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On the flexible needle insertion
into the human liver

Veturia Chiroiu'™, Nicoleta Nedelcu?, Doina Pisla?, Ligia Munteanu?® & Cristian Rugin&!

In the present research, the navigation of a flexible needle into the human liver in the context of

the robotic-assisted intraoperative treatment of the liver tumors, is reported. Cosserat (micropolar)
elasticity is applied to describe the interaction between the needle and the human liver. The theory
incorporates the local rotation of points and the couple stress (a torque per unit area) as well as the
force stress (force per unit area) representing the chiral features of the human liver. To predict the
deformation of the needle and the liver, the elastic properties of the human liver have been evaluated.
Outcomes reveal that considering smaller deformations of the needle and the liver results in better
needle navigation mechanism. The needle geometry can enhance the penetration.

By suggesting the flexible bee needles as useful tools to transport drugs into the liver tumors, the needle naviga-
tion performance enhances"?. We refer to the insertion trajectory of the needle which should avoid the ribs,
blood vessels, and other organs to protect the liver’® (Fig. 1a). The bee needle has the advantage to reduce the
insertion forces and to ensure small tissue deformations. The literature reports a number of interesting papers
on the surgical needle navigation into the liver’~. The bee needle is displayed in Fig. 1b. The front angle has 157°,
the back angle, 110°, the height h is 0.5 mm, and the tip thickness b is 0.15 mm.

Another topic refers to the collision free trajectory of the needle to the target. This topic requires experience
in imaging the tumor location, in the liver structure and in the microstructural interaction between the needle
and the liver. Elastic properties of the liver, minimum execution time, minimum energy of the needle navigation,
load carrying capacity are some topics of interest.

The needle flexibility is essential for a good precision in the handling. Important concentration in strain and
stress and the topological changes of the liver are not to be neglected during the needle navigation towards the
tumor'®""3. Details of the forces during needle insertion into the liver are find in'%, the real time collision detec-
tion for virtual surgery in'’ and the minimal hierarchical collision detection in'. Optimization is required to
modify the needle trajectory in order to protect the liver'”!8, to manage the tumor risk'®, and to change the robot
architecture?*~?2. The inverse sonification problem for capturing hardly detectable details in a medical image is
treated in%, and the control in?*%7,

Microscopic investigation of the human liver offers details of its microanatomy with emphases to the granular,
fibrillar components and irregular solid-fluid interfaces®®~*. The basic functional unit of the liver is the hepatic
lobule which comprises a hexagonal and a portal triad-portal vein, hepatic artery, bile duct*"*2. Lobuli form a
two layers membrane with internal space of 100 A and the cellular elements with twisted, spiraling fibers braided
into the helical and screw-shaped gaps (pores) of 40-100 pm in size**~¢ (Fig. 2).

A straight line for the needle trajectory is typically used in the treatment of the liver tumors. But avoiding
the obstacles and reaching the regions currently inaccessible using straight line trajectory require the motion
planning algorithm for flexible needle insertion with integrative models of human liver*” with knowledge of the
interaction forces raised during needle insertion®®. The feedback force from the needle can be formulated as the
gradient of the potential energy of the soft tissue based on particle constraint®. The trajectories inside the liver
must be recorded by a camera to compare with the simulation trajectories in order to reduce the errors between
the experimental and simulation trajectories less than 0.8 mm™.

Development of a robotic system and control algorithms is discussed in*! with different topics related to
needle steering. Mechanics-based models are adapted from beam theories***%. In these models, the fact that the
needle deflection and tissue deformation are coupled is considered. 3D-needle shape reconstruction with an
array of fiber brag grating sensors is developed in*® and inventions were reported for guiding devices for needle
placement and performing the percutaneous computed tomography-guided surgical activity*—%.

Two challenges persist until now: what kind of material the liver is made of, and which is the interaction
between the needle and the liver. The present paper puts together results on the elastic properties of the human
liver, deformation of the needle and the liver, respectively.
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Figure 1. (a) The suggested trajectory towards the liver tumor; (b) Honeybee barbed needle inspired from!?.
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Figure 2. Representation of the hepatic lobule—basic functional unit of the liver.

Investigations on the human liver confirm a chiral (noncentrosymmetric) behavior providing evidence of
isotropy with respect to the coordinate rotations but not with respect to inversions. The Cosserat (micropolar)
elasticity is the appropriate theory that recognizes and describe the rotation of the cellular components as well
as the translation, the couple per unit area as well as force per unit area of the hepatic membranes, the size effect
in tension and bending, and the stress concentration near discontinuities*~*. It should be added that these
features cannot be described by conventional elastic theories. The chirality leads to a vibrational amplification
of the displacements and stresses which can be explained by a suitable adaptation of the liver dynamics to the
attractive and repulsive forces. The chirality-triggered oscillations suggest that the linearity is preserved at the

microscopic level, while becoming strongly nonlinear to the macroscopic scale.

