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Abstract

During the robot-assisted pelvic fracture reduction, the needle-tissue interactive deformation

characteristic is not clear, which affects the accuracy of robotic surgery. In this paper, a layered rig-

id-flexible coupling model is proposed, and the needle-tissue interactive deformation under the load-

ing is analyzed by the Rayleigh-Ritz method, in accordance with the principle of minimum potential

energy. The pelvic musculoskeletal tissue is reversely reconstructed, and the structure of the bone is

segmented into cancellous bone and cortical bone. The Mooney-Rivlin five-parameter hyperelastic

model is used to simulate muscle, and the Ogden hyperelastic model is used to simulate adipose tis-

sue. Finite element simulation is performed by loading different magnitudes of forces. The accuracy

of the rigid-flexible coupling model is 0.432 mm, which indicates the correctness of the needle-tis-

sue interactive deformation theory analysis.

Key words: pelvic fracture reduction, rigid-flexible coupling, needle-tissue interactive de-

formation

0 Introduction

Pelvic fracture is a common injury. Before robot-
assisted pelvic fracture reduction, multiple bone nee-
dles need to be inserted into the pelvic bone. The nee-
dles are held through the clamping device, which is al-
so connected to the robot. Under the influence of the
reduction force, both the circum-pelvic soft tissue and
bone needles are susceptible to uneven deformation or
stress concentration, directly affect the precision of re-
duction surgery. Therefore, it is necessary to establish
a refined rigid-flexible coupling model between bone
needles and pelvic soft tissue for analyzing the deforma-
tion characteristics during their interaction.

Many scholars have studied the deformation of
rigid-flexible coupling tissue. Ref. [1] discretized tis-
sues into grid nodes and employed the finite element
method to fit the trajectory of needle deflection in the
plane. Refs [2, 3] characterized the interaction be-
tween the needle and soft tissue as a series of linear
springs with constant stiffness, using the Euler-Ber-
noulli beam theory to estimate the deformation of the
puncture needle in soft tissue. Refs [4, 5] employed
a series of Kelvin-Voigt viscoelastic models to simulate

tissue forces along the needle cutting path. Ref. [6]
utilized a spring-damping model to simulate the me-
chanical properties of soft tissue. Ref. [7] decomposed
tissue deformation into a mass-spring-damping system ,
and established the stiffness matrix for the system.
Ref. [8] improved the Euler-Bernoulli beam theory
and established a coupled model for needle penetration
through multiple layers of tissue. Ref. [9] proposed a
virtual spring-supported cantilever beam model and em-
ployed the Rayleigh-Ritz method to predict the trajecto-
ry of needle puncture. Ref. [10] employed a coupled
Euler-Lagrangian finite element method to simulate the
penetration of a flexible needle through multiple layers
of pig liver tissue. Ref. [11] employed an energy-
based approach, decomposed the energy during the
needle insertion process into bending energy, deforma-
tion energy and work done in needle-tissue interaction.

Although many scholars have carried out research
on the mechanical model of soft tissue and the finite el-
ement analysis of soft tissue deformation, there is no
report on the interactive deformation of bone needles
and pelvic soft tissue under the action of large reduc-

tion force during the reduction of pelvic fracture. Most
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previous studies used single-layer soft tissue models.
Aiming at the unclear characteristic of needle-tis-
sue interactive deformation during the robot pelvic frac-
ture reduction, a kind of layered rigid-flexible coupling
is presented, and force analysis is carried out. The
Rayleigh-Ritz method is used to analyze the deforma-
tion of needles. Based on the computer tomography
(CT) data of the patient’s injured pelvis, the model of
the pelvis and soft tissue is reversely reconstructed.
The interactive deformation of needle-tissue is simula-
ted by applying forces of 100 N, 200 N and 300 N to
verify the correctness of the proposed rigid-flexible cou-

pling model deformation theory analysis.

1 Pelvic soft tissue modeling

1.1 Reconstruction of pelvic soft tissue

According to anatomical principles, the tissue

that the bone needles pass through are the skin, adi-

pose tissue, muscles and bones, as shown in Fig. 1.
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Fig.1 MRI of pelvic soft tissue

The patient’s pelvic CT data is imported into the
medical image processing software Mimics, and a
three-dimensional model of the pelvic skeleton and
muscles is reverse-reconstructed. The model is subjec-
ted to optimization processes, including noise reduction
and surface smoothing, using Geomagic software. Fi-
nally, the pelvic skeleton and muscles are assembled

by using SolidWorks to obtain the 3D model of the pel-

vic bone and muscles, as shown in Fig. 2.
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Fig.2 Reconstruction of 3D model

