii). A layer
of 90° carbon fibers is created by removing 0° fibers from a
bidirectional woven carbon fiber fabric as shown in (iii) and
(iv). Then, the EMC layer is made by sandwiching the 90°
carbon fibers between two precured silicone layers using freshly
mixed liquid silicone rubber, as shown in (v). Bluestar Bluesil
V-340/CA 45 silicone rubber with shore hardness 45A is used
as the elastomeric matrix and for the fabrication of all elas-
tomeric elements in the composite actuators. The bidirectional
woven 3-K carbon fiber fabric is from Fibre Glast Developments
Corporation.

Fig. 10(b) illustrates the fabrication process for a fluidic layer.
A layer of silicone is laid out on the base mold to form the bottom
of the fluidic layer, as shown in (i). Molds for fluid channel,
length adjustment, and walls of the fluidic layer are placed on
the precured layer and base mold to form the fluid channel and
the wall as shown in (ii). These molds are 3-D printed with an
Ultimaker S5 using polylactic acid (PLA). If a different finger
length is desired, the mold for length adjustment can be reprinted
with a different size to easily change the finger length. A metal
tube is used as a mold to form a round pressure supply channel
with a diameter of 1.65 mm. Next, a paraffin wax mold is used
to create ribs inside the air channel. The paraffin wax mold is
made by casting wax into a 3-D printed polyvinyl alcohol (PVA)
mold [(iii) and (iv)], which is dissolved by water when the wax
becomes solid, as shown in (v). Then, the PLA mold for the
fluid channel is removed, and the paraffin wax mold for the ribs
is placed into the fluid channel. Fresh silicone is, then, poured
into the mold to create the ribs inside the air channel and the top
surface of the fluidic layer [(vi) and (vii)].

The fabrication steps for a composite actuator are demon-
strated in Fig. 10(c). A polypropylene (PP) constraining layer
with transverse ribs on one side is 3-D printed using an Ultimaker
S5. To make the composite actuator, a cured 90° EMC layer
is first stretched to the desired prestrain and held at its ends
by two grips, as shown in (i). Then, the prestressed EMC and
a regular EMC are bonded on either face of the fluidic layer
using a silicone adhesive (DAP Auto-Marine 100% RTV silicone
sealant), which takes 24 h to fully cure. Next, this intermediate
composite is put in an oven at 60 °C to melt the wax out, and
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Fig. 10. (a) 90° EMC fabrication. (b) Fluidic layer fabrication. (c) Construc-
tion of a composite actuator to serve as a gripper finger.

then restretched to the desired prestrain by the grips at the ends.
The constraining layer is bonded to the top of this three-layered
composite using a cyanoacrylate adhesive (Loctite 681925), as
shown in (ii). After the adhesive is fully cured, the mold for
the pressure supply channel (metal tube) is removed, and a soft
PVC tube (outside diameter 3.2 mm) is pushed into the round
air supply channel [see Fig. 11(c)]. Since the diameter of the
PVC soft tube is nearly twice as large as the molded supply
channel, the channel exerts a high compressive force on the tube.
This forms a tight bond and enables high pressure input without
air leakage. A sample actuator with 0.4 prestrain is shown in
Fig. 11, where the resulting composite has a curved shape in its
equilibrium state and can be pressurized to vary curvature.
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Fig. 11.  Cured composite actuator with 0.4 prestrain. (a) Unactuated equi-
librium state (0 kPa). (b) Actuated intermediate state (193 kPa). (c) Actuated
almost-flat state (386 kPa).
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Fig. 12.
objects.

Demonstration of composite actuator gripper grasping a variety of

B. Gripper Demonstration

A demonstration gripper is constructed with three composite
actuators as fingers. Each composite actuator is fabricated
with a prestrain of 0.25, and the dimensions are listed in
Table II. These actuators are clamped by fixtures connected
to a palm. The palm and fixtures are all 3-D printed with an
Ultimaker S5 using PLA. When pressurizing the three actuators
simultaneously, the gripper opens up to reach around objects.
Releasing the pressure returns the actuators to their equilibrium
unactuated states, hence closing the gripper and grasping an
object. To demonstrate its capabilities, objects of various shapes
are grasped by the prototype soft gripper, as shown in Fig. 12.

VI. EXPERIMENTS AND MODEL VALIDATION

Tests, including motion capture and loading, are performed on
composite actuators to validate model accuracy. With accurate
models for composite actuators under both small and large
deflections, shapes and flexural rigidities can be predicted for
different pressures and loading conditions.