Deformation of the needle

In this research, the common focus of a serial surgical robot composed of a revolute joint and a flexible needle,
was set to a reference Lagrange frame (X, Y, Z) of base vectors (ej, €3, e3) and origin O in the entry point of the
skin (Fig. 3). The Euler frame K (x, y, z) with origin in the joint and the base vectors (d;, d2, d3) is attached to the
needle. The angle between the flexible arm and axis x is 6. Bending and torsion of the needle are described by
the strain functions (u1, uz, u3). The robot has f degrees of freedom f = f; + f,, where f, =1 is the generalized

coordinate of the rigid system and f,=3 are the degrees of freedom of the flexible needle.
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Figure 3. Schematic of the needle with the Lagrange coordinate system OXYZ and the Euler coordinate system
oxyz attached.

According to the previous studies of Munteanu and Donescu®>, the orientation of the Euler axes relative to
the Lagrange axes are expressed by Euler angles v, and ¢

dy = (—siny sing + cos ¥ cos ¢ cos v)e; + + (cos ¥ sin @ + sin ¥ cos ¢ cos v)e, — sin v cos ¢ e3,
dy = (—siny cos @ — cos ¥ sin ¢ cos v)e; + +(cos Y cos ¢ — sin Y sinp cosv)e; + sinvsinges, (1)
d; = sinv cos ¥re; + sin v sin Yre; + cos ves.
Strain functions (u;, uz, u3) measure the bending and torsion of the needle as
u; =v'sing — ¥’ sin v cos ¢,
uy =V cosp + ' sinusin g, ()
us =¢' + vy’ cosv,
where (’ ) means the partial differentiation with respect to s—the coordinate along the central line of the needle.
Especially to our problem, u; and u, measure the bending of the needle, and the function u3 measures the

torsion of the needle. Therefore, u; and u, are components of the curvature of the central line denoted by « cor-
responding to the planes (yz) and (xz)

K* =l + 13 = v 4y sin’ v, (3)

while u3 is the torsion of the needle denoted by ¢
u3 =1 =¢ + ¥’ cosv. (4)

In this way, the needle is rigid along the tangential direction and the total length of the needle / is invariant,
the ends being fixed by external forces. .
The link between the position vector r = (x, y, z) and unit tangential vector d3 is obtained asr = j dsds, or

0
s s s

x(s) = /cosw sinvds, y(s) = /sinw sin vds, z(s) = /cos vds. (5)

0 0 0

To write the equations which describe the needle deformation, we introduce the inertia of the needle char-
acterized by the functions

(00A0)(s), (oI1)(s), (pol2(s), (6)

where pg is the mass density per unit volume, A, the area of the cross section, I, I, are geometrical moments
of inertia around the axis, which is perpendicular to the central axis and respectively around the central axis.
The exact set of equations of the needle with the ends fixed by the force F = — A with 4 = (41, /2, 43) becomes

—pi—J =0, )

kl(zﬁz sinvcosv — U) — k(¢ + &cosv) &sinv —A(w'2 sinvcosv — v”) + C(p" + ¥ cos )y sinv — A1 cosv cos Y — Ay cosusiny + 43 sinv = 0,

(8)
0 . . 0 ’
_5{](1]# sin? v+k; (9+yr cos v) cos v}+3—{At// 2 sin? v+C(¢'+V' cos V) cos v}+2; sin v sin Y —Jy sin v cos ¥ = 0,
s
)
d . ] 0 / /
kG cosv) + o (o + Y cosv) =0, (10)
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Figure 4. Two needle routes: the first route with a red tumor and the entry point A, and the second route longer
with a blue tumor and the entry point B.

where A and C are the bending stlffness and respectlvely the torsional stiffness of the needle, related to the Lame
constants 1, uby A = tra'E, C= ima*u, where E = M is the Young’s elastic modulus, and a is the
radius of the cross section of the needle, and

4 na“

na
p =Aopy =ma’py, ki =Ipo= — o ky =Lpo = - Po- (11

The system of Egs. (7)-(11) is exactly solved by the cnoidal method. As a result, the closed form solutions of
the Euler angles 6, ¥ and ¢ are derived®

cosv = ¢ = & — (& — §3)en’( M(§1 —G)E—&)m) = — (& — G)en’[w(E —&),m],  (12)
with m = gz = Sandw = |Ml({l £3),

_ 1 B+ (C—kpP)T -0 B —(C— k)t 83
Y= 1A —kp)Inr - M{w(—§3), [ ,m]— 1+ cus »ml},
(13)
T[C — A — (ky + k)v?] 1 B+ (C -kt
- £+
A— k2 4(A — kv2)2w2 1-2¢3 (14)
s B—(C—kv)r -
I s — — s > >
xT[w(§ — 53) s m] TG w s m)}

whereIl(x,z, m) = is the normal elliptic integral of the third kind. Functions {1, {3, 3 are solutions

f 1-z sn2 (y,m)
of the equation

¢ =al’> +b*—at +o (15)

1 C?7? 1 B2

For the present study, our objective is to determine the functions which measure the bending of the needle
(11 and u,), and the function which measures the torsion of the needle (u3). This can be done by (2). The strain
profile of the needle is computed for two needle routes as considered in Fig. 4. For the first route, the tumor is
red and the entry point is A and for the second route the tumor is blue with entry at point B.

with
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Figure 6. Function us for (a) the first route and (b) the second route.