The human bones can be structurally categorized
into cortical bone and cancellous bone. Cortical bone
has a higher bone density. The trabecular arrangement
of cancellous bone is loose, and the texture is relatively
soft. The bone separation is carried out through Boole-
an operations, which can more accurately reflect the
characteristics of human bones. The 3D model of adi-
pose tissue is generated through operations such as ex-
tracting muscle and skeletal surfaces, thickening, and

other processes, as shown in Fig. 3.
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Fig.3 3D model of adipose tissue

1.2 Biomechanical modeling of soft tissue
1.2.1
In this paper, the Mooney-Rivlin five-parameter

Muscle tissue

model is used as the constitutive model of muscle for
modeling and simulation. The general form of the strain
energy function of the Mooney-Rivlin model is as fol-
lows.

W= (C,+Cy)U -3+ Cy (I -3

+ (Cn + COZ)(II -3
where, C,, , C,, , C, , C,, , C,, are material charac-
teristic parameters, W is the strain energy function,
and /, is the first invariant of the Cauchy tensor.

Under uniaxial quasi-static compression, the
stress in the loading direction is as follows.

ol =20\ - ADIC, +C, +2]

+20C, +Cp + G0N #2271 =3 (2)
where A is the elongation ratio, and the relationship be-
tween A and straineisA =1 + &.

The determination of the five Mooney-Rivlin pa-
rameters'?’ is C,, = 0.085 56 MPa, C, =
0.039 00 MPa,C,, =- 0.058 41 MPa, C, =
-0.023 20 MPa,C,, = 0.008 51 MPa.

1.2.2  Adipose tissue

Many studies have shown that the first-order Og-

den hyperelastic material constitutive model performs

well in simulating the mechanical properties of adipose
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tissue.
The strain energy function of the first-order Og-

den model can be defined as

Ogdl
W()gdl _u

«0gdl Ol Ol
o0 (A] + A5 + A5 -3)

(3)

1 2

* d()gd] (-] - 1)
where, A, , A, , A; are the stretch ratios in the three
main directions; u™" | a”" are constants for material

shear behavior; d”" is compressibility; and J is the
determinant of the elastic deformation gradient.
The deformation of incompressible materials satis-
fies the following constraints ;
J=A 00 =1 4)
Under uniaxial tensile load, the stretch ratio in
the main direction is A, = A, , and the ratio in other
directions is
)‘;fOAS = Ay = A4 (5)
The stretch ratio A, and strain &, also satisfy the
following relationship ;
A, =6 +1 (6)
Jebur et al. '"*' conducted a stress-strain test and
used Abaqus TM software to obtain the stress equation
in the loading direction ;

2 uOgdl _Lao‘{‘“ )

aOgdl ] 1
o, = PR (A — A2 ) (7)

J U

Al-Dirini et al. '™ performed stress-strain curve
fitting on quasi-static tensile tests on circum-pelvic fat
samples and obtained Ogden’s material parameters as u

=1.1667 x10” MPa,a = 16.2,p =0.92 g - cm’ .
2 Interactive deformation analysis

The reduction force output by the robot is trans-
mitted from the bone needles to the affected side of the
pelvis. Under the action of reduction force, the needle
interacts with the soft tissue and deforms.

2.1 Rigid-flexible coupling model

Robot-assisted pelvic fracture reduction can be
regarded as quasi-static. Considering the uneven char-
acteristics of biological tissue, an interaction model of
double-layer soft tissue and bone needles is proposed,
as shown in Fig. 4. One end of the needle is fixed on
the ilium, and the needle can be regarded as a slender
cantilever beam. Due to the nonlinearity of the struc-
ture, each layer is modeled as a nonlinear spring with
different stiffness and thickness.

The stiffness of lower soft tissue and upper soft
tissue is k, and k, respectively. The relationship be-
tween the F'(x) and the deformation x of a nonlinear

spring is shown in Eq. (8).
F(x)Z k(x +x3)
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Fig.4 Needle-tissue interaction model

2.2 Rayleigh-Ritz method

The Rayleigh-Ritz method'” is an approximate
solution to an unknown function. Based on the princi-
ple of minimum potential energy, the displacement that
minimizes the total potential energy is the actual dis-
placement of all possible displacements.

Firstly, the total potential energy of the needle-
tissue system is calculated. And then a polynomial is
chosen as the displacement equation for the bone nee-
dle. Lastly, the parameters in the displacement func-
tion are solved based on the condition of stationary val-
ues of potential energy.

