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SUMMARY

This study presents an optimal design procedure including topology optimization and size—shape
optimization methods to maximize mechanical advantage (which is defined as the ratio of output
force to input force) of the synthesized compliant mechanism. The formulation of the topology
optimization method to design compliant mechanisms with multiple output ports is presented. The
topology-optimized result is used as the initial design domain for subsequent size—shape optimiza-
tion process. The proposed optimal design procedure is used to synthesize an adaptive compliant
gripper with high mechanical advantage. The proposed gripper is a monolithic two-finger design
and is prototyped using silicon rubber. Experimental studies including mechanical advantage test,
object grasping test, and payload test are carried out to evaluate the design. The results show that the
proposed adaptive complaint gripper assembly can effectively grasp irregular objects up to 2.7 kg.

KEYWORDS: Topology optimization; Size—shape optimization; Mechanical advantage; Compliant
mechanism; Compliant gripper.

1. Introduction

Compliant mechanisms are flexible members that can operate through elastic deformation. To
synthesize compliant mechanisms, topology optimization is one major approach, which begins with
an initial design domain with specific loading and boundary conditions. Generally, the first step of
topology optimization is to discretize the analysis domain into finite elements, and different numer-
ical algorithms can be used to identify the optimal layout of the material in the analysis domain.
The algorithms of topology optimization have been widely investigated and developed during the
past several decades.'™ The concept of traditional finite element-based topology optimization is to
remove inefficient elements from a discretized domain iteratively until an optimal material layout
is obtained. Traditionally, the element update scheme can be classified into two categories, hard-kill
and soft-kill. The hard-kill scheme deletes unnecessary elements directly from the structure, whereas
the soft-kill scheme reduces the pseudo densities (or elastic moduli) of inefficient elements to a small
positive value to represent void elements. A material interpolation and penalization scheme®™ can
also be used, which allows to vary the density of each element from a small value to one by a small
increment. The more recent approaches such as the bidirectional evolutionary structural optimization
(BESO) method'®"® and sequential element rejection and admission (SERA) method'* !> allow
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1384 Topology and size—shape optimization of an adaptive compliant gripper

elements to be removed and added simultaneously within each iteration according to the variations
of sensitivity numbers. A prespecified value for volume fraction, which is defined as the calculated
volume divided by the full volume of the analysis domain, is used as the constraint in the topology
optimization process. In topology synthesis of compliant mechanisms,'3->? the usage of numerical
springs located at the desired input and output ports of the analyzed compliant mechanism is one
general method to specify the input and output locations. Due to the presence of the input and
output springs in the analysis domain, the calculated nodal displacements are extremely small; thus,
linear elastic finite element formulation is valid in the topology optimization process. The objective
function of traditional topology synthesis of continuum structures is to minimize strain energy of
the analysis domain, which is equivalent to maximizing the structural stiffness while satisfying the
prespecified volume fraction constraint. For the synthesis of compliant mechanisms, the objective
functions are used to maximize mutual potential energy'*'® and geometric advantage (which is
defined as the ratio of output displacement to input displacement).!”"1%21:22° A non-dimensional
objective function based on the ratio of mutual potential energy and the sum of input and output
strain energy is also proposed,”> which can consider both geometric advantage and mechanical
advantage of the synthesized compliant mechanism by a user-specified advantage control parameter;
increasing the advantage control parameter would increase the geometric advantage and decrease the
mechanical advantage of the mechanism (and vice versa).”> Mechanical advantage is defined as the
ratio of output force to input force. The product of geometric advantage and mechanical advantage
of a mechanism is referred to as the mechanical efficiency.'®

Various topology optimization methods are used to synthesize compliant grippers.
dexterous robotic gripper is expected to perform grasping tasks for handling of objects with size and
shape variations, which usually requires several actuators to execute the planning motion. Since the
control strategy and mechanism become complex for a design with increasing actuators, the usage
of underactuated mechanisms becomes a good practical option.?® In contrast, compliant mechanisms
usually offer a unique feature (compared with rigid mechanisms) that allows compliant members to
be adaptive in a limited range during operation, and can also prevent possible damage to the objects
being handled. The materials with elastic moduli in the order of 10* ~ 10° are considered soft mate-
rials,”” which can be used to form soft mechanisms and robots. In contrast to rigid mechanisms and
robots that have moduli in the order of 10° ~ 10'2, soft robots such as soft hands,?®° soft grip-
pers,?+31:32 or soft manipulators®®34 usually have the ability to gently grip and maneuver vulnerable
objects. Soft graspers can be used in the handling of delicate food products*~3# as most natural food
products are variable in shape and easily bruised.>> Some special gripper designs for harvesting horti-
culture products such as tomato®*? and strawberry*! are also proposed. Some control schemes such
as constrained linear quadratic optimization method*>** and a feedforward controller based on both
flexible and rigid body modes** can be used for vibration suppression and robust tracking of flexible
systems. One possible disadvantage in the usage of soft compliant mechanisms than rigid mecha-
nisms is that the mechanical advantage of a compliant member is usually lower than that of rigid
mechanisms with the same dimensions. In other words, the output force of a compliant mechanism
is usually lower than its rigid counterpart at the same given input force.

