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Simulating deformations of soft tissues is a complex engineering task, and it is even more difficult when facing the constraint
between computation speed and system accuracy. However, literature lacks of a holistic review of all necessary aspects
(computational approaches, interaction devices, system architectures, and clinical validations) for developing an effective system
of soft-tissue simulations. This paper summarizes and analyses recent achievements of resolving these issues to estimate general
trends and weakness for future developments. A systematic review process was conducted using the PRISMA protocol with
three reliable scientific search engines (ScienceDirect, PubMed, and IEEE). Fifty-five relevant papers were finally selected and
included into the review process, and a quality assessment procedure was also performed on them. The computational
approaches were categorized into mesh, meshfree, and hybrid approaches. The interaction devices concerned about combination
between virtual surgical instruments and force-feedback devices, 3D scanners, biomechanical sensors, human interface devices,
3D viewers, and 2D/3D optical cameras. System architectures were analysed based on the concepts of system execution schemes
and system frameworks. In particular, system execution schemes included distribution-based, multithread-based, and
multimodel-based executions. System frameworks are grouped into the input and output interaction frameworks, the graphic
interaction frameworks, the modelling frameworks, and the hybrid frameworks. Clinical validation procedures are ordered as
three levels: geometrical validation, model behavior validation, and user acceptability/safety validation. The present review paper
provides useful information to characterize how real-time medical simulation systems with soft-tissue deformations have been
developed. By clearly analysing advantages and drawbacks in each system development aspect, this review can be used as a
reference guideline for developing systems of soft-tissue simulations.

1. Introduction ing to computation speed (or computation time) and system

accuracy. Computation speed is the number of computing

In a human body, tissues are commonly classified into hard
and soft tissues. While hard tissues do not deform during
the motions of human bodies, soft tissues always deform
when interacting with themselves, other tissues, and surgical
tools. Modeling soft-tissue deformations in an entire organ
or only in parts of an organ is still one of the most challenging
issues in the biomedical engineering field. In particular, effec-
tive integration of soft-tissue deformation behaviors into
medical simulation systems has faced two constraints relat-

iterations that a soft-tissue simulation system can be exe-
cuted in one second on a specific hardware configuration. It
is usually measured in frames per second (FPS) or Hertz
(Hz). Computation time is a time duration needed to run
data acquisition, data pre-/postprocessing, physical behavior
simulation, and data visualization in a soft-tissue simulation
system. Moreover, two types of accuracies were considered.
The first one relates to model accuracy that quantifies the
closeness of agreement between the simulated and the real
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behaviors of soft tissues. The second one deals with the sys-
tem accuracy that was affected by interaction device accu-
racy, algorithm accuracy, and model accuracy. Interaction
device accuracy is the degree of closeness of the measured
values of a physical quantity to its true values. Algorithm
accuracy quantifies the correctness of an implemented com-
putational process in relation to the true process. Note that
these accuracies should be within the clinically acceptable
accuracy bounds for each medical application. In fact, to real-
istically simulate both geometric deformations and mechan-
ical behaviors of soft tissues within a medical simulation
system, computation speed must be in real time [1], and
the system accuracy must be within a desired tolerance level
according to each medical application. Note that real time is
commonly defined as a rate compatible with the graphic ani-
mation rate of 30 frames per second (FPS) [2]. Moreover, real
time also includes the responding rate of force feedbacks
when soft tissues collide with other objects. This rate must
be between 100 Hz and 1000 Hz so that human tactile per-
ceptions can feel collisions without interruptions [3]. It is
important to note that although real time is one of the most
important requirements for clinical applications, most soft-
tissue simulation systems hardly satisfied both acceptable
model accuracy and real-time computation speed [4]. For
instance, Murai et al. stated that the acquisition of internal
somatosensory data in real time was crucial because the real
time could be used in online diagnosis and assessment pro-
cesses in surgical applications [5]. Ho et al. showed that the
visualization and computing of deformations in real time
are essential in surgical simulation of soft tissues [6]. In the
field of image-guided surgeries, the estimation of soft-tissue
deformations in real time is also one of the most important
challenges [7]. Note that in image-guided surgery systems,
computation time is commonly expensive due to online data
acquisition from medical imaging and additional data pro-
cessing. In fact, most simulation systems with soft-tissue
deformations hardly satisfy real-time requirements [8], and
they cannot both correctly compute soft-tissue deformations
and effectively achieve real-time computation speeds [7].
However, despite this hard constraint, numerous strategies
have been developed for improving both computation speed
and accuracy of soft-tissue simulation systems.