The formula of calculating the potential energy of
the needles-tissue interactive system is

11 = Uped + Uinierar = Wik (9)

11s the bending energy of the bone needles,

total
where , U
U

tissue and the bone needles, and W,

work

ben

imteract 15 the mutual adhesion energy between the soft
is the work done
by the force acting on the bone needle.
(1)Bending deformation energy of bone needle
As the reduction force of pelvic fracture is large,
so the needles will be bent and deformed. The bending
deformation of bone needles U, , is defined as

_EI( dzv(z))z
Ubend - 2 jo(? dz (10)

where, v(z) is the deflection of the bone needle, E is
the elastic modulus of the bone needle, I is the second
moment of the area, and [ is the length of needle ex-
posed outside the bone.

(2) Viscosity energy of pelvic soft tissue

The interaction between the bone needles and the
soft tissue produces elastic potential energy, and the

energy U, stored in the elastic medium is calculated

interact
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as follows.
Z 2
1 v(z)
Unierar = 22 5k (7)A
interac g{‘) 2 1 COS(G(Z)) ‘
% 1 v(z) !
+ —k (7) 4
;) 4"\ cos(0(5)) ?
e B (11)
v(z
i 7k (7) AZ
z;] 22 cos(0(z))
Zy+2y 4
1 v(z)
A e e
FEZ'] 4 cos(0(z))

where, Z, is the thickness of muscle tissue layer, Z, is
the thickness of adipose tissue layer, the stiffness of
muscle tissue is k, , the stiffness of adipose tissue is k, ,
and 0(z) is the deformation angle of the bone needle.

(3) Work produced by applied load

The force exerted by the robot is uniformly dis-
tributed on the gripper, and the uniform load is ¢q. The
uniform load can be equivalently transformed into a
concentrated load F, whose magnitude is the sum of
the uniform load, and the action point is at the center
of the uniform load. The work done by the force is

Wwork = FV(Z3) (12>

where, v (z,) is the deflection of the bone needle at the

applied load.
A third-order polynomial is sufficient as the de-
formation curve of the bone needle.

V() =a, +az+a,z +ayz (13)
The initial conditions are
dv ()
V() = 0,000) = ”dzo =0 (14)

According to the principle of minimum potential
energy, the potential energy stationary condition is

a Htohl .
—=0,;=0,1,2,3 (15)
da,
From Eq. (14), a, = a, = 0 can be obtained.
According to Eq. (15), the parameters a, and a; can
also be obtained, and the deformation of the bone nee-

dle can be solved.

2.3 Needle deformation

") randomly selected 10 adult patients with

Song
pelvic fracture in the hospital, and used postoperative
CT to measure the average thickness of soft tissue with
the result of 31.82 + 5.43 mm. According to the ana-
tomical structure of the human body and Refs [ 16,
177, the biomechanical parameters of the double-layer
soft tissue are set, as shown in Table 1.

According to Eqs (8) — (15) and the parameters
of pelvic soft tissue and bone needle, the deformation

curve of bone needle is obtained when F is 100 N,

200 N, and 300 N, as shown in Fig. 5.

Table 1 Soft tissue parameters
Parameter Elastic modulus  Stiffness Thickness
/MPa /(N-mm™) /mm
Muscle tissue 0. 14 x 10° 0.048 22
Adipose tissue 0. 06 x 10° 0.023 10

18

16|

14

127

v(z)/mm

0 20 40 60 80 100 120 140 160
z/mm

Fig.5 Deformation of bone needle under different loads

It can be seen from Fig. 5 that the deformation of
the bone needle exhibits a nonlinear trend. As the ap-
plied force increases, the deformation of the bone nee-
dle gradually increases. Under 300 N load, the de-
formation of the end of the bone needle is 17. 63 mm,
which increased by 250. 08% compared with the de-
formation under 100 N load.

3 Simulation

3.1 Establishing a finite element model

The material of the gripper is defined as structur-
al steel. The material parameters of pelvic bones and
needlesare shown in Table 2.

Table 2 Material parameters

Elastic modulus Density Poisson

Name

/MPa /(kg-m™)  ratio

Cortical bone 1.70 x 10* 2.00 x 10° 0.30
Cancellous bone 1.50 x 10 2.00 x 10° 0.20
Bone needle 1.10 x 10° 2.77 x 10° 0.30
Clamper 2.00 x 10° 7.85 x 10° 0.30

The needles, clamper, and pelvic soft tissue are
meshed with tetrahedron elements. The element length
of the soft tissue model of the pelvis and the clamper is
set to 3 mm, and the length of the needle unit is set to
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1 mm. The element number of the model is 1 329 469,
as shown in Fig. 6. Fixed constraints are added to the
proximal femoral section, the superior surface of the
sacrum, and the sacroiliac joint. The contact condi-
tions between muscle and bone needle, as well as be-
tween muscle and bone, are set as ‘friction’ , with a
friction coefficient of 0. 3. The friction coefficient be-
tween bone and bone needle is set to 0.9. The condi-
tions of the remaining contact surfaces are set to

“boned’ .