Figure 5 represents the bending functions 11 and u; of the needle which depend on the coordinate along the
central line of the needle s, and the time ¢, for the route (a) and for the route (b), respectively. In a similar matter,
Fig. 6 represents the torsion functions u3 of the needle.

It is noteworthy that Figs. 5 and 6 show that the deformation of the needle depends on the needle trajectory.
For both cases, the deformation of the needle is small and finite without any tendency to grow towards chaos.
The strains operate in a solitonic regime in which the localized waves propagate for a long time without changes.
The soliton is a localized wave with an infinite number of degrees of freedom that conserve their properties even
after interaction among them, and then act somewhat like particles®. The basic idea is that the Egs. (7)-(11) have
unique properties that are locally preserved such as an infinite number of exact solutions expressed in terms of
the Jacobi elliptic functions or the hyperbolic functions, and the simple formulae for nonlinear superposition
of explicit solutions.

Degree of deformation of the honeybee barbed needle during insertion into the liver is caused by the flex-
ibility of the needle. The main parameters that determine the flexibility of the needle are the height h and the tip
thickness of the needle b (see Fig. 1b).

For study the effect of the needle parameters 4 and b on the stress change during the insertion, simulations are
carried out under different values for these parameters, as h = 0.5, 0.55, 0.6 and b = 0.15, 0.2, 0.25. The simula-
tion results are shown in Fig. 7 for b;a) h =0.5and b = 0.15; b) h =0.55and b =0.2;c) h = 0.6 and b =0.25.

We can see from the Fig. 7 that if the parameters i and b of the needle increase, the deformation of the needle
in the tissue also increases. The stress order of magnitude for h = 0.5 and b =0.15is 0.01, for h = 0.55 and b =
0.2 is about 0.1, while for # = 0.6 and b = 0.25 is about 0.17. We conclude that the larger parameters & and b of
the needle, the greater is the stress distribution.
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Figure 7. Insertion simulation results for different values of & and b; (a) h = 0.5 and b = 0.15; (b) h = 0.55 and
b=02;(c)h=0.6and b =0.25.

Elastic constants of the liver

Cosserat theory makes our work distinct from previous studies describing the elasticity of the human liver. In
spite of the fact that the liver was usually modeled as an elastic medium, we noted a rich dynamic behavior of
the human liver involving nonlinearity and chirality. Our findings show that the effect of the chirality leads to
a vibrational amplification of the elastic response of the liver due to the needle penetration, explained by the
adaptation of the liver dynamics to the attractive and repulsive forces (inter-atomic bonds). The human liver is
viewed as a spatial overlap of mesoscopic subsystems in which interferences overlap or are lost, as such it natu-
rally vibrates through overlapping the oscillations—and this result is a natural effect of chirality. Therefore, the
human liver can be regarded as an elastic chiral Cosserat material (noncentrosymmetric) characterized by the
fourth rank elastic constant*->

i dxy dxo dxp 2V

Conop = (—=1)*Cijpy = Cjpg = ————,  ij,k,1=1,2,3,
Qo oy g dog = (—D*Cju = Cyu desoen i, (17)

Ciju =
whereV = % is the potential energy of deformation per unit volume (elastic potential) of the hepatic lobule, U
is the total energy of the liver, 2 is the volume of the hepatic lobule, and ¢;; is the Lagrangian strain tensor, and

ad _1 x> ad X ]
0¢jj ) 0x; ]Bx, (18)

with X; the material or Lagrangian coordinates and x; the Eulerian coordinates.

After that, the potential theory* is defined by four terms: the free-electron energy Uy, then electrostatic Cou-
lomb energy U,s which is often called the Mandelung energy, the band-structure energy U, and the Born-Mayer
ion-core repulsive energy U,”’ %

U= Ufe + Ues + Ups + Us. (19)

Jankowski and Tsakalakos>® advanced that U,
1. -
= @ > exp(—pR™), (20)
n

is the predominant term for the evaluation of the elastic constants. The sum is extended to all nearest neighbors
points of coordinates (X, Y, Z) located at distances R™, R = /X2 + Y2 + Z2 with respect to the green atom
from Fig. 7, R™, & is the parameter of the repulsive energy and § is the repulsive range parameter®’. The & is
measured in Ryd (Rydberg) 1 Ryd=13.6 eV =2.092 x 10 ~2' ], and f in atomic units [ua]. These parameters
are evaluated from a genetic algorithm that use the experimental value of the elastic modulus of the liver E =
5.9359 Pa and Poisson’s ratio v = 0.49 available in®®.

