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Abstract: Sensing the deformation of soft sensor elastomer can realize the flexible operation of soft
robot and enhance the perception of human-computer interaction. The structural configuration
of elastomer and its elastic deformation force transfer path are crucial for decoupling sensing and
studying the sensing performance of three-dimensional force soft sensor. In this article, we present
a theoretical method for soft sensor with three-dimensional force decoupling-sensing. First, the
constraint types of parallel manipulator with three translational motion characteristics are analyzed
and used to set the constraint conditions for topology optimization. In addition, the differential
kinematic modeling method is adopted to establish the differential kinematic equation of the three
translations parallel manipulator, which is used as a pseudo-rigid body model for sensor information
perception. Second, combining the kinematic Jacobi matrix with solid isotropic material with penal-
ization the (SIMP), the topological model is built for designing of sensor elastomer. We optimized
the composition of the material and evaluate the model’s sensing capabilities. The results validate a
elastomer of soft sensor for unity between structural stiffness and perceived sensitivity.

Keywords: soft sensor; structural configuration of elastomer; three-dimensional force decoupling
sensing; topology optimization

MSC: 93-08

1. Introduction

Soft robot is made of flexible materials, such as silicone rubber [1], gelatin-glycerol
hydrogel [2], and so on, which can change its size at will. Compared with rigid robot, soft
robot has the characteristics of high compliance, adaptability and safety, and it has broad
application prospects in flexible intelligent manufacturing, precision medical treatment and
rehabilitation, ocean exploration, aerospace and other important fields [3]. The continuum
robot with Young’s modulus of 10* Pa~10° Pa becomes a soft robot [4], and its configuration
has infinite degrees of freedom (DOF) due to good compliant deformation movement.
However, some dynamic characteristics and the underactuated characteristics of distur-
bance can not be controlled in nature, for example, endoscopic surgery under the control
system of powerless perception may cause damage to other tissues and organs [5], and
real-time feedback control can not be realized [6]. Because the rigid sensor will destroy the
soft elasticity and flexibility of the soft robot as a whole, at present, the stretchable flexible
sensor is usually used to cover the surface of the soft driver, and the tactile sensing infor-
mation feedback is realized through the detection of voltage, current and curvature, rather
than using the internal sensor to obtain more accurate values [7]. With the development of
flexible wearable sensor technology, by simulating the dermal tissue structure and the sense
and touch principle of electronic skin to external pressure, researchers have proposed the
configuration composition of array [8] and cascade [9,10] flexible sensors, in order to solve
the technical problem of multi-dimensional strain identification and perception extending
from uni-axial deformation or multi-dimensional strain in two dimensional plane to three
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dimensional space. The multi-dimensional force sensor is composed of force bearing end,
elastomer, force sensitive elements (such as resistance, capacitance, piezoelectric and other
strain gauges) and corresponding circuits. The vector force is applied by the outside acts
on the force bearing end, causing the elastomer to deform, which is transformed into an
electrical signal by the force sensitive element and output by the detection circuit. The
deformation (size and direction) of the elastomer directly affects the sensing performance
of the sensor (sensitivity, state sensing, system response and stability, etc.), and the in-depth
disclosure of its configuration composition principle and mechanical mechanism will make
the flexible sensor get rid of the use of rigid materials, and realize the mechanical interface
level fusion between the flexible sensor and the soft robot, so as to achieve the real “soft”
in the sense. The configuration of flexible sensor elastomers such as an array type, lami-
nated type, origami structure and spatial mechanism fails to essentially solve the problem
of three-dimensional force flexible decoupling sensing of soft sensors [11-13], which is
specifically shown as follows:

(1) The traditional laminated flexible sensor adopts a three-layer structure filled with a
flexible substrate, force sensing element and composite material. The mechanical mis-
match between the filling material and the flexible substrate, weak interlayer adhesion
and interface defects hinders the improvement of the flexibility and electromechanical
performance of the composite material [14].

(2) The configuration composition of elastomer and its vector force decoupling sensing
mechanism is not clear, and the arrangement position of force sensing elements lacks
theoretical basis [15,16].

(3) There has a “symbiotic contradiction” between the overall structural stiffness and the
sensing sensitivity of the flexible sensor, which seriously restricts the development of
the soft sensor technology [17].

