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Abstract
In order to solve the problem of real-time soft tissue torsion simulation in virtual surgeries, a

torsion model based on coil spring is proposed to actualize real-time interactions and applications in

virtual surgeries. The proposed model is composed of several connected coil springs in series. The

sum of torsion deformation on every coil is equivalent to the soft tissue surface deformation. The cal-

culation of the model is simple because the method for calculating the torsion deformation for each

coil spring is the same. The virtual surgery simulation system is established on PHANTOM OMNI
haptic device based on the OpenGL 3D graphic interface and VC ++ software, and it is used to sim-

ulate the torsion deformation of virtual legs and arms. Experimental results show that the proposed

model can effectively simulate the torsion deformation of soft tissue while being of real-time perform-

ance and simplicity, which can well meet requirements of virtual operation simulations.
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0 Introduction

Nowadays, aging population in China keeps in-
creasing. Compared with the United States and some
European countries |, practicing doctors per thousand
persons in China are far less sufficient and their age
distribution is also unbalanced, e. g., the younger
practicing doctors are much more than the older, which
poses new serious challenges to surgical training. Ad-
ditionally, it is difficult to obtain real human tissues or
organs for training, and they cannot be used repeated-
ly, which hinders quick and efficient training for young
doctors. With the development of virtual reality tech-
nology, the emerging virtual surgery simulation can ef-
ficiently solve the above issues.

Virtual surgery simulation system is composed of a
computer system and a force feedback system '*'. The
displayer in the computer system can provide vivid dis-
play of surgery simulation for operators, and the force
feedback system can provide accurate tactility, which
allows virtual surgery experiments more accurate, real-
istic, reliable and efficient”’’. The modeling quality of
virtual surgery determines the availability of the simula-

tion system. Human soft tissues, such as esophagus,
arm, trachea, thigh, intestine, appendix, gall blad-
der, stomach, and ureter may be twisted due to certain
lesions or diseases *'. Therefore, the study on the soft
tissue torsion simulation is of great value and signifi-
cance.

Generally, virtual soft tissue models can be divid-
ed into physical models and geometric models. Since
the physical models consume too much time during the
process of deformation, the geometric models are used
much more widely in the soft tissue deformation due to
fast real-time performance. For example, Zou, et al'’.
proposed a new meshless soft tissue deformation model
based on point interpolation via a radial basis function,
and set up a human liver model. The model can still
perform better under the condition of complex topology
changes, e. g., when performing cutting operation.
Nevertheless, when the volume of soft tissue is relative-
ly large, the real-time performance of the model will
degrade. Camera, et al"®. used location dynamic
methods and realized nephrectomy simulation by con-
structing a surgery simulation platform with the help of
a robot. However, when the area or volume of the de-
formed soft tissue becomes big, its elasticity will
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change with respect to iterations and constraint condi-
tions of used algorithms, which will affect the accuracy
of the model in deformation. Sack, et al'’’. used a
non-mesh Galerkin method to realize the simulation of
torsion and twisting deformation of virtual heart. Al-
though the method can perform the modeling and simu-
lation of heterogenous tissue, more experiments are
needed to determine local model parameters, which
will influence model practicality.

Based on biological nature of soft tissues in tor-
sion, this work proposes a new coiling spring model
with high accuracy, simple calculation and vivid inter-
active performance for meeting the requirements of the

virtual surgery system in accuracy, speed and reliabili-
ty.

1 Modeling of coiling spring model

As mentioned previously, surgical simulation re-
quires that the used models have both realistic and re-
al-time performances for soft tissue deformation. To
this end, the proposed coiling spring model conducts
soft tissue deformation via the superposition of torsional
deformation generated on all circles in a coiling spring.
When the proposed model is subjected to force, the
forced process will show through three steps.

1.1 Rectangular coordinate system establishment

Assuming that the coiling spring model is placed
at any point on the surface of the soft tissue, the rec-
tangular coordinate system of the model is established
as follows.