Motivated by the need to minimize the problem of compliant mechanisms that usually generate
lower output force, this paper aims to develop an optimal design procedure including topology and
size—shape optimization methods to maximize mechanical advantage (or output force) of the syn-
thesized compliant mechanism. In addition, the proposed procedure is used to design an adaptive
compliant gripper with high mechanical advantage and multiple desired output ports. The remain-
ing part of this paper offers the following content: the formulations of the topology and size—shape
optimization methods are introduced in Section 2. The result of the optimal design of the proposed
adaptive compliant gripper is provided in Section 3. The proposed gripper is prototyped using silicon
rubber, and experimental tests (including mechanical advantage test, object grasping test, and pay-
load test) are carried out to evaluate the design. The experimental results are summarized in Section 4.
Finally, the conclusion is made in Section 5.

15,16,22,24,25 A

2. Optimal Design Methods

The optimal design methods used in this study consist of topology optimization method and size—
shape optimization method. The topology optimization method is used to synthesize the optimal
layout of the analyzed compliant mechanism. Then the identified optimal topology is used as the
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Fig. 1. Flowchart of the topology optimization and size—shape optimization procedure.

initial design domain for size—shape optimization. The flowchart of the proposed topology and
size—shape optimization procedure is given in Fig. 1. The optimization procedure starts with an ini-
tial design domain with prespecified boundary conditions. The finite element method is used to solve
the force equilibrium problem. The sensitivity number of each element can be computed by calcu-
lating the gradient of the objective function with respect to the design variable. A filter scheme is
used to avoid possible mesh dependency and checkerboard pattern problems*—*¥; then an averaging
scheme is used to increase the numerical stability of the topology optimization process. A soft-add
scheme?? is used to update sensitivity number and pseudo density of each element. Unlike the tra-
ditional hard-kill and soft-kill methods, a special characteristic of the soft-add scheme is that the
elements are equivalent to be numerically added into the analysis domain. After an optimal topology
of the analyzed compliant mechanism is obtained, the optimal layout of the structure from the result
of topology optimization is served as the initial design domain for size—shape optimization. The
size—shape optimization method used in this study is a mixed method combining both Augmented
Lagrange Multiplier (ALM) method*” and Simplex method.*” The design variables are updated using
Simplex method, and the objective function value is calculated using ALM method. On completing
the size—shape optimization procedure, the optimal design can be obtained. The detailed formula-
tions of the proposed topology and size—shape optimization methods are provided in the following
paragraphs. The numerical computation is performed in Matlab R2015 environment.

2.1. Topology optimization method for the design of compliant mechanisms with
multiple output ports

The proposed topology optimization method discussed in this section is used to synthesize a mono-
lithic compliant gripper for grasping irregular objects. The objective function of the proposed method
is capable of maximizing either mechanical advantage or geometric advantage of the analyzed com-
pliant mechanism with one input and multiple target output ports. The proposed approach is used to
design a two-finger compliant gripper. Two target output ports are defined for each finger in this study.
To minimize the problem of compliant mechanisms that usually generate lower output force, the
objective function of the proposed gripper is set to maximize its mechanical advantage. The working
principle of the two-finger compliant gripper is illustrated in Fig. 2(a). The half-symmetric compliant
gripper is actuated by an input displacement provided at the input port, and can generate grasping
motion through elastic deformation of the gripper. The desired output port #1 is at the fingertip of the
gripper, and the desired output port #2 is at the midpoint of the finger. The two-output port design
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Fig. 2. Working principle and grasping strategy of the compliant gripper (half-symmetric model): (a) working
principle of the two-finger compliant gripper, (b) grasping strategy for a convex object, and (c) grasping strategy
for a concave object.
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Fig. 3. Design domain and boundary conditions for topology optimization of the compliant gripper (half-
symmetric model): (a) design domain and (b) analysis domain.

is corresponding to the grasping strategy of the gripper, which is illustrated in Fig. 2(b) and (c). For
the scheme of grasping a convex object as illustrated in Fig. 2(b), the displacement output at the
desired output port #1 will help the finger to enclose the convex object. In contrast, for the scheme
of grasping a concave object as illustrated in Fig. 2(c), the displacement output at the desired output
port #2 will help the finger to accommodate the geometry of the concave object. The two-output port
design will help the finger to grasp objects with shape variation.