The aim of the inverse problem is to use the difference between the experimental and theoretical values of the
Young’s modulus and the Poisson’ratio to provide a procedure that leads to the least disaccord between predic-
tions and experimental observations. We consider that & and § are approximated by polynomials of five degree
Pi(bsi—s,...>bsi), i =1,2,...,7, characterized by coefficients bj, j = 1,2,...,42. To calculate P;,i = 1,2, ...7
from experimental data, an objective function 3 is chosen to measure the agreement between theoretical and
experimental data
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Strain A[Pa] u[Pa] | k[Pa] x10%? | a[N]x10* | B[N]x10* |p[N]x10*
-0.040 |97.7806 |2.1033 | 459 2.0976 12.0833 2.0865
-0.036 |97.7703 |2.0876 | 432 2.0878 12.0775 2.0814
-0.032 |97.7657 |2.0456 | 401 2.0502 12.0656 2.0800
-0.028 |97.7587 |1.9981 | 396 2.0481 11.9961 1.9976
-0.024 |97.7498 |1.9978 |388 1.9934 11.9908 1.9974
-0.020 |97.7480 |1.9964 |387 1.9914 11.9904 1.9969
-0.016 |97.7398 |1.9956 |381 1.9897 11.9895 1.9958
-0.012 |97,7341 |1.9933 |374 1.9883 11.9891 1.9913
-0.008 |97.7034 |1.9928 |371 1.9878 11.9792 1.9900
-0.004 |97.6351 |1.9925 |366 1.9865 11.9725 1.9895
0.000 97.6037 | 1.9919 | 354 1.9849 11.9719 1.9819
0.004 97.5939 | 1.9909 |351 1.9839 11.9709 1.9809
0.008 97.5744 | 1.9874 |342 1.9814 11.9704 1.9776
0.012 97.3901 |1.9832 |340 1.9802 11.9695 1.9772
0.016 96.8372 | 1.9802 | 339 1.9782 11.9692 1.9707
0.020 96.6333 | 1.9745 | 336 1.9735 11.9655 1.9705
0.024 96.4403 |1.9698 | 332 1.9718 11.9598 1.9688
0.028 96.3012 | 1.9453 | 329 1.9653 11.9553 1.9552
0.032 95.7854 | 1.9245 | 324 1.9625 11.9545 1.9265
0.036 95.7840 |1.9203 |322 1.9603 11.9409 1.9213
0.040 97.7737 11.9189 |321 1.9518 1.9408 1.9177

Table 1. Estimates for elastic constants in the (X, Y, Z) coordinates as a function of strain.

42 2
) =271 "4 [z — )1,
j=1 i=1

vyhere z,'(bj), i = 1,2 are the predicted values of & and E ,and zl-e *P i = 1,2, are the experimental values of & and
B. The functions P;,i = 1,2,...,7, are estimated by a genetic algorithm. This algorithm assures an iteration
scheme that guarantees a closer correspondence of predicted and experimental values of & and B at each itera-
tion. A binary vector with 42 genes representing the real values of the parameters bj, j = 1,2. . .42, is used. The
length of the vector is six places after the decimal point. The domain of parameters b; €/ —aj, a;] with length 2a;
is divided into a least 15,000 equal size ranges. That means that each parameter b;, j = 1,2. .. 42, is represented
by a gene (string) of 22 bits 22! < 3000000 < 222, One indjvidual consists of the row of 42 éenes that is, a binary
vector with 22 x 42 components given by bgll—) b(l) . b(l) b(z)b(z) . b(z) b(42) (42) e . From one genera-
tion to the next the genetic algorithm usually decreases the ob]ectlve functlon of the best model. The starting
population is usually randomly generated. Then, new descendant populations are iteratively created with the
goal of an overall objective function decrease from generation to generation. Each new generation is created
from the current one by the main operations: selection, crossover and reproduction, mutation and fluctuation.
The alternation of generations is stopped when convergence is detected. If no convergence the iteration process
continues until the specified maximum number of generations is reached.

We report here the results of the genetic algorithm. The unknown & and f are obtained after 31 iterations.
The results of the genetic algorithm are & x 10° = 0.19 Ryd and = 10.22 ua.

Describe the constitutive equations for the isotropic centrosymmetric Cosserat solids as follows*->*
okl = AerrSii + (2 + 1)exs + K ekim (rm — Pm), (21)
my = a@r, S+ BPkl + V@i (22)

where oy is the Cauchy stress tensor, my; is the couple stress tensor, ex; = ; (ug1 + urk) is the macrostrain strain
tensor, u is the displacement vector and &gy, is the LeV1 Civita permutation tensor. Further, the microrotation vec-
tor ¢y, is distinct from the macrorotation vector ry = sklm Uy ), 1.€. @ refers to the rotation of points themselves,
while 7y, refers to the rotation associated with movement of nearby points. The comma denotes differentiation
with respect to spatial coordinates and a superposed dot indicates the time rate.

Involved elastic constants are the Lame elastic constants /4, and u, the Cosserat rotation modulus «, and the
first, second and third microrotation constants «, 8, y.

For a healthy liver without tumors, the estimates of the elastic constants 4, i, x,«, B and y are shown in
Table 1.

It is interesting to see from the Table 1 that the elastic constants of liver reduces all the way when the strain
increases from negative (compression) to zero and then to positive(extension) values. This is explained by the
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dependency of the liver elasticity on the size of the inhomogeneities and the surface/interface stress at the
micro-scale.

Finally, the results show that even small strains can affect the values of the elastic constants. The increase in
the strain reduces the value of the elastic constants.