Under a given torque M, a coiling spring is set at
any point O on the soft tissue surface. Define A, as the
outer point of rotatable core axis of the coiling spring,
where the distance between point O and A, is defined as
r. The distance between A, and O is r, which is defined
as the radius of the rotatable core axis of the coiling
spring. Define O as the original point, and set up the
XYZ spatial coordinate system using the direction from
point O to A, as positive direction, as shown in Fig. 1.

Define the coiling spring according to every cir-
cle. The i" coil of coiling spring is a circle with radius

R, that is centered at 0(0,0,0) , radius R, is defined as

R, =r+ih (1)
where h is the thickness of the i" coil of coiling spring,
andt = 1,2,3,--- ,S, and S indicates the total coil

number of used coiling springs. The width of cross sec-
tion of the i" coil of coiling spring is b. The moment of
inertia of the cross section is

bh?
I'=" (2)

To determine the torque consumed by any coil of
the coiling spring, the action line of the given torque M
is assumed to be tangent to the circle to which point A4,
belongs. Under a given torque M, if a total of P coils of
coiling spring produce torsional deformation in the soft
tissue, then the P" coil of the coiling spring is defined
as cutoff layer of torsional deformation, and P < S.

Fig.1 Cartesian coordinate system

1.2 Torque calculation of coiling springs

Assume that the maximum torsional force con-
sumed by any point in the former P — 1 coils of coiling
springs under the action of the given torque M equals
F,. Also, the maximum torsional force ', consumed by
any point in the P" coil of coiling spring under the ac-
tion of the given torque M is equal, and no more than
F,.

In the former P — 1 coils of coiling springs, the to-
tal torque M, consumed by all points in the i" coil of
coiling spring is

M; =1, -F, =2=R, - F, (3)
where 1. is the effective length of the i" coil of coiling
spring, and R, is the radius of the i" coil of coiling
spring. The total torque M, consumed by all points in

the P" coil of coiling spring is calculated by
=

M, =M- M, (4)
=
Under the given torque M, the maximum torsional
force F, consumed by any point in the P" coil of coiling
spring is
M, M,
2wR, - 2nw(r + Ph)

Fp = (5)
1.3 Twisted coil number
The twisted coil number n, of torsion oils in the i"

coiling spring under the action of torque M, is calculat-
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ed in the following equation;
1.25M,1,
S 2wEl
' 1.25M' 1,
2wkl

where elastic modulus £ depends on biological charac-

i=1,23,,P-1
(6)

1 =

teristics of soft tissue, and [, is the effective length of

the i" coil of coiling spring, as shown in the following

equation ;
2wR, 1 =1,2,3,---,P -1
L =4mM, . (7)
— 1 =P
F,

2 Simulation experiment

2.1 Simulation pipeline

The simulation pipeline includes three stages: es-
tablishment of initial virtual scene, real-time computa-
In the first
stage, three-dimension (3D) models of virtual soft tis-

tion and human-computer interaction.

sue and surgical instrument are established to virtualize
the whole work environment. In the second stage, real-
time collision detection is implemented *”’. When the
collision between virtual surgical instrument and soft
tissue is detected, corresponding deformation of soft
tissue model will be carried out according to the magni-
tude of imposed torque. In the third stage, force feed-
back is calculated and transported to operators by hap-

HO the soft tissue

tic devices. After image rendering
deformation will be presented on the displayer, which
provides visual feedback for operators. The flow chart
of whole surgical simulation based on torsion deforma-

tion is shown in Fig. 2.

2.2 Experimental platform building

To verify the validity of the proposed model, a vir-
tual simulation platform is established. The hardware
configuration includes Intel i7 4.0GHz CPU, 8GB
RAM, NVIDIA GeForce GTX 750Ti graphics card,
liquid crystal display and PHANTOM OMNI force tact-
ile device of Senable Technology Company. The soft-
ware is composed of Windows 7, VC ++ 2016 and
OpenGL API. Calf and arm are selected as the simula-
tion objects in this study, and the simulation environ-
ment is shown in Fig. 3.