The design domain of topology optimization of the compliant gripper discussed in Fig. 2 is shown
in Fig. 3(a). As the desired gripper in this study is a two-finger design, a half-symmetric model is
used in the topology optimization process. The design domain in Fig. 3(a) consists of one input port
and two target output ports (for each finger). The expected contact region of the finger is defined as
the solid non-design domain, which is also the length of the finger. The desired output port #1 is at the
fingertip, and the desired output port #2 is at the midpoint of the expected contact region. Figure 3(b)
provides the analysis model for topology optimization, which is meshed by square finite elements.
Numerical springs (kj, and ko) are added at input and output ports in the optimization model. The
input force is specified at the input port, and dummy forces are specified at both output ports as shown
in Fig. 3(b). According to the dummy load method,'*!>25 each dummy load is a unit force applied
at the desired output port in the direction of the desired displacement. The design variable in this
study is the pseudo density of each element, which can be varied from O to 1 by a small increment.
The pseudo densities of the elements at the expected contact region (solid non-design domain) are
defined as 1 throughout the optimization process, whereas the elements in the right triangular region
(void non-design domain) in Fig. 3(b) are defined as O to represent the void elements. In practice, the
pseudo density of 0 is replaced by a small positive value x;, to avoid singularity.

The proposed objective function of topology synthesis of compliant mechanisms with one input
and n target output ports is formulated as the following strain energy-based function:

c= Z?:l giSmut,i
2TISin +2 (1 - 77) [Z?:] ;iSout,i]

where c is the objective function to be maximized; 7 is the advantage control parameter; decreasing n

would increase the mechanical advantage and decrease the geometric advantage of the mechanism;?3

,  Where Z;,-:l (D)
i=1
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¢ is the output control parameter (weighting factor), which controls the output ratio of each output
port; Sin, Sout, and Spye are input strain energy, output strain energy, and mutual potential energy,
respectively; their formulations are:

S =1 f o (i) € (1) AV @
2 Jo
1
Sout = 3 / 0 (Uour) € (Uou) AV 3)
Q
Smut = f o (Uout) € (Uin) dv “4)
Q

The energy-based objective function given in Eq. (1) is motivated by the objective function proposed
by Krishnakumar and Suresh,?® which can be used to generate compliant mechanisms with different
geometric and mechanical advantages by varying a single control parameter (). In addition to the
original objective function, a new weighting factor (¢) is proposed in this study to account for the
optimization problem with multiple output ports via the weighted sum method. To design a compliant
gripper with two target output ports (for each finger) as specified in Fig. 3, the objective function in
Eq. (1) can be reformulated as:

gl Smut, 1 + ;2Smut,2

Maximize: ¢ = 5
20Sin+2 (1 = n) [£1Souet + $2S0u2 ]
Subject to: KU, =F;; KU, =F,; KU;=F;
N
Do xVe=V" 0 <xmin <% <1
i=1
O<n<l; si+6=1 (6)

where F; is the global force vector while only the input force is acting at the input port; F; is the
global force vector while only the unit dummy force #1 is acting at the output port #1; F3 is the
global force vector while only the unit dummy force #2 is acting at the output port #2; K is the global
stiffness matrix; Uj, U,, and Us are the displacement vectors corresponding to the force vectors Fy,
F,, and F;, respectively; V* is the target volume; x; is the pseudo density of the ith element; xpin
is a very small positive value used to represent void elements numerically; V, is the volume of an
element; N is the total number of elements in the analysis domain; Sj, is the input strain energy; Sou. 1
and Soy 2 are output strain energy; Smu,1 and Smye2 are mutual potential energy; their formulations
are:

1 7 1 7 1 7
Sin = zUlKUN Sout,1 = EUZKUZ Sout,2 = §U3 KUs;

Smut,l - UgKUh Smut,2 - U3TKU1 (7)

The global stiffness matrix K is formulated as:

KZKS‘i’ZXIl-’Ke (8)

where K is the stiffness matrix of the numerical springs placed at the desired input and output ports
of the analyzed compliant mechanism; K, is the element stiffness matrix; p is a penalty factor.
The elemental sensitivity number can be obtained by calculating the gradient of the objective
function with respect to the design variable:
ac
= 9
Dei=7y- ©)
The filter scheme discussed in the BESO method!? is used in this study to avoid mesh dependency
and checkerboard pattern problems in topology optimization. The first step in the filter scheme is to
calculate the nodal sensitivity number a,, ;:
e o,
U= h (10)
ne
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Fig. 4. Update scheme.

where «, ; is the elemental sensitivity number obtained by Eq. (9); i and j denote the element number
and node number, respectively; 7, is the total number of elements connected to the jth node.
The filtered elemental sensitivity number can be defined as:

n
E Wi X Oy
- j=1"Wij n.j
G = (11

wi; = max(0, r —ry; (12)

where o, ; is the nodal sensitivity number; w;; is a weight factor; r is the filter radius about the center
of the ith element; r;; is the distance between the jth node and the center of the ith element; n, denotes
the total number of nodes within the circle of the filter radius.
The averaging scheme!? of the filtered elemental sensitivity numbers for every two successive
iterations is applied in this study to stabilize the evolutionary process:
~iter ~ iter—1
&;{?:%; iter=2,3, ... (13)

where ifer is iteration number; @ is the filtered elemental sensitivity number at specific iteration.