Topology optimization is a mathematical method based on the finite element theory to
optimize the material distribution in a given region according to the given load conditions,
constraints and performance indicators [18]. In order to solve the problem of “symbiotic
contradiction” between structural stiffness and high sensing sensitivity, the volume fraction
of nano-particles in the matrix was controlled, and the structural stiffness and strain sensi-
tivity we taken as optimization objectives, the perforated plate structure was designed by
Seifert et al. [19]. Nguyen et al. [20] proposed a robot joint torque sensor with a through-hole
spoke topology of the inclination sensing surface and a strain gauge, and optimized the design
to improve the configuration position and concentrated stress distribution of the strain gauge,
so as to improve the sensitivity of the sensor on the premise of ensuring the stiffness. Inspired
by the perspective of spatial mechanism, the external force is detected and output through the
sensing elements configured by the elastomer, and the number of sensing elements configured
should correspond to the vector of the external force [21-23]. To realize the detection of three
sensor information including bending and torsion, Youn et al. [24] adopted the structural
design method of three polymer coil wound sensors, and deduced the relationship between
the sensor output and the three degree-of-freedom (DOF) configuration of the flexible ma-
nipulator through artificial neural network. From different perspectives, researchers have
proposed diverse configurations of elastomers, such as origami structure [25,26], cantilever
structure [27], flexure hinge structure [28-30], parallel mechanism [31,32]. In view of topology
optimization literature including anisotropic material [33,34], spatial multi-DOF [35,36], etc., a
soft sensor elastomer design method combining topology optimization with structural config-
uration principle of spatial mechanism is proposed in this paper. The main contributions of
this paper are summarized as follows:

(1) In order to solve the “symbiotic contradiction” between the support stiffness and
the perceived sensitivity of elastomers, an elastomer configuration synthesis method
based on topology optimization is proposed.

(2) Taking the three DOF parallel manipulator with pure rotational characteristics as
the prototype, by combining its dynamic Jacobi matrix with the topology optimiza-
tion method, the isomorphic topological structure of the elastomer is obtained, and
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the three-dimensional force decoupling perception is realized through the dynamic
inverse solution of the parallel prototype manipulator.

(3) Combining the dynamic Jacobin gradient matrix with anisotropic composites, the
transmission of three-dimensional force acting on the end face of the soft sensor in the
elastomer is realized, and the transmission path of the forces and the configuration
position of the sensing element are determined.

The rest of this paper is structured as follows: In Section 2, the constraint type of
three-translational moving characteristics is analyzed, and the kinematic Jacobi matrix is
derived for mapping the elastic deformation of soft sensor. The topology optimal method
combining SIMP with kinematic Jacobi matrix is proposed, and the topological model
is derived in Section 3. Numerical experiment results are reported to demonstrate the
effectiveness of the proposed method in Section 4. Finally, conclusions are provided in
Section 5.

2. Description of Three-Dimensional Force Perception

The three-dimensional force sensor is composed of an elastic element, a sensing
element and a bridge circuit, and the measured force acts on the elastic element to deform
it and generate a strain. The strain proportional to the force is converted into a resistance
change by the sensing element, and the resistance change is converted into current or
voltage output value by the bridge circuit. It can be seen that the decomposition of the
three-dimensional vector moment in space is determined by the configuration of the
elastic element. According to the corresponding relationship between the constraint type
and the motion characteristics (macroscopic displacement caused by strain), the spatial
mechanism that can realize the three pure rotational motion characteristics can be used as
the elastic element structure type of the three-dimensional torque sensor. The theory of
reciprocal screws was used for the enumerating of the feasible limb structures of a class
of 3-DOF rotational parallel manipulators in [37]. The 3-UPC type parallel mechanism
is selected as prototype mechanism. The vector constraint type and kinematic of the
prototype mechanism are analyzed for topology optimization constraint form and the
mapping relationship between the three-dimensional torque acting on the elastic body and
the micro strain.

2.1. Analysis of Constraint Types in Topology Optimization

The 3-UPC type parallel prototype manipulator is composed by a moving platform,
fixed platform and three symmetrical links. Each link is composed by a universal joint (U)
which connected with the fixed platform, a cylindrical joint (C) which connected with the
moving platform, and an actuated prismatic joint (P) is used to connect the universal joint
with cylindrical joint. Its structural configuration is shown in Figure 1a. According to the
kinematic characteristics analysis in [37], the 3-UPC type parallel manipulator has three
pure rotational motion characteristics. The {0 — xyz} coordinate system is fixed to the fixed
platform. The connection point of the i limb lying on the fixed platform and the moving

platform are denoted by A; = (Aic, A;, Alz) and B; = (Bi, B;, B;) (i =1,2,3), respectively.
The moving and fixed platform are in the shape of an equilateral triangle, and the lengths
are b and 4, as shown in Figure 1b.
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Moving platform

Fixed platform

(a)

ZA

(b)

Figure 1. Prototype structure and constraint types of the parallel manipulator with three-translation
DOF. (a) The overview of prototype structure between the fixed platform and moving platform.
(b) Constraints of the prototype structure joints.