Developing soft-tissue simulation systems is a complex
engineering task composing of multiple aspects. Each of
them has its own contribution to the accuracy and speed of
the target system. From system engineering point of view,
four important aspects of a real-time medical simulation sys-
tem include computational approaches, interaction devices,
system architectures, and clinical validations. Computational
approaches for modeling soft-tissue deformations are first
developed according to current requirements about compu-
tation speed and system accuracy. It is important to note that
the computation speed and system accuracy are mainly
affected by the choice of appropriate computational
approaches for estimating deformations of soft tissues inter-
acted with external input factors. Interaction devices are then
selected to interface between soft-tissue models and real
physical environments. This interface needs to be both in real
time and in an acceptable accuracy. This requirement often
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consumes large computation cost from a system. System
architectures must also be developed to compromisingly
cooperate all system components such as soft-tissue models
and input/output interaction devices. On this aspect, system
execution schemes and system frameworks should be care-
fully selected to optimize system performance. Finally, once
fully developed, the system must be validated through differ-
ent validation levels so that it can be used in a target clinical
application. Those validation levels include geometrical
validation, model validation, system validation, and user
acceptability/safety validation. Generally speaking, to simu-
late soft-tissue deformations in real time while keeping an
acceptable realistic level of soft-tissue behaviors, all of the
above aspects must be individually and systematically ana-
lyzed and developed.

Although the issues of real-time soft tissue simulations
were also reviewed, previous review studies rarely analyzed
how real-time challenges were solved effectively in a whole
system. In particular, all system development aspects should
be thoroughly reviewed to describe how both computation
speed and system accuracy requirements were achieved.
However, the studies just focused on simulating specific types
of soft tissues in medical applications, and they did not con-
cern how effectively the real-time constraint was solved. For
example, in an interesting review paper proposed by Delin-
gette a full description of realistic soft-tissue modeling in
medical simulations was described [9]. However, it just
showed out three main problems when realistically simulat-
ing soft tissue in medical simulation systems, but the
methods for solving those problems were not been analyzed.
Other than that, this review was conducted in the year 1998
when technologies were in an initial development stage, so
numerous studies that effectively solved the soft-tissue defor-
mation issues have not been analyzed in this review study.
Sun et al. [1] also examined a relative diversity of tissue sim-
ulation procedures with the help of computer technologies.
Although this study covered aspects in the tissue simulation
procedure (3D reconstructions, tissue classifications, and
clinical applications), it did not focus on soft-tissue modeling
and just finished at describing general ideas of each aspect
rather than analyzing advantages and disadvantages of
methods/algorithms employed in each aspect. Moreover,
this study was not answered how the challenge of achiev-
ing both real-time computation speeds and acceptable sys-
tem accuracy was solved. Mainly analyzing advantages and
disadvantages of modeling physical deformations, Nealen
et al. [10] presented a full description about mathematical
functions, explanations of the physical meaning, and anal-
yses of computation results, but they mainly concerned
accuracies of each modeling method rather than the com-
putation speed when employed in a specific simulation
system. Up to now, with the abundant developments of
software/hardware technologies and soft-tissue modeling
methods, numerous studies have reasonably proposed
effective solutions for both achieving real-time computa-
tion speeds and acceptable system accuracy in simulation
systems. However, they have not been summarized in a
systematic way and analyzed completely to estimate general
trends and weakness for future developments. Consequently,



Applied Bionics and Biomechanics

to complement those gaps, this review paper is proposed to
answer the following questions:

(1) How have computational approaches been developed
for both achieving real-time computation speed and
keeping acceptable system accuracy?

(2) Which interaction devices have been interfaced effec-
tively in real-time soft-tissue simulation systems?

(3) How have system architectures been developed for
cooperating with computational approaches and
interaction devices in real time?

(4) How have been the real-time soft-tissue simulation
systems validated in clinical applications?

Moreover, real-time soft-tissue simulation systems pro-
posed in literature were analysed sequentially and summarized
according to four system development aspects: computational
approaches, interaction devices, system architectures, and
clinical validations. Moreover, trends and gaps of each devel-
opment aspect were also presented. Recommendations for
future researches were finally proposed.