By using this approach, the updated sensitivity numbers include all previous historical sensitivity
information.

After filtering and averaging schemes are performed, a soft-add update scheme?®” as given in Fig. 4
is used to update the pseudo densities, sensitivity numbers, and the volume constraint. In the soft-add
scheme, the pseudo densities of all elements in the design domain are initially defined as x;,, and
the calculated volume of each iteration, V', is defined as:

V" =min(vy, Ar x iter) x Vo (14)
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Fig. 5. Equivalent trapezoidal linkage.

where vy is the predefined volume fraction constraint that represents the target volume of the opti-
mized compliant mechanism divided by the total volume of the global analysis domain; Ar is a
predefined variation value; ifer is iteration number; V| is the full volume when all elements exist in
the analysis domain. The calculated volume of each iteration is initially determined by multiplying
the iteration number, the variation value Ar, and the total volume V. The calculated volume V¢ is
linearly increased with the iteration number until the volume fraction constraint vy is reached, then
the calculated volume ;emains constant (vs x Vo) until the numerical computation is converged.

A threshold value o, of the sensitivity number for each local iteration (i7) is defined as the average
of the minimum and maximum elemental sensitivity numbers in a global iteration (iter). If the filtered
elemental sensitivity number of the ith element is larger than the threshold value, the pseudo density
of the ith element (x;) is increased by one increment Ax in the local iteration (it); otherwise, the
pseudo density is decreased by one increment in the local iteration if the filtered elemental sensitivity
number of an element is smaller than the threshold value. The pseudo density of each element is
initially assigned with the same value as xu;,, which is a very small positive value. In addition, the
pseudo density of each element can be varied (increased or decreased) from x,,;, to one with a small
increment Ax during the iterative process in this approach.

The volume of each global iteration can be calculated by summation of the pseudo densities times
the element volumes of the analysis domain:

Vlter Z %V, (15)

where N, is the total number of elements in the analysis domain; x; is the pseudo density of the ith
element; V, is the volume of an element. If the obtained value in Eq. (15) is different from the pre-
viously determined volume in Eq. (14), a new threshold value can be calculated based on the update
scheme in Fig. 4.

The following convergence criterion, which calculates the difference in the sum of the objective
function value for each successive five iterations, is used to check for the termination.

iter—5 iter
|Zn iter— 9 Zn:iterfét- Cn

<err,iter > 10 (16)

lter
n iter—4 Cn

where c is the objective function as given in Eq. (5); n is number; err is an allowable tolerance.

2.2. Size—shape optimization method

The optimal design of the compliant mechanism from topology optimization is used as the initial
design domain for the size—shape optimization process in this study. The flowchart of the proposed
size—shape optimization procedure is given in Fig. 1. The size parameters are extracted from the
optimal topology. A proposed equivalent trapezoidal linkage model is used in this study. In this
approach, the right-angled trapezoids are deployed to the optimized topology to approximate the
identified layout from topology optimization. Each trapezoidal link has one angle and three size
parameters as illustrated in Fig. 5, which are the angle of the link and height and two bases of the
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right-angled trapezoid. For example, in Fig. 5, the angle of link i is denoted as 6; (which is the angle
between x-axis and the right-angled leg of the trapezoid); the length of link i is denoted as i; (which is
the height of the right-angled trapezoid); the two bases of the right trapezoid are denoted as iy and i;.
The initial values of these parameters are identified from the comparison between the equivalent
trapezoidal linkage model and the identified layout from topology optimization.