According to the screw theory, the screw system of link 1th can be expressed as

5 = (1 ﬁ,o,o,o,—\@”> (1)

2" 2 3
$, = (‘f %,0, 0,0, 0) )
$3 = (_\é@ cos@,—écos@,sin@,azsj;;,—;asine,0> 3)
$y = (;a—\flcosﬂ,?a—écos@,lsinG,0,0,0). 4)
$s5 = (0, 0,0, %a — g cos 0, ?a — écos 6,lsin6> (5)
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Considering the reciprocal screw systems by using $ o $; = 0, we obtain
§:(s,rxs): 3lsin6 / V/3lsin6 1 a ,—E,O ©)
2(a —+/3lcosh) 2(a—+/3lcosf)” "2v/3" 2

Remark 1. s- (r x s) = 0, it indicates that the constraint type of the links to the moving platform
are pure force constraint.

Remark 2. S-Sy5) = 0, it indicates that the constraint force direction is consistent with the axis
direction of the cylinder joint.

2.2. Elastic Deformation Transmission of Jacobi Matrix

Assume that the three kinematic rotational parameters are &, 8 and 1, respectively. The
initial topological convergence conditions is set as 1 x 10~ rad, without loss of generality,
the following approximation are adopted: sin(a) = w and cos(a) =1,anda-f=a -y =
B - v = 0. The above hypothesis applies equally to 7y and . The moving platform rotates
around the three force intersection point, and the rotation transformation matrix is given by

cBey —cBsy sp 1 -
R(a,B,7) = | —sasp+casy —sasPsy—+cacy —sacf | = 07 1 —u (7)
casPey +sasy  —casPsy +sacy  cocP -8 « 1

where sin(-) = s- and cos(-) = c-. As the prismatic joint is driver, and the value of
displacement actuated is Al;(i = 1,2,3), the vector equation is presented as

s = —
Ajo+00" =0'B] +BjA;, i=1,2,3 8)

Multiplying the rotational transformation matrix, transformed coordinate of B; is calculated,
yields to

B = BiR(«, B,7) ©)

Substituting the original coordinate frames into (7), the kinematic Jacobin matrix is derived
as follows

V3ah  2bh 2V3(a—b)b

All 32 2 312 n© 14
Ap | = | -3 ar B|=Ip|# (10)
Al 2v/3ah 0% 0%

=%z 0 0

where Jp is the kinematic Jacobin matrix, which can be used as elastic deformation trans-
mission combined with topological algorithm.

3. Topology Optimization of Soft Sensor
3.1. Topological Model with Displacement Sensitivity Analysis

The linear static kinematic with the finite element analysis is given by
F =Ku (11)

where K is the total stiffness matrix of structure, u is the total displacement vector of
structure, and F is the vector of load. Derivation (11) respect with the design variable,

we obtain 9K 3
u
Sy K= = 12
axi” + dx; 0 (12)
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where x; is the ith design variable. Considering the relationship between output displace-
ment, node displacement and elastic body acting moment, there has

N
u=Y uy,=J"'A (13)
i=1

and
uj(x) = u; (x(v)> I i(giﬁ)v@l B xi(v)) 1)

where Al is the vector of sensing distance of strain gauge, and x§v> is the iterative displace-

ment of the ith design variable. The optimal model of the elastomer is presented as follows

e=1i=1j=1 (15)

. . . . . - ien Hijvjx; .. .
where £ is density filter function, defined as %; = %, where j is the neighborhood
jen =ty v]

of an element x; with volume v;, and Hj; is a weight factor, N is the number of elements,

v =[v1,02- - OUN] T is volume of element, 7 is the convergence objective of designed volume.
The nodal force vector is f, and u(x) is the displacement of the design variable. u,i is the
ith element of the displacement vector, i,; is the jth element of the displacement vector. k.
is the stiffness of the element and p, is the density of the element. p is the penalty factor of
the intermediate material density, and its values range is defined as follows

2 4
pzmax{l_vo,1+vo} (16)

where 90 is the Poisson’s ratio.