2. Materials and Methods

A systematic review method was conducted using the
PRISMA protocol [11] (Figure 1). Three scientific databases
were chosen: ScienceDirect, PubMed, and IEEE. In more
details, a focus on human soft tissues like upper/lower limb
muscles, facial muscles, livers, and skins was done. A special
attention was also given on the contributions related to the
improvement of computational methods and/or employing
effective hardware/software system architectures for real-
time medical simulation systems. Finally, other articles
focused on analyzing applications of real-time soft-tissue
models for system validation, user acceptability and safety
requirements were included. Note that in this present review,
the method refers to the development strategy of mathemat-
ical constitutive formulations of soft-tissue deformations
based on a specific computational approach. Reviewed
studies relate to mesh-based and meshfree methods. An algo-
rithm concerns the procedure to compute soft-tissue defor-
mations using specific modeling methods. A model refers
to the mathematical representation of soft-tissue deforma-
tions using mesh-based and meshfree-based methods. A set
of search terminologies were defined for the literature investi-
gation, and then, each terminology was presented in a search
term by using AND/OR operators. The used search terminol-
ogies and their appropriate search terms are listed in Table 1.
For the systematic information retrieval process, journal arti-
cles published up to December 2017 were assessed.

2.1. Selection Methodology. Selection was the most significant
procedure for choosing both qualitatively and quantitatively
appropriate articles for the systematic review. After identifi-
cation from the search engines, retrieved articles were auto-
matically saved to their suitable folders using the Mendeley
paper management system. Two independent reviewers
(TNN and TTD) screened and selected relevant papers for

this review study. They also participated into the quality
assessment. Consensus discussion was done when necessary
for solving disagreements. The number of included/excluded
articles is summarized in Table 2. Firstly, the duplicates were
checked with the duplication tool in the Mendeley software.
The number of duplicated papers at this stage was 1,610 for
all search terms. Then, the general and specific eligibility cri-
teria were applied to all unduplicated articles. The title inclu-
sion criteria were first used for filtering out the irrelevant
articles. The included articles at this phase were 973, which
were then enrolled to the abstract filtering criteria for select-
ing the most pertinent articles. After reading all the abstracts,
92 included articles were then read in full-text to select the
best qualitative and quantitative articles for systematic
review. Finally, the number of included articles was 55. Spe-
cifically, the flow chart of the selection procedure illustrating
the number of included/excluded articles after each selection
stage is shown in Figure 1. To answer the identified research
questions, the selected 55 papers were categorized into four
classes. The first category concerns the computational
approaches for modeling deformations of human soft tissues
in real time. The second category relates to the disadvantages
and advantages of interaction devices for getting the external
data from soft tissues and visualizing the processed data. The
third category deals with the characteristics of medical hard-
ware/software systems consisting of graphic user interfaces
(GUIs), programming languages, programming frameworks,
and other techniques for developing soft-tissue simulation
systems. The final category composes of system validations
in clinical contexts and the analyses of user acceptability
and safety requirements of developed systems. Additionally,
each selected paper could also be grouped on multiple cate-
gories if their contents related to more than one category.

2.2. Eligibility Criteria. The inclusion/exclusion criteria were
clearly defined based on the meaning of each search termi-
nology. The list of inclusion criteria for each search terminol-
ogy is shown in Table 3. In addition, to keep the literature at a
high academic level, only journal articles were considered for
the present review. Moreover, the articles in conferences with
a couple of pages are initially eliminated. Other kinds of low-
quality written forms such as letters, judgements, and book
chapters were also not selected. Other than that, the articles
that were not written in English were excluded from the
literature review.

2.3. Quality Assessment. The quality assessment procedure
was established to rate the quality of each analyzed paper.
Eighteen yes-no assessment items were defined and used.
Papers related to computational approaches bias were evalu-
ated using the following four items: (1) Was the method ade-
quately used/developed and described for the involved tissue
behavior? (2) Was the verification well-performed for the
used/developed method? (3) Was the validation systemati-
cally performed for the used/developed method? (4) Did
the method really satisfy the real-time constraint? Papers
related to interaction devices bias were evaluated using the
following four items: (5) Was the devices well selected for
the system? (6) Was the device accuracy adequate for the
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FiGure 1: Workflow of the selection process using PRISMA protocol for the performed systematic review.

real-time constraints? (7) Was the device easy enough to use
for a clinical routine practice? (8) Is the device price suitable
for a clinical setting? Papers related to system architecture
bias were evaluated using the following four items: (9) Was
the system adequately described? (10) Was the system devel-
oped with the participation of the end users? (11) Was the

system scalable? (12) Were the system frameworks ade-
quately selected for implementing the system of interest?
Papers related to clinical validation bias were evaluated using
the following six items: (13) Was the study adequately vali-
dated with in vitro data? (14) Was the study adequately vali-
dated with in vivo data? (15) Was the study adequately
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TaBLE 1: The search terms used for the systematic review process.