3 Experimental results

Virtual 3D model of calf is set up based on the
built simulation platform , which is twisted under the
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Fig.2 The flowchart of the model program

Fig.3 The simulation environment
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action of given torque. In the experiments, shear mod-
ulus G is set as 12.03g/cm’, the imposed torque M, is
set as 2. 07N * m, and the arm is simulated with 6185
particles and 12362 triangular meshes. Four sample
images from three operational stages are selected to
show the calf deformation process, as shown in Fig. 4.
Seen from left to right in Fig. 4, the first image is the
sampled image in initial stage, the second and third
images are both from in-operation stage, and the fourth
one is from the end stage of deformation simulation.
The torsion operation of arm is shown in Fig.5,
where four sampled images from four in-operation sta-

TTTT

ges are selected. Seen from left to right in Fig. 5, the
four images are captured at the beginning of the opera-
tion, the ending of the operation, one-third of the op-
eration, and two-thirds of the operation, respectively.

During the operation, the virtual display of tor-
sional deformation is smooth and clear, and the opera-
tor can detect continuous force feedback through the
hand controller. The experimental results show that the
visual and force feedbacks of arm torsion are better,
which can meet the requirement of surgery simulation
for real-time interaction.

Fig.4 Torsion simulation of calf

Fig.5 Torsion simulation of arm

4 Model analyses

4.1 Effect of torsion deformation

The visual feedback determines the accuracy of
virtual surgery operation and overall simulation effect.
Based on the same experiment platform, torsion opera-
tion based on the finite element model'”’ is operated

under the same torque and is shown in Fig. 6. Similar
to the torsion operation shown in Fig. 5, four images in
Fig. 6 are captured at the beginning, the ending, one-
third and two-thirds of the operation, respectively. By
comparing Fig.5 and Fig.6, the texture of the arm
simulated by model is clearer, the visual effect is bet-
ter, and the proposed model is superior to finite ele-
ment model in image quality of torsion simulation.
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Fig.6 Torsion simulation based on finite element model

4.2 Deformation time

Because of large amount of data calculation in the
interactive operation for virtual surgical simulation, fast
deformation is a basic requirement for virtual torsion
operation. The real-time simulation system requires
that the feedback time of surgery operation should be
within the time range that human can perceive and re-
spond to. Under the same experimental environment,

same torque is applied to the arm torsion simulations

based on the mass-spring model"® (MSM) , the finite el-
ement model (FEM), and the proposed model (PM).
The deformation time after implementing virtual torsion
operation is shown in Fig. 7. The experimental results
show that the total deformation time of the proposed
model is shorter than that of the finite element model
and the mass-spring model, which indicates that model
has better real-time performance.

20
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Deformation time (T/ms)
=

MSM

4.3 Deformation accuracy
In order to validate the accuracy of the proposed
model, 3D Max software is used to construct a virtual

arm model "

, where these parameters, such as the
arm length, finger length and model thickness are set
to be the same as that of real hand and arm under the

. . 15 .
same experiment environment'"”). Ten typical markers

FEM
Model

Fig.7 Deformation time

are selected on virtual arm model as well as real hand
and arm, respectively, to record and express the dis-
placement of every marker under the given same torque
according to arm’ s characteristic in shape and torsion.
The position of the ten typical markers on virtual arm
model is the same as that on real hand and arm, which
is shown in Fig. 8.
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Fig.8 The position of ten typical markers

It is assumed that the initial coordinate of the ten
typical markers on the virtual arm model in 3D coordi-
nate system is defined as O,(x,, y,, z,) , and the coor-
dinate after torsional operation is O, (x,, y,, z,). Dis-

placement H through torsional operation can be ex-

H = /(x _xo)2+(Y1 —}’0)2+(21 _z0)2
(8)

The torsional displacements of the ten markers on
the virtual arm model as well as real hand and arm are
shown in Fig. 9.