A mixed method combining Augmented Lagrange Multiplier (ALM) method,* Simplex
method,*” and nonlinear finite element analysis (FEA) using commercial software is used in the size—
shape optimization process. As the flowchart given in Fig. 1, after the size parameters are extracted
using the previously described equivalent trapezoidal linkage model, the Simplex method is used
to update the design variables. The objective function value is calculated using the ALM method.
The augmented Lagrangian function, A(X, A, y,), is defined as the combination of the objective
function (which is mechanical advantage in this study), Lagrange multipliers, and penalty parameter.
The mechanical advantage of the half-symmetric gripper model is obtained using the FEA software,
ANSYS, to solve the nonlinear problem. A tolerance value is predefined for convergence evaluation.
If the difference of the highest and lowest augmented Lagrangian function values is larger than the
tolerance value (which is 0.0001 in this study), the Simplex method is used to update design variables,
which can calculate a centroid value for the reflection operation.** Then the Lagrange multiplier and
penalty parameter can be further updated to start the next round of iteration until convergence. The
numerical computation is implemented in Matlab R2015 environment, while ANSYS is executed in
batch mode to perform the geometrically nonlinear FEA. The objective function and constraints of
the size—shape optimization problem are formulated as:

Maximize: A (X, A, ) =f(X) + Y [a15 + 197

=1
—
where ¥; = max | g;(X), — (17)
2y,
Subject to: g;(X), j=1tom (18)

where A(X, A, y,) is the augmented Lagrangian function; f(X) is mechanical advantage in this study
(which can also be replaced by geometric advantage if the objective of optimization is to max-
imize geometric advantage instead of mechanical advantage); A; are Lagrange multipliers; y, is
penalty parameter; g;(X) are inequality constraints; m is the total number of constraints. The objec-
tive function given in Eq. (17) is the combination of mechanical advantage, Lagrange multipliers, and
constraints, which is equivalent to maximizing the mechanical advantage of the analyzed mechanism.

3. Optimal Design of a Compliant Gripper to Maximize Mechanical Advantage

The optimal design methods (including topology optimization and size—shape optimization) dis-
cussed in the previous section are used to synthesize a compliant gripper with the objective to
maximize its mechanical advantage. The design domain of the compliant gripper for topology opti-
mization is given in Fig. 3. The output control parameters ({; and ¢,) define the weighting factors
of the two target output ports (as given in Fig. 3); the ratios of both output ports are defined as
50% in this study. To maximize the mechanical advantage of the synthesized compliant gripper in
topology optimization process, the advantage control parameter (7) is defined as 0.01 according to a
finding from Krishnakumar and Suresh?? that decreasing 1 would increase the mechanical advantage
of the synthesized mechanism. The numerical parameters used in topology optimization of the com-
pliant gripper are summarized in Table I. The analysis domain in Fig. 3(b) consists of three regions,
which are design domain, void non-design domain (density = Xy,), and solid non-design domain
(density = 1); the analysis domain is discretized by 75 x 35 linear square plane stress elements.

The numerical computation of the topology optimization process is converged after 193 iterations.
Figure 6 shows the iterative results for the values of objective function and volume fraction. The left
y-axis of Fig. 6 is the objective function value calculated using Eq. (5), whereas the right y-axis is the
calculated volume fraction (Eq. (15) divided by full volume). Both objective function and volume
fraction values are unitless. It is to be noticed that the objective function value can be maximized
iteratively during the topology optimization process. According to the soft-add scheme discussed
in a previous section, the volume fraction value is linearly increased with the iterations until the
target volume (which is 20% of the analysis domain) is reached, then the calculated volume remains
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Table I. Parameters of topology optimization.

Parameter Definition Value
n Advantage control parameter 0.01
4 Weighting factor for output port #1 0.5
e Weighting factor for output port #2 0.5
vy Volume fraction 0.2
Ar Variation value 0.01
Xmin Minimum pseudo density 0.001
Ax Pseudo density increment 0.01
r Filter radius 35
4 Penalty parameter 3
err Allowable tolerance in convergence criterion 0.001
tol Allowable tolerance in update scheme 1073
k Numerical spring stiffness 10°N/m
F Input force 10°N
E Elastic modulus 21.6 MPa
v Poisson’s ratio 0.3
90 0.7
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Fig. 6. Iterative results of objective function and volume fraction values.
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Irer=20 Irer=40 Iter=60 1ter=80 Iter=100
Tter=120 1ter=140 frer=160 Irer=180 Iter=193

Fig. 7. Topology optimization of the complaint gripper (half-symmetric model): iterative results at some specific
iterations.

constant until convergence. The topology optimization results at some specific iterations are given
in Fig. 7, which is a half-symmetric model for the proposed complaint gripper. The white region in
Fig. 7 denotes elements with pseudo densities equal to xp;,, Whereas the dark region denotes elements
with pseudo densities equal to 1. Gray region denotes elements with pseudo densities between xpi,
and 1. The iter =193 result in Fig. 7 is the converged result of the topology optimization process. In
addition, it is to be noticed that the iterative results of the optimal layout do not change significantly
after 120 iterations.