# Search terminologies (terms) Search terms (STs)

1 Term #1: Computer-aided medical simulations/systems ST #1: Real-time (Iziljn]?ﬂ;)ir;fsuglr{- 2;‘1?3&?13 medical AND

2 Term #2: Real-time biomedical simulations/systems ST #2: Real-time AND biomedical AND (simulations OR systems)
3 Term #3: Real-time facial simulations ST #3: Real-time AND facial AND simulations

4 Term #4: Real-time liver deformation models ST #4: Real-time AND liver AND deformation AND models

5 Term #5: Real-time medical simulations/systems ST #5: Real-time AND medical AND (simulations OR systems)
6 Term #6: Real-time muscle deformation models ST #6: Real-time AND muscle AND deformation AND models
7 Term #7: Real-time surgery ST #7: Real-time AND surgery

8 Term #8: Real-time finite element methods ST #8: Real-time AND finite AND element AND methods

9 Term #9: Real-time soft-tissue deformations ST #9: Real-time AND soft AND tissue AND deformations

validated with patient data? (16) Was the level of validation
suitable for translating the outcomes into clinical routine
practices? (17) Was the user acceptability performed for
patients? (18) Was the user acceptability performed for clin-
ical experts?

Note that the user acceptability validation is commonly
conducted after developing a full-simulation system. This
validation targets at validating the acceptability level related
to graphic system’s user interfaces, system’s ease-of-use, sys-
tem’s functions, system’s robustness, etc., during short-term
and/or long-term evaluation campaigns for clinicians.
Regarding the verification of the developed method, an error
check list related to the input data, algorithm execution, and
output visualization is defined. The “well-performed” cate-
gory is assigned to a paper if all these three elements are
satisfied.

3. Results

3.1. Overall Quality Assessment Analysis. Statistical results of
the quality assessment procedure are presented in Table 4.
Overall, most selected articles well described, verified, and
validated the computational approaches. Tissue behaviors
were well described in selected studies. Over 80% of articles
modelled the tissue physical characteristics in the methods
while the others just focused on soft-tissue deformations.
Most authors all well conducted verifications (76%) and val-
idations steps (89%). For examples, in the study of Cotin et al.
[12], after the developed methods are clearly described, the
authors designed an example system using the method and
analyzed the computed results. Their outputs were compared
with other methods and showed a faster computation time
and higher accuracy level. Visualizations were also clearly
presented to show computed deformations and collisions
with a virtual surgical tool. System performance and accuracy
were also measured and verified. Thus, the verification was
well-performed in this study. The verification procedure
was not well-performed in Allard et al. [13] because they
mainly introduced the SOFA framework, and the authors
just verified their results by visual assessments. Although
the real-time constraint was strongly required in the study
objectives, only 65% of the developed computational
approaches really satisfied this constraint. The others just
nearly reached the real-time conditions. For example, the

computation frame rates were nearly 30 FPS. In addition,
all interaction devices were all accurate enough for use in
clinical routines with acceptable prices, and they were also
well selected for appropriate computational approaches and
system architectures. Moreover, the data transmission band-
widths of these selected devices were relatively much faster
than the computational and graphical rendering speeds, so
they were all suitable for real-time applications. Over 50%
of articles have implemented their developed computational
approaches into a simulation system. They also well
described the architectures and frameworks of the imple-
mented systems for future developments. However, these
systems were rarely developed with the participation of end
users. They were mainly tested with the developers and did
not have many feedbacks from users. Most of implemented
simulation systems could not be directly transferred into
the clinical routine practices due to lack of validations with
in vitro, in vivo, and real patient data. The computed results
of simulation systems were often validated with in vitro data
acquired from phantom tissues with physical testing
machines. Due to difficulties of acquiring data from living
organs, only 13% of studies conducted clinical validations
using in vivo data. Moreover, only external data such as
deformations were available. Finally, the user and expert
acceptability aspects were occasionally (ie., only 4% and
7% of studies) investigated. Note that most developed sys-
tems were initially designed for testing and verifying the
computational approaches rather than for developing real
clinical applications.