To verify model accuracy during the torsional
process, the 8th marker is selected as a sample point
for investigating continuous deformation effect, whose
displacement is recorded with time during the torsion
operation. Torsional deformation is implemented under
the same torque based on the mass-spring model, the
finite element model, the real soft tissue and the pro-
posed model, respectively, as shown in Fig. 10. The
experimental results show that the difference between
the displacement based on the proposed model and the
displacement on real hand is the smallest, compared
with other two models. Also, the proposed model can
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Fig.10 Displacements of the 8th marker during a continuous torsional process
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achieve accurate torsion within short time when large
deformation occurs, which indicates that the proposed
model has high accuracy.

4.4 The evaluation of experimental effect

In order to verify the comprehensive performance
of the proposed model, 40 physicians as subjects are
randomly selected in the First Affiliated Hospital of
Nanjing Medical University. Among them, there are 20
intern physicians, defined as A, (male 7, female 13) ,
whose average age is 23, ten associate chiel physi-
cians, defined as B; (male 6, female 4) , whose aver-
age age is 30, and 10 chief physicians, defined as C,
(male 7, female 3), whose average age is 46. Ac-
cording to experience of inter physicians, associate
chief physicians and chief physicians, three evaluation
weights, 1. e., 0.2, 0.3 and 0.5, are assigned to
them, respectively. Nine evaluation indexes are de-
signed to evaluate the proposed model. The 9 evalua-
tion indexes include effectiveness, force feedback per-
formance, real-time performance, system stability, de-
formation efficiency, fidelity, visual fluency, immer-
sion, and texture features. The above indexes are num-
bered from 1 to 9 and their weights are 0.15, 0.15,
0.15, 0.15, 0.1, 0.1, 0.1, 0.05, and 0.05, re-
spectively. The 40 subjects can conduct interactive op-
eration through hand controller and the virtual arm,
and then score the model from 0 to 10 points in terms
of the above indexes.

The average score of each evaluation index is de-

fined as M, which can be calculate by
i1

i-1
M =0.2-(Y A/20) +0.3- (Y B/10)
i=1 i=1

(9)

where A;, B, and C, are the i" evaluation index of the

i-1
+0.5 - (Y €/10)
i=1

intern physicians, associate chief physicians, chief
physicians respectively.

As is shown in Fig. 11, the lowest, the maxi-
mum, and the average scores of the proposed model are
all higher than the mass-spring model and the finite el-
ement model. The experimental result shows that the
proposed model has better performance.
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Fig.11 Model evaluation contrast
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The variance s; of each evaluation index is defined
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where «, is the score evaluated by the i" physician for

(10)

the proposed model, and M, is the average score of the
.th . .
J evaluation index.

The comprehensive score of every evaluation index

is given by
4

N =Y (15%

i=1

7
M) + Y (10% - M)
=5

+ 2(5% - M) (11)

where M. is the average score of the i" evaluation in-
dex.

According to Eqs (9) and (10), the average
score and variance of the three models are shown in
Fig. 12 and Fig.13, and the comprehensive score of the
three models are shown in Fig. 14. Seen from the Fig. 13,
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Fig. 12  Average score contrast figure
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the variance of the proposed model is small, which in-
dicates that the stability of the model is better. There-
fore, the proposed model is validated to be better than
other two state-of-the-art models.

4.5 Evaluation of training effect

In order to verify whether the constructed experi-
mental platform based on the proposed model can help
physicians to obtain experience of torsional operation as
quickly as possible in the course of surgical treatment,
30 physicians (male 17, female 13) were invited ran-
domly as subjects to implement torsional operation,
whose average age is 24, and 10 chief surgical physi-
cians (7 male, 3 female) were invited as evaluator to
evaluate the operational effect on the experimental plat-
form. The intern physicians and surgical chief physi-
cians are all from the First Affiliated Hospital of Nan-
jing Medical University.