The converged topology-optimized result given in Fig. 7 is used to generate the CAD model as
shown in Fig. 8(a), whereas Fig. 8(b) shows its equivalent linkage model for size—shape optimization.
Figure 8(c) shows the analysis condition of the finite element model for size—shape optimization. The
detailed parameters in the equivalent linkage model as shown in Fig. 8(b) are given in the trapezoidal
linkage model as shown in Fig. 9, where all design parameters for the size—shape optimization pro-
cess are summarized in Table II. The thickness of each trapezoidal link in this study is defined as 10
mm. Figure 8(b) is a simplified representative model of Fig. 9. As shown in Fig. 9, the right-angled
trapezoids are deployed to the topology model given in Fig. 8(a) to approximate the identified layout
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Fig. 8. Size-shape optimization model (half-symmetric model): (a) CAD model based on the topology-
optimized result, (b) simplified equivalent linkage model for size—shape optimization, and (c) finite element
analysis model for size—shape optimization.

Fig. 9. Parameters of the trapezoidal linkage model for size—shape optimization.
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Table II. Parameters of size—shape optimization.

Design variable Definition Initial value = Optimal value  Variation %
a Length of trapezoidal link a 27.0 27.32 1.2
ar Base #1 of trapezoidal link a 8.5 8.77 3.2
ag Base #2 of trapezoidal link a 5.0 2.99 —40.2
b Length of trapezoidal link b 57.0 57.29 0.5
by Base #1 of trapezoidal link b 4.0 4.30 7.5
by Base #2 of trapezoidal link b 1.0 2.00 100.0
C Length of trapezoidal link ¢ 42.0 42.34 0.8
cr Base #1 of trapezoidal link ¢ 35 3.82 9.1
Cs Base #2 width of trapezoidal link ¢ 3.0 3.33 11.0
O, Angle of trapezoidal link ¢ —98.0 —97.89 —0.1
d Length of trapezoidal link d 18.5 18.85 1.9
dy Base #1 of trapezoidal link d 4.6 4.94 7.4
ds Base #2 of trapezoidal link d 2.0 2.34 17.0
64 Angle of trapezoidal link d -7.0 —6.68 —4.6
e Length of trapezoidal link e 20.5 20.84 1.7
fi Length of trapezoidal link f 33.0 33.34 1.0
I Base #1 of trapezoidal link f 4.5 4.83 7.3
I Base #2 of trapezoidal link f 2.6 2.93 12.7
0 Angle of trapezoidal link f —126.0 —125.66 -0.3
8r Base #1 of trapezoidal link g 13.0 13.33 2.5
8s Base #2 of trapezoidal link g 4.8 5.13 6.9
0, Angle of trapezoidal link g —86.0 —85.66 —-0.4
hy Length of trapezoidal link & 8.0 8.35 4.4
hy Base #1 of trapezoidal link / 3.0 3.34 11.3
hy Base #2 of trapezoidal link & 2.5 2.84 13.6
i Length of trapezoidal link i 85.0 85.34 0.4
if Base #1 of trapezoidal link i 13.0 13.19 1.5
is Base #2 of trapezoidal link i 13.0 13.26 2.0
0; Angle of trapezoidal link i —107.0 —106.68 -0.3
ch; Chamfer distance: links ¢ and d 2.0 2.34 17.0
Mechanical advantage 0.2687 0.2930 9.0

from topology optimization. The initial values of these parameters summarized in Table II are identi-
fied from comparison between the trapezoidal linkage model and the identified layout from topology
optimization. As illustrated in Fig. 5, each trapezoidal link has one angle and three size parameters
until the existence of other design constraints. For example, links a and b are the contact surface of
the gripper, and 6, and 6, are predefined as the same constant value; thus 6, and 6, are not considered
as design variables in the optimization process.

In the size—shape optimization process, geometrically nonlinear FEA (using the commercial soft-
ware, ANSYYS) is performed to calculate the mechanical advantage at the condition when the input
displacement is 15 mm. Plane stress elements are used to mesh the size—shape optimization model
as given in Fig. 8(c). The edge size of each element is defined as 1 mm. The mechanical advantage
is obtained by calculating the ratio between the input force and vector sum output force as denoted
in Fig. 8(c). A spring element connected to the fingertip is defined in order to measure the output
force. The thickness of the gripper is 10 mm. The constraints of the size—shape optimization problem
include: maximum allowable equivalent stress is 7 MPa (which is the yield strength of the material),
and all size dimensions of the gripper should not be less than 2 mm (which is the minimum allowable
dimension for the gripper to be manufactured by water jet cutting). The initial value and maximum
value of the penalty parameter y, in ALM method are defined as 1 and 64, respectively.