A. Motion Capture Tests of Composite Actuators

Motion capture tests have been set up and performed on
composite actuators to measure their shapes as a function of
pneumatic pressure under quasi-static conditions, as shown in
Fig. 13(a) and (b). Composite actuators with prestrains of 0.15,
0.25, and 0.40 are fabricated, and each is clamped to a fixture
using bolts at its root. The actuators are pressured using a

IEEE TRANSACTIONS ON ROBOTICS

-
Pressure gauge

CY-

- 1'1* j‘
! oo ) N

=

6of:iil O P=0kPa

: O P=276kPa
O P=552kPa
L O P=827kPa
—~ 40 F. P =110 kPa
P =138 kPa
P =165 kPa
P =193 kPa
P =221 kPa
P =248 kPa

P =276 kPa

Z (mm

20}

oo

A
-60 -40 -20 0 20 40 60
X (mm)

(©)

Fig.13.  (a) Motion capture test setup. (b) FPC actuator equipped with markers.
(c) Measured coordinates of the markers for a composite actuator with a prestrain
of 0.25 at different pressures.

laboratory compressed air system with a pressure gauge and
a pressure regulator to measure and adjust the pressure. An Op-
tiTrack motion capture system with four cameras (resolutions:
1.3 megapixels) is used to track reflective markers placed along
the side of the actuator’s midplane [see Fig. 13(b)]. To obtain
the actuator curvature, the measured marker coordinates are fit
to a circle using the least squares method [see Fig. 13(c)]. The
fitted circles are plotted using black dotted curves in Fig. 13(c).

Using the large rotation model (CCM) described in Section IIT
with eight equal-length segments, the modeled composite shapes
(of the midplane) are obtained at different pressures for three
samples with prestrains of 0.15, 0.25, and 0.4. The modeled
shapes for the prestrain 0.25 case are compared to the experi-
mental shapes in Fig. 14(a). In order to calculate the curvatures
of the actuator, the modeled shapes are fit to circles using least
squares, and the curvatures from the model are compared to those
from experiments in Fig. 14(b). Here, the root-mean-square
deviation (RMSD), which is the square root of the mean square
error (MSE), is used to evaluate the circle fitting error for both
experimental and modeled shapes in Fig. 14(c). For each shape,
the MSE is calculated as the mean of the squared distance
between the fitted circle and each point on that shape. It is noted
that all RMSDs are significantly smaller than the fitted radius
(inverse of curvature), indicating the good fit of the circles with
constant curvature. The RMSDs for experimental shapes are, in
general, larger than those for modeled shapes. This is because
the modeled shapes are smoother than the experimental shapes,
where only seven markers were used for motion capture tests. It
is noted that the RMSDs for the modeled shapes increase with
pressure for all prestrains. This behavior is due to the absence of
an air channel inside the tip of the actuator, which has a slightly
different curvature than the rest of the actuator that contains
an air channel. The difference increases with pressure since the
pressure does not morph the tip of the actuator. However, both the
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Fig. 14.  (a) Comparison of shapes for a composite actuator with 0.25 prestrain
from measurements and CCMS. (b) Comparison of curvatures of composite
actuators from measurements and CCMS. (c) RMSD of least-squares-fitted
circles for composite actuators from measurements and CCM8.

difference and the RMSDs are small enough to assume constant
curvature for pure pressurization without loads. The RMSDs
for the experimental shapes are different for different prestrains,
which is mainly due to the imperfect alignment of the reflective
markers.

In general, the measured quasi-static responses of the com-
posite actuators match fairly well with the CCMS8 results. A
divergence is observed for (.25 prestrain at low pressure states.
This phenomenon may be caused by overpredicting curvature
due to the plane stress assumption. In addition, the ribs inside
the fluid channel have a cross-sectional area of 2 x 2 mm, which
violates the small thickness assumption in classical theory of
plates, where the thickness is assumed to be no greater than
one-tenth of the smallest in-plane dimension. The longitudinal
rib may contribute more to the divergence since it is aligned

Fig. 15.  (a) Experimental setup for bending tests. (b) Loading a sample with
a prestrain of 0.4 in the X -direction. (c) Loading a sample with a prestrain of
0.15 in the Z-direction.

with the direction of curvature. This may reduce the bending
flexibility and, hence, curvature. For 0.15 prestrain, it is also
noted that the slope is larger for the modeled curvature-pressure
curve. This may be because the extra energy needed for morph-
ing thick ribs inside the fluid channel takes a larger portion of net
energy for 0.15 prestrain than for larger prestrains. In addition,
although the strain energy for the ribs in the constraining layer
was found to be minimal and, thus, not modeled in the CCM, the
presence of the thicker ribs concentrates the strain due to bending
in the thin areas between ribs. This adds stiffness to the actuator,
which may explain why the experimental curvatures at the zero
pressure state for all prestrains are smaller than the modeled
results in Fig. 14(b). However, ribs in the constraining layer
cannot be modeled with the CCM since the ribs are thick (4 mm),
which violates the plane stress assumption. The model could be
modified to address these limitations with more advanced the-
ories, such as first-order or third-order shear deformation plate
theory for the analysis of relatively thick plates. In addition, the
experimental samples may have some dimensional variability
that would contribute to the divergence as well.

