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Abstract
Biological soft tissues manipulation, including conventional (mechanical) and nonconventional (laser, waterjet and
ultrasonic) processes, is critically required in most surgical innervations. However, the soft tissues, with their nature of
anisotropic and viscoelastic mechanical properties, and high biological and heat sensitivities, are difficult to manipulated. Moreover, the mechanical and thermal induced damage on the surface and surrounding tissue during the surgery can impair the proliferative phase of healing. Thus, understanding the manipulation mechanism and the resulted
surface damage is of importance to the community. In recent years, more and more scholars carried out researches
on soft biological tissue cutting in order to improve the cutting performance of surgical instruments and reduce the
surgery induced tissue damage. However, there is a lack of compressive review that focused on the recent advances
in soft biological tissue manipulating technologies. Hence, this review paper attempts to provide an informative
literature survey of the state-of-the-art of soft tissue manipulation processes in surgery. This is achieved by exploring
and recollecting the different soft tissue manipulation techniques currently used, including mechanical, laser, waterjet
and ultrasonic cutting and advanced anastomosis and reconstruction processes, with highlighting their governing
removal mechanisms as well as the surface and subsurface damages.
Keywords: Soft biological tissue, Surgical processing, Tissue cutting, Tissue welding
1 Introduction
Soft biological tissues manipulation is critically required
in most surgical innervations, whereby the surgeons need
to use the mechanical or nonconventional cutting devices
to precisely cut, remove, hemostasis and suture the tissues. In general, the development of surgical methods
and instruments for soft tissue cutting promoted and
improved each other. Figure 1 had shown the history of
soft biological tissue cutting. The method of mechanical cutting has undergone a long development process.
The circumcision with sharpened stones dated to the
Paleolithic and Neolithic periods was recorded as the
earliest elective procedures [1]. Up to date, a variety of
mechanical cutting instruments, such as general surgical
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instruments, minimally invasive surgical instruments,
interventional surgical instruments, and microsurgical
instruments, can be used to cut biological soft tissues
during surgery to achieve different clinical treatment
effects. These can be simply divided into incising, puncture and shearing. On the other hand, the nonconventional cutting has also been developed very rapidly in the
past 40 years. This includes laser, waterjet and ultrasonic
cutting, electrocautery and radiofrequency ablation, etc.
The cutting mechanism of soft biological tissue can be
significantly different with various cutting methods.
The processing technologies of soft biological tissue
have also significantly attracted the attention of clinical medicine and engineering science. Biological soft
tissue has multiple layers of complex components, anisotropic and viscoelastic mechanical properties, and
sensitive biological activity, hence it is difficult to handle.
In recent years, more and more scholars have carried
out researches on soft biological tissue cutting in order
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Figure 1 Development of soft biological tissue cutting

to improve the cutting performance of surgical instruments and reduce the surgery induced tissue damage. In
the mechanical cutting process, the force of soft biological tissue is complicated and of importance for understanding the cutting mechanism. Since surgical robots
are becoming more and more commonly used for general surgical operations, cutting force modeling becomes
critical to improve the safety and force feedback of surgical robots, as well as for evaluating biological tissue
damages. The cutting force produced by the deformation,
fracture and friction between the biological soft tissue
and the tool was affected by factors such as the cutting
method, the structure of the surgical instrument, and the
cutting parameters. On the other hand, different from the
cutting of engineering materials, there are many biological injuries not sensitive to cutting force, such as tissue
fluid backflow, tissue bleeding, etc. Therefore, the cutting damage of soft biological tissues needed to consider
the systemic influence of the living body. Moreover, with
the development of the surgery technology, surgeons
and patients hope to reduce surgical trauma through
the use of advanced surgical instruments and surgical
methods, while there is also an increasing demand for
improving the quality of life after surgery. Methods such

as innovation tool structure, assisted cutting technology, and nontraditional manipulation methods are also
becoming more popular soft biological tissues cutting
with their advantages such as high efficiency, low tissue
damage and fast healing. However, currently there is no
critical review of the state-of-the-art in soft biological tissue manipulation which can support the wide scientific
and application prospect. Hence, this article will review
the most advanced researches of soft tissues manipulation with focuses on cutting mechanism, tissue residual
damage, devices development and process optimization
methods.