Fig.6 Pelvic musculoskeletal model after meshing

3.2 Validation of biomechanical model

The bottom end of soft tissue is fixed as the
boundary condition for traction, with the top of soft tis-
sue as the traction site, as shown in Fig. 7. Displace-
ments ranging from 0 to 10 mm are applied upward to
the top of the iliacus muscle and adipose tissue. The
stress-strain simulation curves for the iliacus muscle
and adipose tissue are obtained and compared with the
theoretical calculations from subsection 2.3, as shown

in Fig. 8 and Fig. 9.

I Fixed Support

[#] Displacement ! EI

Iliacus Adipose tissue

Fig.7 Simulation of soft tissue traction

The root mean square error can be calculated ac-
cording to the following formula;

" 2
RMSE _ \/2 i=1 (Usimu,[ - O-Iheo.i) (16)

n

where, o is the simulation stress value, o, is the

simu theo

theoretical stress value, n is the amount of data.
The root mean square error( RMSE) between the

stress simulation value and the theoretical value of the
iliacus muscle is 0. 013 1, while that of the adipose is
0.010 5, both of which are less than 0.050 0. Compa-
ring the stress-strain theoretical curve with the simula-
tion curve, the trend and amplitude are basically con-
sistent. It verifies the validity of the finite element
model.

—— Simulation results
—@— Theoretical results
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Fig.8 Stress-strain curve of iliacus
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Fig.9 Stress-strain curve of adipose tissue

3.3 Simulation of layered soft tissue deformation

After simultaneously loading 100 N, 200 N, and
300 N on two needles, the simulation results are shown
in Fig. 10. The comparison of maximum deformation of
pelvic soft tissue under different loads is depicted in
Fig. 11.

It can be seen that the deformation is the greatest
at the end of the bone needle, while the sacrum exhib-
its the least deformation. For deformation of circum-pel-
vic soft tissue: adipose tissue > iliacus muscle > glute-
us medius > gluteus maximus. Therefore, the adipose
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tissue is more susceptible to damage during loading.

Type:Total Deformation Type:Total Deformation

Unit:mm Unit:mm

. 5.8152 Max . 10.899 Max
4.6522 7.37197

l 3.4891 . 5.5348
2.3261 3.6899

.1.163 .1.84‘49
0 Min 0 Min

(a)Deformation diagram under 100 N load (b)Deformation diagram under 200 N load
Type:Total Deformation
Unit:mm
. 18.063 Max

11.101

8.3258
‘ 5.4401
2.7753
l 0 Min

(c)Deformation diagram under 300 N load
Fig.10 Simulation results
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Fig.11 Maximum deformation of soft tissue

Theoretical calculation and simulation results for
the maximum deformation of bone needle are shown in

Fig. 12.
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- Simulation
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0.0
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Fig.12 Deformation results of needle

Under 300 N load, the theoretical calculation and

simulation of maximum needle deformation differ by
0.432 mm, which verifies the correctness of the estab-
lished needle-tissue interaction model. When the force
on the needle increases from 100 N to 200 N, the max-
imum  deformation of needle increases from
5.8152 mm to 10. 899 0 mm, an increase of
87.42% . When the force is 300 N, the maximum de-
formation of needle is 18. 062 0 mm, an increase of

210.60% .
4 Conclusions

(1) Considering the layered structural character-
istics of soft tissue, a double-layer rigid-flexible cou-
pling model is proposed. The Rayleigh-Ritz method is
employed to analyze the interactive deformation of nee-
dle-tissue. Under 300 N load, the maximum deforma-
tion bone needle is 17.63 mm.

(2) Segregating cortical bone and cancellous
bone, distinguishing muscle and adipose tissue, a re-
fined finite element model is established. Adipose tis-
sue deformation is greater than other soft tissue, reac-
hing 7.45 mm under 300 N load.

(3) Verifying the correctness of the established
needle-tissue interactive deformation theory analysis,
as well as the feasibility of applying it for deformation
study of rigid-flexible coupling model. The error be-
tween theory and simulation of the maximum needle de-

formation under 300 N load is 0.432 mm.
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