B. Loading Tests of Composite Actuators

Bending tests in both X and Z directions are performed
to validate the analytical model under loading and internal
pressurization conditions. A pressure gauge is used to measure
the applied pneumatic pressure. A setup to measure tip forces
for a composite sample is shown in Fig. 15. A Mark-10 ES20
load frame is used to apply a tip load to the free end of the
prototype composite structure, while the tip load is measured
with a Mark-10 ME-200 force gauge. The force gauge is con-
nected with fishing line to an end fixture that is 3-D printed and
attached to the free end of the composite actuator. In order to
keep the fishing line straight, horizontal, and free of contact
with the actuator except for the fixture, the Z-direction test
must be performed using a sample with a smaller end slope, in
which case samples with smaller prestrains are required. For the
X-direction test, a sample with a higher curvature is preferred
since the finger is more bent than drawn along its X -direction.
If a flatter actuator is tested, it will result in more axial pulling
than bending. Two samples with prestrains of 0.25 and 0.4 are
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Fig. 16. (a) Flexural rigidity along the X -axis versus pressure. (b) Flexural

rigidity along the Z-axis.

tested in the X-direction, and two samples with prestrains of
0.15 and 0.25 are tested in the Z-direction.

In order to determine the relationship between flexural rigidity
and pressure, forces are measured at a selected displacement for
a series of fixed pressures. The measurement procedure for each
pressure state consists of four steps.

1) Apply a desired pressure with no load.

2) Pull the composite actuator towards the force gauge for
10 mm at that pressure and hold the actuator in the bent
position.

3) Adjust the height of the actuator and align the actuator’s
endpoint with the measuring head of the force gauge.

4) Record the force.

Then, increase the pressure applied to the actuator by 4 psi
(27.6 kPa) and repeat the four steps above. This is repeated for
pressure states from O to 82.7 kPa. For each loading direction
and pressure, bending tests are repeated five times to examine
repeatability and to calculate the average value and standard
deviation.

Flexural rigidities are calculated from (22) for the average
measured forces and both displacements §, and J, equal to
10 mm according to the test procedure. The experimentally
determined flexural rigidities are then compared to the flexural
rigidities calculated from the CCMS force results in Fig. 16. It
is observed that the computational and experimental results for
flexural rigidity K, match fairly well for 0.4 prestrain. There is
some divergence in K, for 0.25 prestrain. The modeled flexural
rigidities K, exhibit similar trends as the experimental flexural
rigidities but have larger values, indicating that the modeled
actuators are softer than the physical samples. This is because
assuming plane stress underpredicts bending forces and the ribs
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in the constraining layer add extra stiffness to the actuator, which
are not captured by our model. Higher model accuracy can be
achieved by considering transverse stresses and including the
ribs on the constraining layer into the model.

VII. CONCLUSION

This article introduced an analytical model called the CCM
to model the quasi-static response of FPC actuators to different
loading and pressure conditions for both small and large curva-
tures. The model eliminates the limitations of small deflections
and constant curvatures, enables fast computation (200 ms to
multiple seconds), and provides a solution for developing fingers
for soft grippers.

A model-based parametric study was conducted to investigate
the effects of parameters influencing curvature, actuation effort,
and flexural rigidity. It was found that higher prestrains increase
the equilibrium curvature and flexural rigidity. In addition,
increasing fluid channel dimensions increases the equilibrium
curvature and reduces flexural rigidity, but reducing actuation
effort to achieve the same curvature or flexural rigidity.

FPC actuators were fabricated and shown to be able to
withstand pressures of up to 400 kPa. A soft gripper was
manufactured to demonstrate the grasping ability of the FPC
actuators. Motion capture and loading experiments were set up
and conducted to characterize the actuator response to pneumatic
pressure and loads and to validate the CCM. The experimental
and computational results matched fairly well, although there
was divergence for some cases, which was likely due to the ribs
inside the fluidic layer that did not meet the small thickness
and plane stress assumptions, and the ribs in the constraining
layer that added extra stiffness to the actuator. Higher model
accuracy can be achieved by considering transverse stresses,
using more advanced plate theories, and including the ribs on
the constraining layer into the model.

Further efforts include design and modeling of gripper in-
tegration using current analytical models. With these models,
the grasping capability of soft grippers composed of FPC actu-
ators will be determined. In addition, smart soft grippers with
embedded sensors will be investigated and developed. Further
development of the analytical model and analysis of smart soft
grippers would enable more precise control.
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