3.2. Computational Approaches. To achieve real-time com-
putation speed when rendering and computing soft-tissue
deformations, two modeling approaches have been com-
monly adopted. The first approach that we called model
development (MD) mainly focuses on geometry discretiza-
tion strategy and mathematical constitutive formulations of
soft-tissue stress-strain relationships. Soft-tissue models
developed using this approach are commonly executed with
a single-thread platform in a faster and/or more accurate
manner. The second approach that we named as constitutive
model implementations (MI) relate to the algorithmic imple-
mentations of the existing constitutive models using devel-
oped methods for soft-tissue deformations onto a more
powerful hardware configuration such as Graphic Processing
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TaBLE 3: The inclusion criteria for each search terminology.

# Search terms (STs) Inclusion conditions (ICs)

IC #1.1: the title must satisfy all of the following conditions: (1) the title contains “real-time”, “medical”,
“simulations”, and “computer-aided” keywords and (2) the title concerns the supports of computers in soft-tissue
simulations executing in real time

1 ST #1 IC #1.2: the abstract must satisfy all of the following conditions: (1) the abstract concerns the support of computer in
medical systems, medical simulations, and medical applications so that they can be executed in real time; (2) the
abstract describes the medical system architectures and the interactions of computer’s input/output devices in
clinical environments; and (3) the system developed in the paper focuses on simulating human soft tissues

IC #2.1: the title must satisfy all of the following conditions: (1) the title contains “real-time”, “biomedical”, and
“simulations” keywords and (2) the title concerns the issues of real-time simulation in biomedical applications
2 ST #2 IC #2.2: the abstract must satisfy all of the following conditions: (1) the abstract concerns the analyses of real time in
biomedical applications/systems and (2) the abstract focuses on analysing the computational approaches, the system
architectures, or the characteristics of real time in biomedical applications

IC #3.1: the title must satisfy all of the following conditions: (1) the title contains “real-time” and “facial” keywords,
and (2) the title concerns the computational approaches to simulate the human faces
3 ST #3 IC #3.2: the abstract must satisfy all of the following conditions: (1) the abstract concerns the development of
computational techniques or system designs for modelling the facial mimics/expressions/muscles and (2) the
developed techniques must be able to execute in real time

IC #4.1: the title must satisfy all following conditions: (1) the title contains “real-time”, “liver”, and “models”

4 ST #4 keywords and (2) the title concerns the modelling methods of the human liver in real time
IC #4.2: the abstract must satisfy all following conditions: (1) the abstract concerns the issues of computational

approaches for modelling the human liver and (2) the computational approaches must be executed in real time

» o«

IC #5.1: the title must satisfy all of the following conditions: (1) the title contains “real-time”, “medical”, and
“simulations”/”systems” keywords and (2) the title is aimed at developing the computational methods for modelling

5 ST #5 the soft tissue in medical environments
IC #5.2: the abstract must satisfy all of the following conditions: (1) the abstract concerns computational approaches

or system architectures for modelling soft tissues in medical environments and (2) the system must be run in real
time

IC #6.1: the title must satisfy all of the following conditions: (1) the title contains “real-time”, “muscle”, and “models”
keywords and (2) the title considers the computational methods for modelling the human muscles in real time
6 ST #6 IC #6.2: the abstract must satisfy all of the following conditions: (1) the abstract concerns the developments of
computational techniques for modelling and simulating human muscles so that they can run in real time and (2) the
abstract shows the implementations of muscle deformable models in clinical environments

IC #7.1: the title must satisfy all of the following conditions: (1) the title contains “real-time” and “surgery” keywords
and (2) the title illustrates the surgical simulations/systems applied in human soft tissues executed in real time
7 ST #7 IC #7.2: the abstract must satisfy all of the following conditions: (1) the abstract describes the surgical
simulations/systems for human soft tissues and (2) the abstract concerns system architectures of surgical simulations
or systems so that they can execute in real time