The size—shape optimization process discussed in the previous section is used to identify the opti-
mal design parameters of the compliant gripper. The size—shape optimization procedure is performed
in Matlab environment. ANSYS is executed in batch mode to perform the geometrically nonlinear
FEA via the input code in ANSYS parametric design language (APDL) compiled from Matlab. The
ALM-Simplex algorithms and ANSYS are executed iteratively until convergence. The iterative pro-
cess is converged after 62 iterations. The initial values, final values, and variations of all parameters
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Fig. 10. Prototype of the compliant gripper: (a) no input displacement, (b) input displacement = 10 mm, and
(c) input displacement = 20 mm.

are summarized in Table II. It is to be noticed that there are eight variables with more than 10%
variation as summarized in Table II. Since the initial values of the size—shape optimization process
are already topology-optimized, the variations of many design variables given in Table II are not
significantly changed after size—shape optimization. The value of mechanical advantage is increased
from 0.2687 to 0.2930 after the size—shape optimization process, which increases 9% compared with
the original topology optimization design as shown in Fig. 8(a). The base #2 of trapezoidal link b (by)
is the parameter with largest variation (100%, from 1 to 2 mm) after optimization, which is caused
by the predefined minimum size constraint (as 2 mm is the minimum allowable dimension for the
gripper to be manufactured by water jet cutting).

4. Prototype and Experimental Tests

The optimal design (as summarized in Table II) of the compliant gripper after topology optimiza-
tion and size—shape optimization process is prototyped using water jet cutting (from a 10-mm-thick
silicon rubber sheet). The prototype is shown in Fig. 10, which also shows the deformed shapes of
the gripper when displacement input equals 10 and 20 mm. It is to be observed that the compli-
ant gripper can be actuated by the displacement input specified at the input port. Figure 11 shows
the input—output relationships of the compliant gripper at free movement condition (as illustrated in
Fig. 10). The input displacement versus output displacement relations for output port #1 and port #2
(as defined in Fig. 3) of the gripper are given in Fig. 11(a); in this experiment, the gripper is placed
on a grid paper and fixed at its fixed port. Both the input displacement at input port and the resultant
output displacements at output port #1 and port #2 are measured by calculating the number of grids.
The average geometric advantages of output port #1 and output port #2 are 2.6 and 1.5, respectively.
Figure 11(b) shows the input displacement versus input force relationship for the gripper; in this
experiment, a force sensor (Lutron FG-6005SD as shown in Fig. 12) is placed at the input port to
measure the required input force to generate specific displacement input for the compliant gripper
at free movement condition. Figure 11(b) shows that the input force required to generate 30 mm
displacement input at input port for the compliant finger is 23 N.

The experimental setup for mechanical advantage test is given in Fig. 12. In the experiment, one
single-axis force gauge (Lutron FG-6005SD) is placed at the input port to measure the input force,
and a three-axis force sensor (OptoForce OMD-20-SE-40N) is placed at the target contact location
(20 mm from the fingertip) to measure the output force at the fingertip (output port #1) at different
input displacement conditions. The three-axis force sensor is then moved to the target contact location
of output port #2 to measure the output force at the middle of the grip surface. The measurement
results from the mechanical advantage test at different input displacement conditions are given in
Fig. 13. Figure 13(a) shows the input and output force measurement results for one finger (a half
gripper). The mechanical advantages for output port #1 and port #2 at different input displacement
conditions are given in Fig. 13(b). It is to be noticed that the values of mechanical advantages are
different at different input displacement conditions and different output ports. The 15 mm input
displacement case for output port #1 measurement is the analysis condition in the previous size—
shape optimization stage. Comparing the predicted optimal value (mechanical advantage = 0.293) as
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Fig. 11. Input—output relationships of the compliant gripper at free movement conditions: (a) input displacement
versus output displacement, and (b) input displacement versus input force.

e |
—
Input port

Fig. 12. Experimental setup for mechanical advantage test.

given in Table II with the experimental result (mechanical advantage = 0.28) as given in Fig. 13(b),
the analysis result in the optimization stage has 95.4% accuracy.

Figure 14 shows the assembly of the robotic gripper, which consists of one linear actuator (HIWIN
LAS1-2), two identical silicon rubber grippers, and aluminum frame. Figure 14(a) shows the side
view of the gripper assembly, Fig. 14(b) shows the front view of the gripper assembly at open
mode, and Fig. 14(c) shows the front view of the gripper assembly at closed mode. The linear actu-
ator is used to generate input displacement for the gripper assembly. Two identical grippers are
stacked together in order to increase the contact surfaces to improve grasping stability. Grip tests are
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Fig. 13. Measurement results for one finger (a half gripper) from the mechanical advantage test: (a) force
measurement results, and (b) mechanical advantage results.
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Fig. 14. Gripper assembly: (a) side view, (b) front view at open mode, and (c) front view at closed mode.