3.2. Sensitivity Analysis

Derivation the volume constraint v(x) with respect to the design variable x(e), we obtain

dv(x) dv(x) 0x;
= — 17
0x, igf dx; 9x, (17)
where agg) = v; and g—zé = % As the hexahedral element structure is adopted
to mesh the partition grid, there has v; = v; = ve = 1. The compliance sensitivity is
satisfied with 3c(x) au(x) 3u(x)
c(x)  ,rou(x) Ty OU(x
axi - f axi - M(X) K(X) axi (18)

where the nodal displacement vector u(x) is the solution of the equilibrium equation
K(%)u(x) = f, and its derivation with respect to x; is satisfied with
JK(%)
axl-

ou(x)
8xi

u(x) + K(x)

=0 (19)
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Combining (18) and (19), we obtain
0 _
(;E:C) = —ui(x)Tpr 1E0k?ui(x) <0 (20)
1

0pe

o)

dc(x) _ (05T
ope

where algg) = a‘—;i 1 7 EOK? = px! _1E0K?, k? is positive definite. Derivation the objec-

i i
tive function respect with the design variables, we obtain

3 3 3 3 3 . 3 3
K+ Y il (x) BK) L)+ Lo (9 (;’K Y ui(x) +1<92i81p“7(x>> Y0 Y uw e
i= e

=1 Ie | i e i) =1 Pe iz

Without loss of generality, assume that input loads independence from design vari-
ables. Derivation the design variables of (15) respect with the stiffness matrix, yields to

oK &, 323:1 a‘T(x>
. Yl (x) + K== 5 =0 (22)
j=1 ¢
and
3 oy T (%
—gK Y ul (x) +K El:al w (¥ _, (23)
€ =1 e

Substituting K = YN | ok, into (23), the sensitivity of objective function is derived
as follows

3
= 1Y ) pif (x)p k() (24)

Set the volume as the optimization constraint, the partial derivative of the volume with
respect to the material density is given by

dv(x) a(predv) _
T (25)

3.3. Solution of the Topological Model

Based on the variation principle, the function equation that contains the compliance,
objective, and constraint functions can be built using the Lagrange multiplier. The update
iteration of the multi-input-output in the three-dimensional space is given by

min{ (m+ l)pgk), 1}

if min{ (1+m)pl, 1} < (D)l
(019"t

. S
if maX{(l - m)pék),pmm} < Dﬁk)) ot

< min{ (1+ m)pgk), 1

max{(l - m)pgk),pmin} if (ng))gpgk) < max{ (1- m)p£k>,pmin}

where pgk) is the iteration value of Kth step, pékH)

(26)

is the iteration value of k + 1th step, and
m = 0.1 ~ 0.3 is the moving limit constant and ¢ = 0.4 ~ 0.5 is the damping factor. Dék) is

expressed as

p=1y3 =T 3
pPe i U; KEY; {u;AE b
— J 1A(fk)v L (max(O,—a:))/A(k)Ve 27)
e e

AK) is the Lagrange multiplier with the volume constraint of kth step iteration, updated
adopting bi-directional convex linear programming method, and v, is the element volume
of kth step iteration.

D
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4. Experiments
4.1. Material Composition and Sample Preparation
With silica gel as the main material, we made five kinds of samples by adding different

proportions of glass fiber to enhance the stiffness of the material, and conducted tensile test
to obtain their respective modulus of elasticity, as shown in Figure 2.

tensile test instrument

Five kinds of samples

silica gel material
Figure 2. Tensile test of silica gel with different proportions of glass fiber.

The WDW-S50 tensile testing machine with an accuracy level of 1 has been used in the
experimental tests.The sample size is 90 mm long, 10 mm wide and 3 mm thick, and the
length of the working part is 50 mm. The formula for calculating the elastic modulus is

FL,

E= (T, — o)

where E is the elastic modulus, MPa; F is the load, N; Ly is the length of the working part,
mm; L is the length of th working part after loading, mm;  is the width of the sample, mm;
b is the thick of the sample, mm. The elastic modulus of samples with different proportions
of glass fibers is calculated as shown in Table 1.

Table 1. Elastic modulus of samples with different proportions of glass fibers.

Material 100 Percent Silica Gel 80 Percent Silica Gel 60 Percent Silica Gel = 40 Percent Silica Gel =~ 20 Percent Silica Gel
loading N 10 10 8 5 4
Length "‘Iﬂf; loading 67.8 63.4 69.4 67.5 64.2
Modulus MPa 0.936 1.244 0.687 0.476 0.469

80 percent silica gel refers to 10 g silica gel solution added to 8 g glass fiber powder mixed solution, the other
percentages are the same.

The experimental results show that glass fiber plays a strengthening effect in silica
gel. As the proportion of glass fiber increases, the elastic modulus changes as shown in
Figure 3.

The tensile stress gradually decreases after 80%. In this paper, 80% glass fiber and
silica gel mixture is adopted as soft sensor elastomer material composition.
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Temperature: 293 K
Strain rate: 350 s '
= No.l
® No.2
No.3
¥ No.4
No.5
<« No.6

Engineering stress/MPa

Stretch ratio

Figure 3. Elastic modulus of silica gel with different percentages glass fiber.