IC#8.1: the title must satisfy all of the following conditions: (1) the title contains “real-time” and “finite element”
keywords and (2) the title concerns the finite element modelling methods for human soft tissues in real time

8 ST #8 IC #8.2: the abstract must satisfy all of the following conditions: (1) the abstract concerns the human soft-tissue
modelling method in real time based on the finite element modelling methods and (2) the abstract is aimed at
developing, generating, and analysing the variations of finite element modelling methods to get the real-time
requirements

»

IC #9.1: the title must satisfy all following conditions: (1) the title contains “real-time”, “soft tissue”, and
“deformations”/”models” keywords and (2) the title considers the modelling methods of the human soft-tissue

9 ST #9 deformations executing in real time
IC #9.2: the abstract must satisty all of the following conditions: (1) the abstract illustrates the computational

approaches for development the models of human soft-tissue deformations and (2) the abstract is aimed at
developing, analysing, and generating the modelling methods

Unit (GPU) system. Thus, systems can compute soft-tissue ~ programming algorithms to parallelize the execution tasks
models faster and more robustly than the traditional ones.  of a developed modeling method, which was traditionally
Particularly, this concept refers to a family of more suitable ~ running on a single-thread platform. For example, Berkley



Applied Bionics and Biomechanics

TaBLE 4: Summary of the statistical results of the quality assessment procedure.

Quality assessment criteria

% of “yes” scores (%)

Computational approaches’ bias

1. Was the method adequately used/developed and described for the involved tissue behavior? 82
2. Was the verification well performed for the used/developed method? 76
3. Was the validation systematically performed for the used/developed method? 89
4. Did the method really satisfy the real-time constraints? 65
Interaction devices bias
5. Was the devices well selected for the system? 49
6. Was the device accuracy adequate for the real-time constraint? 47
7. Was the device easy enough to use for a clinical routine practice? 47
8. Is the device price suitable for a clinical setting? 47
System architectures’ bias
9. Was the system adequately described? 65
10. Was the system developed with the participation of the end users? 15
11. Was the system scalable? 53
12. Were the system frameworks adequately selected for implementing the system of interest? 45
Clinical applications bias
13. Was the study adequately validated with in vitro data? 33
14. Was the study adequately validated with in vivo data? 13
15. Was the study adequately validated with patient data? 18
16. Was the level of validation suitable for translating the outcomes into clinical routine practices? 29

17. Was the user acceptability performed for patients?

18. Was the user acceptability performed for clinical experts?

et al. addressed a MD study related to the development of a
Linearized FEM (L-FEM) method built from the reduced
object kinematics [14]. The L-FEM method is suitable for
modeling linear elasticity of soft tissues. This method is faster
than the FEM. Moreover, in the study of Joldes et al., the total
Lagrangian (TL) formulation was applied to improve the
computation speed of the traditional FEM [15]. Additionally,
the total Lagrangian explicit dynamic FEM (TLED-FEM)
formulation was developed by Miller et al. and it could run
faster than the FEM when executing on the same CPU-
based platform [16]. Regarding the model implementation
(MI) approach, only the implicit time integration of FEM
method has been proven to be the most suitable for parallel
implementation. This method was implemented in a GPU
platform by Taylor et al. [17].

It is interesting to note that most studies focused at devel-
oping new mathematical methods for modeling the soft-
tissue deformations rather than implementing the developed
modeling methods into a specific hardware configuration to
accelerate the computation speed. The distribution of the
two approaches throughout the selected literature is illus-
trated in Figure 2. Obviously, among the total of 55
studies, over 80% of the studies proposed the model devel-
opment of soft-tissue deformations while only 18% of
studies took advantages of specific hardware to accelerate
available modeling methods. Regarding the MD approach,
we grouped all developed computational methods into three
categories: mesh, meshfree, and hybrid modeling methods
(Tables 5-7). In more details, the mesh-based modeling

methods refer to the development of the finite element
method (FEM) and its variations to simulate the soft-tissue
deformations in real time (Figure 3). The meshfree-based
modeling techniques refer to the decomposition of soft-
tissue model into simpler physical submodels or representa-
tions without meshing the domains of interest (Figure 4).
The hybrid modeling methods take advantage of cooperating
multiple modeling methods to increase both computation
speeds and model accuracy. The distribution of selected stud-
ies according to each modeling method is shown in Figure 2.
The result shows that up to 51% of the studies related to the
mesh-based methods. The use of the meshfree-based
methods reaches over 42%. Finally, the percentage of hybrid
methods is around 7%.