performed to demonstrate the design of the adaptive compliant gripper. Nine different objects (lemon,
banana, power cable, plush toy, cucumber, book, helicopter toy, orange, and apple) handed by human
are used in the grip test. The results are shown in Fig. 15. It is to be noticed that the proposed design
can grip irregular objects with good adaptability (for both symmetric and nonsymmetric objects).
Payload tests for gripping both convex and concave objects as referred in Fig. 2 are performed
to identify the adaptability and maximum allowable payload for the gripper assembly (as given in
Fig. 14) at different operating conditions. The used convex and concave objects in the payload tests
are shown in Fig. 16. The convex object is an aluminum cylinder with diameter of 40.3 mm and height
of 50 mm. The concave object is a 3D-printed component with dimensions specified in Fig. 16; its
thickness is 25 mm. To investigate the effect of friction of object surface on the maximum payload,
an anti-slip foam tape is further applied on both objects to compare the identified maximum payload
with and without anti-slip foam tape. The payload test results are given in Fig. 17. The experiments
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Fig. 15. Object grasping test (objects include lemon, banana, power cable, plush toy, cucumber, book, helicopter
toy, orange, and apple).

Convex
object

Fig. 17. Payload test: (a) convex object (max. payload = 2.5kg), (b) concave object (max. payload = 0.7kg),
(c) convex object with anti-slip foam tape (max. payload = 2.7kg), and (d) concave object with anti-slip foam
tape (max. payload = 1.4kg).
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are carried out iteratively by gradually increasing the number of mass blocks in the tray hanging on
the gripped object. Figure 17(a) shows the payload test result for gripping the convex object without
anti-slip foam tape; the maximum payload is identified as 2.5 kg for this condition. Figure 17(b)
shows the payload test result for gripping the concave object without anti-slip foam tape; the maxi-
mum payload is identified as 0.7 kg for this condition. Figure 17(c) shows the payload test result for
gripping the convex object with anti-slip foam tape; the maximum payload can increase from 2.5 to
2.7 kg compared with the condition without anti-slip foam tape. Figure 17(d) shows the payload test
result for gripping the concave object with anti-slip foam tape; the maximum payload can increase
from 0.7 to 1.4 kg compared with the condition without anti-slip foam tape. The test results show
that the payload capacity varies according to the friction between gripper and object, as well as the
geometry of the object. The best measured payload for the gripper assembly is 2.7 kg. In addition,
the payload test results in Fig. 17 also show that the developed adaptive compliant gripper can grip
both convex and concave objects with good adaptability as the grasping strategy illustrated in Fig. 2.

5. Conclusion

An optimal design procedure including topology optimization and size—shape optimization methods
to maximize mechanical advantage of the synthesized compliant mechanism is presented. Topology
optimization is used to synthesize the optimum layout of the compliant mechanism, whereas size—
shape optimization is used to fine-tune the topology-optimized result. A new objective function for
topology synthesis of compliant mechanisms with multiple output ports is proposed, which can
take into account multiple output ports, mechanical advantage, and geometric advantage of the ana-
lyzed compliant mechanism through adjustable parameters. In order to increase the payload of the
developed compliant gripper, the advantage control parameter used in this study is set to maximize
mechanical advantage of the synthesized compliant mechanism, which is equivalent to maximiz-
ing the output force. The compliant gripper with higher mechanical advantage can grip heavier
objects. The proposed methods are used to design an adaptive compliant gripper with high mechani-
cal advantage. The topology-optimized result is used as the initial design domain for the size—shape
optimization process, and an ALM-Simplex method is proposed to perform size—shape optimiza-
tion of the topology-optimized result. The mechanical advantage of the topology-optimized gripper
is increased by 9% after the size—shape optimization process. As the initial values of size—shape
optimization are already topology-optimized, the variations of many geometric parameters are not
significant after size—shape optimization. The proposed maximum mechanical advantage gripper is
prototyped using silicon rubber. Experimental studies including mechanical advantage test, object
grasping test, and payload test are carried out to evaluate the performance of the proposed design.
The predicted mechanical advantage of the design in the optimization stage has 95.4% accuracy
compared with the experimentally obtained result. The maximum payload of the proposed robotic
gripper design is identified as 2.7 kg. The payload test results show that the load capacity of the
gripper can vary according to the friction between gripper and object, as well as the geometry of the
object. The gripping surface of the finger can be designed to be non-smooth to increase the surface
friction, thereby increasing maximum payload. The developed two-finger, monolithic rubber gripper
can grip objects through elastic deformation of its flexible structure. Further reliability analysis and
tests should be carried out if excessive load or long-term operation conditions are applied on the
design. The outcome of this study provides numerical methods to synthesize compliant mechanisms
with higher output force, as well as to present an adaptive, monolithic compliant gripper for grasping
irregular objects.
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