Deformation of the liver during the needle insertion

The deformation of the needle is coupled with the deformation of the liver. To evaluate the liver deformation,
the connection between the needle and the liver is modeled as a spring layer with a very small thickness®*-%°. The
tractions are continuous but displacements can be discontinuous across the layer.

The evaluation of the liver deformation is simplified by discretization of the interface between the needle and
the liver, into tiny homogeneous cells®. Across this grid of points, a network of springs is introduced to ensure
that the behaviour inside each component is elastic and, in the case of perfect contact interfaces, a perfect contact
among different components.

Figure 9 represents a 2D spring model with a generic point O the tip of the needle. The nearest neighbours in
the liver are labelled from 1 to 8. It is thus possible to obtain the iteration equations for the deformation of the
liver starting from the deformation of the needle.

A Cartesian coordinates system (x, y,z) is attached to the human liver. The needle moves in the direc-
tion of the z-axis, in the origin of the cartesian coordinate. The concentrated needle force has a magnitude
F = Fy8(x)8(y)8(t). For simplicity without loss of generality we consider that 7} = 7, = - - - = 13 = F;. Also,
we assume the particular case in which all quantities depend only on x and z.

To this end, the constitutive relations (21) and (22) are completed with the kinematic description which
includes the microrotations ¢k, k = 1,2, 3, as independent degrees of freedom in addition to the usual displace-
ments u;, i = 1,2, 3. The transfer of loading between points in the liver is achieved through the couple stresses
mij, i,j = 1,2, 3 and the classical Cauchy stresses 0y, i,j = 1,2, 3.

The equilibrium equations are in the absence of body forces and body couples

gjij =0, (23)

mjij + ejxojk = 0, i,j,k=1,2,3. (24)
Define the kinematic variables as the strain tensor
1 ..
&ij = E(Vj,i +uij), 5j=123, (25)
and the strain gradient tensor

Nijk = Ejki = Mikjp b jsk =1,2,3. (26)

As we said before, the basic functional unit of the liver is the hexagonal hepatic lobule which comprises the
portal triad-portal vein, hepatic artery, bile duct.
The solutions in displacements u;, 1 and u3 of the Eqs. (23)-(26) are taken under the form

u(x, t) = ziin(x, t) + Zpontin (%, t), (27)

where the first term zj;, represents a linear superposition of cnoidal functions and the second term z,,opjin, @
nonlinear superposition of the cnoidal functions®

n
Zen(%,8) =2 ctmen? (kjx; — Cuit),  j=1,2,3, (28)

m=1

n
2_: Vmcnz(kmjxj — Cmt)

m=1

n
14 > Jmen? (kpjxj — Cit)
m=1

Zint(x, ) = , j=123. (29)

The analytic expressions of U; = %, U, = 2 and U3 = % are available once the displacements u;, u; and

us are specified. Variation of displacements Uy, (OJZ and U; with respect to x for the human liver is presented in
Fig. 8. Variations of the normal stresses T13 = GF—‘;,T31 = ‘%,ng = UF—? and T33 = ”F—303 with respect to x are pre-
sented in Fig. 9

Graphs from Figs. 10 and 11 illustrate an oscillatory behavior. After 1.5 s the graphs do not change signifi-
cantly, this means that the soliton functions with which these solutions are expressed are stabilized as form and
identity. The oscillatory phenomenon is a result of the emission of acoustic signals rich in ultrasound components
through which the liver atoms communicate between them to balance the liver state. The role of vibrations in
the strain and the stress fields depends on the ability of the liver to respond to loading conditions by making
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Figure 8. Representation of the twelve nearest neighbors of the green atom.
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Figure 9. 2D spring model for the interface between the tip of the needle and the liver®.

use of the vibratory communication between tissue and the needle. This communication is made by means of
excitation signals rather that the response signals alone. To our knowledge, this vibratory communication of the
human liver with the needle has not previously been recorded.

Snapshots at various time of the amplitude of the stress in the tip of the needle are shown in Fig. 12.

The deformation of the needle at t =400, 600, 800 and 1000 s. are represented in Fig. 13.

Conclusions

As mentioned in the introduction, the purpose of the present study is to investigate the navigation of a flexible
needle into the human liver. In our analysis, we adopted the Cosserat elasticity to describe the interaction between
the needle and the human liver. The theory incorporates the local rotation of points and the couple stress as well
as the force stress representing the chiral properties of the human liver. However, since the liver is a deformable
body that needs to be mechanically characterized, its elastic properties and deformation are evaluated. Estimates
of the elastic constants have been made for a healthy liver in the absence of tumors. Computations result from
the pseudopotential energy by retaining only the predominant terms in the evaluation of the elastic constants.

Scientific Reports |

(2021) 11:10251 | https://doi.org/10.1038/s41598-021-89479-8 nature portfolio



www.nature.com/scientificreports/

0.02- 0.02

-0.01 -0.01 AN
-0.041 -0.04 \\‘»-
-0.07F ' -0.07
-0.1 I | L ! ! -0.1 I | L | L
0 2 4 6 8 10 X 0 2 4 6 8 10 X
0.05 '
Us
0.02
— t=0.5sec
2 N O e _ t=1sec"
——- t=1.5sec
-0.04
0071
-0.1 | | | 1 1
0 2 4 6 8 10 X

Figure 10. Plots of U;, U, and Us with respect to x.