3.3. Model Development Approaches

3.3.1. Mesh-Based Modelling Methods. Mesh-based modeling
methods are grouped into four common computation strate-
gies: the finite element modeling method (FEM), the
precomputation-based FEM, the formulation-adapted FEM,
and the boundary element methods (Figure 5). Note that in
this present review, the term “deformation models” relates
to soft-tissue models developed using a specific modeling
method while the term “simulation models” refers to numer-
ical models in general meaning.

The finite element method (FEM) has been popularly
employed in the literature despite of its very high computa-
tional cost. Deformable objects are geometrically meshed by
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FIGURE 2: Distribution of computational approaches (MD and MI) and associated techniques for MD approach in the literature.

a set of elementary components called finite elements. These
elements are connected by nodes whose quantity defines the
size of the FE model. Material properties are commonly
assigned into each finite element. Then, the physical behavior
of solid object deformations is described by a set of constitu-
tive equations. Finally, the resolution of these equations on
the nodes with prescribed boundary and loading conditions
leads to the stress-strain relationships of the deformable
objects. FEM provides a very high level of accuracy and real-
istic deformations in both linear and nonlinear cases. For
example, Wu et al. [30] modeled the facial muscles by FEM
to animate the facial expressions. Each single muscle was
considered an incompressible and hyperelastic material.
Each muscle model includes 1,180 nodes and 28,320 DOF.
Note that the computing time could not be achieved in real
time. Karami et al. employed also the FEM for modeling
the extraocular muscles (EOMs) in an eye to estimate the
muscular activations and directions [35]. The eyeball model
includes 1,970 nodes and 8,638 elements. Each muscle model
includes 1,100 nodes and 2,673 elements. The computation
time needed to solve the model was 20 ms.

The precomputation-based FEM is the most popular var-
iation of FEM. This method uses the relationship between the
mechanical forces and the deformations precomputed from
the accurate FEM with full physical and biomechanical char-
acteristics to train an approximate model. To achieve this
goal, a database of the accurate FE simulation outcomes
needs to be constructed a priori. The computational accuracy
and speed of the simulated model depend on the types of
employed approximate techniques such as linear/nonlinear
regression functions and machine learning (ML). By using
this strategy, Cotin et al. developed a liver surgical simulation
system [12]. Sedef et al. provided a solution for real time and
realistic FEM for simulating viscoelastic tissue behavior in
medical training based on the experimental data collected
from a robotic tester [19]. Sela et al. proposed an effective

solution for dealing with the topological changes in cutting
simulations [20]. Peterlik et al. simulated the human liver
with realistic haptic feedback and deformations embedded
with both nonlinear geometric and material parameters [3].
Morooka et al. designed a navigation system for the mini-
mally invasive surgeries using a neural network model [31].
Martinez-Martinez et al. used the decision tree and two
tree-based ensemble methods for simulating the breast com-
pression [36]. Lorente et al. applied decision trees, random
forests, and extremely randomized trees models to simulate
biomechanical behaviors of a human liver during the breath-
ing action [8]. Tonutti et al. also applied artificial neural net-
works (ANNs) and support vector regression (SVR)
algorithms for learning the precomputed data from the
FEM model of a human tumor [7]. Luboz et al. used a set
of pressure frames compressed into a small number of modes
by proper orthogonal decomposition [37]. This method
allows the summarized modes to be described by a linear
set of scalar coeflicients, and this reduced set of pressure
map modes was then inputted to the FE to compute the
strain field modes.

The formulation-adapted FEM has been developed by
mathematically alternating the FEM formulations with the
other modeling methods. One of them is called linearized
FEM (L-FEM) in which the kinematic behavior of the simu-
lated object is linearized to the first order of approximations
during a specific timing period. Thus, the FEM model built
from the reduced object kinematic is also simplified and exe-
cuted much faster than the original one. Due to the simplifi-
cation, the L-FEM is only suitable for modeling the soft
tissues with linear elastic materials. For instance, Berkley
et al. applied the L-FEM to the virtual suturing application
[14]. Moreover, Audette et al. divided a FEM model into
multiple submeshes [18]. All submeshes were computed
independently in parallel threads of a real-time operating
system to output the local deformations. Garcia et al.
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