4.2. Topological Configuration of Elastomers

The design domain is a prismatic of dimension 50 mm x 50 mm at the basement,
and 30 mm x 30 mm at the moving platform, and height is 80 mm. It is discredited with
2000 eight-node elements with a hexahedral structure. The composition material of the
elastomer is defined with Young’s modulus of 1.244 Mpa and Poisson’s ratio of 0.3. The
three force inputs are assumed as 10 N, and the volume restriction is 20% of the given
design domain. Figure 4 displays the convergence process, and the stress nephogram is
shown in Figure 5, respectively.

Figure 5 shows that the stress nephogram of an elastomer with topological configura-
tion in x, y and z directions. The maximum stress are 1.071 x 10~! Mpa, 1.257 x 10~ Mpa
and 1.817 x 10~! Mpa along with x, y and z direction, respectively. The minimum stress
are —9.582 x 1072 Mpa, —1.126 x 10~! Mpa, and —1.764 x 10! Mpa along with x, y and z
direction, respectively. The displacement values of the elastomer with topological structure
are shown in Table 2.

0.009 [-a —— Compliance
0.008

0.007

lance

0.006

0.005

Compl

0.004
0.003

0.002

- »

Iteration

Figure 4. Topological convergence process.

Table 2. Displacement values of the elastomer.

Iteration Steps

x Axis Direction

y Axis Direction

z Axis Direction

(mm) (mm) (mm)
1 3.4713 x 1077 1.3480 x 10~7 3.2670 x 10~7
2 3.2860 x 10~7 1.0264 x 10~7 9.7858 x 107
3 42076 x 10~7 1.3570 x 10~7 1.8672 x 10~7
4 4.8672 x 1077 1.2687 x 10~7 5.2787 x 10~7
5 3.4713 x 10~7 1.3480 x 107 3.2670 x 10~7
6 5.5802 x 107 1.4675 x 10~7 8.1276 x 1077
7 6.9432 x 107 1.8236 x 10~7 7.1473 x 1077
8 7.8341 x 1077 2.0164 x 1077 7.1106 x 10~
8 8.2563 x 10~7 2.1648 x 1077 8.5329 x 10~
9 8.7902 x 107 2.2107 x 1077 8.3265 x 1077
10 9.8962 x 10~7 2.3817 x 10~7 8.7717 x 10~7
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(b)

(c)

Figure 5. Stress nephogram of the elastomer with topological structure. (a) x axis direction. (b) y axis
direction. (c) z axis direction.

4.3. Sensitivity of Soft Sensor

The experiment platform for sensitivity of soft sensor is built, as shown in Figure 6.

The type of resistance strain gauge is selected as 120-5AA, the resistance value is
120 ohm, and the size of wire grid is 5 x 3 mm. ASM9-4 static strain acquisition system is
adopted, ADC resolution is 24 bits, signal sampling rate is 20, strain measurement range
is —60,000™~+60,000 e, nonlinearity is less than 0.02%, strain measurement resolution is
0.1 ue. The experimental data of soft sensor x, 1 and z axes directions are derived as shown
in Figure 7.

The resistance strain gauge collected data through the static strain gauge, and the
deformation value of the elastomer under stress is obtained as shown in Figure 7. When
the loading torque changes from 0 to 2.5 N-m, the changes of the three groups of resistance
strain gauges used to detect the and directions are shown in Figure 7a,b, and the changes
of the six groups of resistance strain gauges used to detect the direction are shown in
Figure 7c, showing good linearity. It shows that topological elastomer, as a soft sensor of



Mathematics 2023, 11, 396

110f13

soft robot, has three dimensional vector decoupling sensitivity. The decoupling principle
can be analyzed and calculated according to (5).

— ¥

Figure 6. Experiment platform for sensitivity of soft sensor.
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Figure 7. Correspondence between strain values and load. (a) x axis direction. (b) y axis direction.
(c) z axis direction.
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5. Conclusions

Recently, soft sensor with their potential applications have a major role in flexible
intelligent manufacturing, precision medical treatment and engineering. In this paper, we
introduce a theoretical method for soft sensor with three-dimensional force decoupling-
sensing. Also, we present the prototype structure according to the parallel manipulator
with three-translational DOF, and its Jacobin matrix is used to construct the topological
algorithm combining with SIMP. Further, the material properties are considered to form the
structure of the soft sensor. Numerical experiment results validate the effectiveness of the
proposed design strategy. The results appear in this paper are seemed new to the literature.
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