Scientific Reports|  (2021) 11:10251 | https://doi.org/10.1038/s41598-021-89479-8 nature portfolio



www.nature.com/scientificreports/

— t=0.5sec
e t=1sec "
——- t=15sec
e
\/—
0.4 I I I ! L
0 2 4 6 3 10 <

Figure 11. Plots of T}3, T»3 and T33 with respect to x.

Scientific Reports|  (2021) 11:10251 | https://doi.org/10.1038/s41598-021-89479-8 nature portfolio



www.nature.com/scientificreports/

100 200
t =800 sec t = 1000 sec

Figure 12. Snapshots at various time of the amplitude of the stress in the tip of the needle.

t =200 sec t= 400 sec t = 500 sec
S. Mises
(Avg75%
+2000e+01
+1 210401
+7316e+01
+4.425¢+00
+7923e-01
+5921e-01
I ; ; +2.166¢-02
t =600 sec t = 800 sec t = 1000 sec

+1.510e-02
+1.062¢-03
Figure 13. The deformation of the needle at t =400, 600, 800 and 1000 s.

+6.413e-03
+30792-03
*5.190e-04
+3.139¢-04
+1 899¢-04
+1.148¢-04

Scientific Reports|  (2021) 11:10251 | https://doi.org/10.1038/s41598-021-89479-8 nature portfolio



www.nature.com/scientificreports/

Received: 19 October 2020; Accepted: 15 February 2021
Published online: 13 May 2021

References

1.

Chiroiu, V. et al. Modeling the flexible needle insertion into the human liver. Proc. Rom. Acad. Ser. A Math. Phys. Techn. Sci. Inf.
Sci. 20, 1 (2020).