Before torsional operation experiment, the 30 in-
tern physicians were averagely divided into three

groups, i.e., every group includes 10 subjects. Dur-
ing torsional operation process, the first group physi-
cians are allowed to spend 40min for training torsional
operation on the proposed virtual arm model based on
the proposed virtual experimental platform. The second
group physicians are asked to firstly spend 20min for
training by using the proposed virtual model on the vir-
tual experimental platform, and then to spend 20min
for training torsional operation on a real arm. The third
group physicians are permitted to spend 40min for
training same torsional operation on the real arm. The
subjects in each group can take a rest of 5 — 10min
during torsional operation process.

To verify the effect of the proposed model on im-
proving subject’ s torsional operation ability, 10 chief
surgical physicians were invited to score for the 30 sub-
jects’ torsional operation. The score is ranked from 0
to 10 points by the 10 chief surgical physicians accord-
ing to subjects’ performance in terms of operation pro-
ficiency and operation accuracy. The final score of ev-
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ery intern physician is defined as the mean value of the
scores from the 10 chief surgical physicians. Only 4
physicians were chosen to rest in the periods of 0 —
20min and 20 — 40min, and other physicians had no
interruption during torsional operation. The evaluation
results were recorded for the subjects at three different
moments, respectively, to verify the efficiency of the
proposed model in improving torsional operation abili-
ty. The torsional operation training can be divided into
three stages based on the three moments. The moment
before starting the torsional operation training is the
first moment. The moment after training the subjects
for 20min is the second, and the third moment is set
after training the subjects for 40min.

The recorded results at the first moment for the
subjects who are not trained are shown in Fig. 15.
Without torsion operation experience, the scores of the
three groups were generally lower and the difference
between them is not large. Because the subjects are
trained based on the virtual arm torsion model for
20min, the scores of the first group and the second
group are a little higher than the third group. Howev-

93 T

—&— First group

—ll— Second group

—&— Third group

25 1 1 1

er, because the subjects are not trained based on real
arm, the difference between the evaluated scores is
small, as shown in Fig. 16. The evaluated results for
the three groups at the third moment are shown in
Fig. 17. The score of the subjects in the second group
is obviously higher than that of the subjects in the other
two groups, because the subjects in the second group
experience two continuous and complete training both
in the virtual and real arms. However, the score of the
subjects in the first group is only a little higher than
that of the subjects in the third group. The reason is
that the subjects in the first group are trained for more
time but not on the real arm. The variance of the eval-
uated score of three groups is shown in Fig. 18. Exper-
imental results show that at the same time, the use of
virtual torsional model can make surgical training more
frequent. Also, the training in real arm after the train-
ing in virtual arm enables a better training effect,
which implies that intern physicians can operate more
proficiently and accurately in torsional operation if they
are trained in the virtual arm based on the proposed
model and then trained in real arm.
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Fig.16 Midpoint of training time evaluation rendering
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5 Conclusions

This paper proposes a coiling spring model for
modeling torsional deformation of soft tissue. Haptic
interaction devices are utilized in virtual simulation
platform to realize the torsion deformation of human
legs and arms. Compared with previous state-of-the-art
models, the proposed model has better experience of
torsional operation training. The experimental results
show that the proposed model has competitive advanta-
ges in terms of real-time performance, interactive abili-
ty, model accuracy, and realistic quality.

There are still some limitations to be improved in
this study. For example, the algorithm complexity will
increase under large torsional deformation, and the
graphics refresh rate will decrease. In future work, rel-
ative surgical knowledge and instructions of surgical
operation can be imported to the virtual surgical train-
ing system, which will improve the training effect of
surgical physicians in surgical operation.
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