2. Sahlabadi, M. & Hutapea, P. Tissue defomation and insertion force of bee-stinger inspired surgical needles. J. Med. Device 12,
034501 (2018).
3. Dionigi, R. Medical Intelligence Unit: Recent Advances in Liver Surgery (Landes Bioscience, 2009).
4. Dremin, V. et al. Optical percutaneous needle biopsy of the liver: A pilot animal and clinical study. Sci. Rep. 10, 14200 (2020).
5. Abolhassani, N., Patel, R. & Moallem, M. Control of soft tissue deformation during robotic needle insertion. Minim. Invas. Therapy
15(3), 165-176 (2006).
6. Abolhassani, N., Patel, R. & Moallem, M. Needle insertion into soft tissue: A survey. Med. Eng. Phys. 29, 413-431 (2007).
7. Torzilli, G., Minagawa, M. & Takayama, T. Accurate preoperative evaluation of liver mass lesions without fine-needle biopsy.
Hepatology 30(4), 889-893 (1999).
8. Baker, N. E. Emerging mechanisms of cell competition. Nat. Rev. Genet. 21, 683 (2020).
9. Petrowsky, H. et al. Modern therapeutic approaches for the treatment of malignant liver tumours. Nat. Rev. Gastroenterol. Hepatol.
17, 755 (2020).
10. van den Bergen, G. Collision Detection in Interactive 3D Environments (Elsevier, 2004).
11. Okamura, A. M., Simone, C. & O’Leary, M. D. Force modeling for needle insertion into soft tissue. IEEE Trans. Biomed. Eng. 51,
1707-1716 (2004).
12. DiMaio, S. P. & Salcudean, S. E. Needle insertion modeling and simulation. IEEE Trans. Robot. Autom. 19, 864-875 (2003).
13. DiMaio, S. P. & Salcudean, S. E. Simulated interactive needle insertion. In Proc. 10th IEEE Symposium on Haptic Interfaces for
Virtual Environment & Teleoperator Systems 344-51 (2002).
14. Maurin, B., Barbe, L., Bayle, B. & Zanne, P, In vivo study of forces during needle insertions. In Scientific Workshop on Medical
Robotics, Navigation and Visualization (MRNV04), Germany, Remagen, 415-422 (2004).
15. Lombardo, J.-C., Cani, M.-P. & Neyret, F. Real Time Collision Detection for Virtual Surgery, Computer Animation (CA'99), May
1999, Geneva, Switzerland, 82-90 (1999).
16. Zachmann, G. Minimal hierarchical collision detection. In Proc. ACM Symposium on Virtual Reality Software and Technology
(VRST), Hong Kong, China 121-128 (2002).
17. Brisan, C., Boanti, C. & Chiroiu, V. Introduction in Optimisation of Industrial Robots. Theory and Applications (Editura Academiei,
2019).
18. Kataoka, H., Washio, T., Audette, M. & Mizuhara, K., A model for relations between needle deflection, force, and thickness on
needle insertion. In Proc. Medical Image Computing and Computer-Assisted Intervention Conference 966-974 (2001).
19. Pisla, D. et al. Risk Management for the reliability of robotic assisted treatment of non-resectable liver tumors. Appl. Sci. 10(1), 52
(2020).
20. Birlescu, I. et al. Complete geometric analysis using the study SE(3) parameters for a novel minimally invasive robot used in liver
cancer treatment. Symmetry 11(12), 1491 (2019).
21. Vaida, C,, Plitea, N, Pisla, D. & Gherman, B. Orientation module for surgical instruments—A systematical approach. Meccanica
48(1), 145-158 (2013).
22. Munteanu, L., Rugina, C., Dragne, C. & Chiroiu, V., On the robotic control based on interactive activities of subjects. Proc. Rom.
Acad. Ser. A Math. Phys. Techn. Sci. Inf. Sci. 21(2), 173-178 (2020).
23. Chiroiu, V., Munteanu, L., Ioan, R., Dragne, C. & Majercsik, L. Using the sonification for hardly detectable details in medical
images. Sci. Rep. 9, 17711 (2019).
24. Korayem, M. H., Nikoobin, A. & Azimirad, V. Trajectory optimization of flexible link manipulators in point-to point motion.
Robotica 27, 825-840 (2009).
25. Chiroiu, V., Munteanu, L., Ioan, R., Mosnegutu, V. & Girip, I. On the dL algorithm for controlling the hybrid systems. Acta Electron.
60(1-2), 58-65 (2019).
26. Chiroiu, V., Munteanu, L., Dragne, C. & Stirbu, C. On the differential dynamic logic model for hybrid systems. Acta Technica
Napocensis. 61(4), 533-538 (2018).
27. Majercsik, L. On the dL control applied to a Stewart platform with flexible joints. Rom. J. Mech. 4(1), 27-38 (2019).
28. Motta, P. M. The three-dimensional fine structure of the liver as revealed by scanning electron microscopy. Int. Rev. Cytol. 6,
347-399 (1977).
29. Ma, M. H. & Biempica, L. The normal human liver cell. Am. J. Pathol. 62, 353-370 (1971).
30. Jackson, R. L., Morrisett, J. D. & Gotto, A. M. Lipoprotein structure and metabolism. Physiol. Rev. 56, 259-316 (1976).
31. Saxena, R, Theise, N. D. & Crawford, J. M. Microanatomy of the human liver-exploring the hidden interfaces. Hepatology 30(6),
1339-1346 (1999).
32. Si-Tayeb, K., Lemaigre, F. P. & Duncan, S. A. Organogenesis and development of the liver. Dev. Cell. 18(2), 175-189 (2010).
33. Lim, Y.-J,, Deo, D,, Singh, T. P, Jones, D. B. & De, S. In situmeasurement and modeling of biomechanical response of human
cadaveric soft tissues for physics-based surgical simulation. Surg. Endosc. 23(6), 1298-1307 (2009).
34. Narayan, K. S., Steele, W. J. & Busch, H. Evidence that the granular and fibrillar components of nucleoli contain 28 and 65 RNA,
respectively. Exp. Cell. Res. 43, 483-492 (1966).
35. Habenschus, M. D. et al. In vitro enantioselective study of the toxicokinetic effects of chiral fungicide tebuconazole in human liver
microsomes. Ecotoxicol. Environ. Saf. 181, 96-105 (2019).
36. Takahashi, M., Takani, D., Haba, M. & Hosokawa, M. Investigation of the chiral recognition ability of human carboxylesterase 1
using indomethacin esters. Chirality 32(1), 73-80 (2020).
37. Chui, C. K., Teoh, S. H., Ong, C. J., Anderson, J. H. & Sakuma, I. Integrative modeling of liver organ for simulation of flexible
needle insertion. In International Conference on Control, Automation, Robotics and Vision ICARCV (2014).
38. Yang, T, Yin, H., Zhao, X., Han, J. & Xu, W. Interaction modeling and simulation of a flexible needle insertion into soft tissues. In
41st International Symposium on Robotics, ISR/Robotik (2014).
39. Tian, Y., Xiaohu, Y. & Prabhakaran, G.B., Haptic simulation of needle-tissue interaction based on shape matching. In IEEE Inter-
national Workshop on Haptic, Audio and Visual Environments and Their Applications (2014).
40. Gao, D,, Lei, Y, Lian, B. & Yao, B. Modeling and simulation of flexible needle insertion into soft tissue using modified local con-
straints. J. Manuf. Sci. Eng. 138(12), 1651 (2016).
41. Shahriari, N. Flexible needle steering for computed tomography-guided interventions, Report, PhD thesis University Medical
Center Groningen (2018).
42. Goksel, O., Dehghan, E. & Salcudean, S. E. Modeling and simulation of flexible needles. Med. Eng. Phys. 31(9), 1069-1078 (2009).
43. Asadian, A., Kermani, M. R. & Patel, R. V. An analytical model for deflection of flexible needles during needle insertion. In IEEE/
RSJ International Conference on Intelligent Robots and Systems (IROS) 2551-2556 (2011).
Scientific Reports|  (2021) 11:10251 | https://doi.org/10.1038/s41598-021-89479-8 nature portfolio



www.nature.com/scientificreports/

44. Khadem, M., Fallahi, B., Rossa, C., Sloboda, R. S., Usmani, N. & Tavakoli, M. A mechanics-based model for simulation and control
of flexible needle insertion in soft tissue. In IEEE International Conference on Robotics and Automation (ICRA) 2264-2269 (2015).

45. Roesthuis, R. J., Kemp, M., van den Dobbelsteen, J. J. & Misra, S. Three-dimensional needle shape reconstruction using an array
of fiber bragg grating sensors. IEEE/ASME Trans. Mechatron. 19(4), 1115-1126 (2014).

46. Stoianovici, D., Mazilu, D. & Kavoussi, L. R. (Inventors), and Johns Hopkins University (assignee), Robot for computed tomography
interventions, US Patent No. 7,822,466 B2 (2010).

47. Eklund, A, Tiensuu, A. & Nicklasson, E. (Inventors), and Radi Medical Systems AB (assignee), Medical Guide for Guiding a Medical
Instrument, US Patent Application No. 2008/0200798 A1 (2008).

48. Brabrand, K., et al. (Inventors), and NeoRad A/S (assignee). Needle Holder, US Patent Application No. 2012/0022368 A1, 26 January
(2012).

49. Cosserat, E. & Cosserat, E Theorie des Corps Deformable (Herman et Fils, 1909).

50. Eringen, A. C. Microcontinuum Field Theory Vol. II (Fluent Media, 2001).

51. Eringen, A. C. & Kafadar, C. B. Polar field theories. In Continuum Physics Vol. IV (ed. Eringen, A. C.) 1-75 (Academic Press, 1976).

52. Iesan, D. Existence theorems in the theory of micropolar elasticity. Int. J. Eng. Sci. 8, 777-791 (1970).

53. Iesan, D. Existence theorems in micropolar elastostatics. Int. J. Eng. Sci. 9, 59-78 (1971).

54. Forest, S. & Sievert, R. Nonlinear microstrain theories. Int. J. Solids Struct. 43(24), 7224-7245 (2006).

55. Munteanu, L. & Donescu, S. Introduction to Soliton Theory: Applications to Mechanics, Book Series Fundamental Theories of Physics
Vol. 143 (Kluwer Academic Publishers, 2004).

56. Chiroiu, V., Munteanu, L. & Gliozzi, A. S. Application of the Cosserat theory for modeling the reinforcement carbon nanotube
beams. Comput. Mater. Continua 19(1), 1-16 (2010).

57. Harrison, W. A. Pseudopotentials in the Theory of Metals (Benjamin, 1966).

58. Delsanto, P. P,, Provenzano, V. & Uberall, H. Coherency strain effects in metalic bilayers. J. Phys. Condens. Matter 4, 3915-3928
(1992).

59. Jankowski, A. F. & Tsakalakos, T. The effect of strain on the elastic constants of noble metals. J. Phys. F Met. Phys. 15, 1279-1292
(1985).

60. Jankowski, A. F. Modelling the supermodulus effect in metallic multilayers. J. Phys. F Met. Phys. 18, 413-427 (1988).

61. Tsakalakos, T. & Hilliard, J. E. Elastic modulus in composition-modulated copper-nickel foils. J. Appl. Phys. 54(2), 734-737 (1983).

62. Thomas, J. F. Pseudopotential calculation of the third-order elastic constants of copper and silver. Phys. Rev. B 7(6), 2385-2392
(1973).

63. Overmover, B. A., McLaren, C. E. & Brittenham, G. M. Uniformity of liver density and nonheme (storage) iron distribution. Arch.
Pathol. Lab. Med. 111(6), 549-554 (1987).

64. Dogan, F. & Celebi, M. S. Quasi-non-linear deformation modeling of a human liver based on artificial and experimental data. Int.
J. Med. Robot. Comput. Assist. Surg. 12,410 (2015).

65. Delsanto, P. P, Gliozzi, A. S., Hirsekorn, M. & Nobili, M. A 2D spring model for the simulation of ultrasonic wave propagation in
nonlinear hysteretic media. Ultrasonics 44, 279-286 (2006).

Acknowledgements

This work was supported by a grant of the Romanian ministry of Research and Innovation, CCCDI—UEFISCDI,
project number PN-III-P1-1.2-PCCDI-2017-0221/59PCCDI/2018 (IMPROVE), within PNCDI III and PN-III-
P2-2.1-PED-2019-0085 CONTRACT 447PED/2020. We mention that all authors have an equal contribution
to the work.

Author contributions

V.C,,N.N,, D.P, L.M. and C.R., authors of the paper entitled “ON THE FLEXIBLE NEEDLE INSERTION INTO
THE HUMAN LIVER’, declare that this article reports equal contribution of all authors in obtaining the results
and the whole theory. In addition, N.N., D.P. and L.M. wrote the main manuscript text, and V.C. prepares all the
figures and helps to reviewing of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to V.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:10251 | https://doi.org/10.1038/s41598-021-89479-8 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	On the flexible needle insertion into the human liver
	Deformation of the needle
	Elastic constants of the liver
	Deformation of the liver during the needle insertion
	Conclusions
	References
	Acknowledgements