2 Characteristics of Soft Biological Tissues
2.1 Definition and Structure

Soft biological tissue is defined as body tissue that is not
hardened or calcified in anatomy [2], including connective tissue, muscle tissue, epithelial tissue and nervous
tissue. Most of the objects in surgical cutting are organs
that are composed of a variety of soft biological tissues,
such as skin, blood vessel, liver, muscle and brain, etc. In
the point of view of material composition, Soft biological tissue is composed of cells and extracellular matrix.
Extracellular matrix is a complex network composed of
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a variety of macromolecules around cells, including collagen fibers, elastic fibers, and reticular fibers. The reinforced structures of soft biological tissue are obtained by
the combination and arrangement of these fibers in different directions. Figure 2 shows the reinforced structure
of soft biological tissue. The reinforced structure includes
network reinforced structure, multi-unit reinforced
structure, reinforced structure of multi-layer elastic
membrane and reinforced structure of multi-layer fiber
bundle. The reinforced structures contribute the residual
stress, viscoelasticity and anisotropy of biological soft
tissue, and hence influences the cutting process. The
connective tissue is the main component of reinforced
structure and plays important roles in the generate and
propagation of microcracks during surgical cutting processes [3].
When manipulating the soft biological tissues, it should
consider to maintain the original histological structure as
the destruction of the histological structure of soft tissues
will lead to disorders of biological functions. For instance,
in the process of cutting or suturing, the unrecoverable
deformation and distortion of blood vessels may cause
vasospasm, blood flow disorder and other problems.
The thermal sensitivity of cells inside the soft tissue or
their surrounding tissue also is an important factor that
should be taken into consideration in their manipulation
process. Specifically, as cells contain a large number of
biological macromolecules such as proteins the excessive heat will denature these biological macromolecules
and cause cell necrosis and rupture. Therefore, these cells
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must remain free of damage and below a threshold of the
temperature to ensure that they can perform their important functions normally after surgery.
2.2 Fracture Mechanisms

Understanding the fracture mechanics of soft biological
tissues, including the propagation of microcracks and
the evaluation of fracture toughness, can be helpful when
investigate their cutting mechanism. The cutting behavior of soft tissues is ultimately the growth of cracks. It is a
difficult task to study the crack propagation of soft tissues
due to their high viscoelasticity. Therefore, the microcrack propagation are investigated below.
Biological soft tissue contains a large amount of collagen fibers, muscle fibers and other proteins. Rupture of
hydrogen bonds is the basic expansion mechanism the of
individual protein molecules at the ultrascale. As shown
in Figure 3(a)‒(b), The unfolding wave can destroy these
hydrogen bonds, leading to loss of the helical structure
[4].
The propagation mode of cracks in the rupture process of soft tissue under tension which can support the
understanding of their mechanical cutting mechanism.
As shown in Figure 3(c)‒(e), collagen reorganization
happened during the crack propagation of a prenotched
biological tissue. Aligned and straightened fibers ahead
of the crack tip can prevent crack propagation by alleviating the concentration of stresses near the tip [5]. The
same fracture mode of annulus fibrosus were observed
(Figure 3(d)), but Sabouri et al. [6] believed that the crack

Figure 2 Reinforced structure of soft biological tissue: (a) Skin: a network reinforced structure composed of elastic fibers and collagen fibers;
(b) Liver: a multi-unit reinforced structure with densely distributed vascular network and connective tissue; (c) Artery: a reinforced structure of
multi-layer elastic membrane; (d) Muscle: a reinforced structure of multi-layer fiber bundle
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Figure 3 Propagation mode of cracks in the process of soft tissue rupture under tension: (a, b) Visualization of the atomistic-scale unfolding
process of the coiled-coil protein structure [4]; (c‒e) Crack propagation in the skin and annulus fibrosus [5, 6]; (f, g) Crack propagation in the adipose
tissue; (h, i) Crack propagation in the ligaments and tendons [7]; (j) Progressive layer delamination of skin undergoing tensile deformation[5]

should grow along the initial crack direction. The propagation of cracks in adipose tissue is different. The crack
was along the border of the reinforced basement membrane and the fat cells had ruptured [6]. Gregory et al.
[7] observed that the crack appeared in the direction of
the fiber but not in the direction of the initial crack, as
shown in Figure 3(h), (i). Gregory proposed these ligaments and tendons were able to completely resist any
further crack propagation of an initial tear, regardless of

fiber orientation or applied loading condition. This layered fracture mode was also applicable to skin fractures,
as shown in Figure 3(j).
Among the three fracture modes, the crack propagation of soft tissue is like fiber-reinforced material.
Although the fiber resisted the fracture of soft tissue,
the crack propagated along the lower strength matrix.
Although the crack propagation of the material played
an important role in the excision of hard materials, there
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is no relevant literature report in soft tissue cutting.
In addition, the fracture toughness measured through
mechanical experiments is also different from the fracture toughness in the actual cutting process. This article
will also discuss this issue in Section 3. Therefore, the
relationship between soft tissue fracture mechanics and
soft tissue cutting is unclear.
It is worth noting that soft biological tissue is a material
of which its property can be largely varied through age
[8], water content [9], osmolarity and hydration [10] and
loading conditions (e.g., holding force [11], velocity [12],
fatigue [13]). Because soft tissue has complex individual
differences, it is difficult to make breakthrough progress
in the research on soft biological tissue cutting.
2.3 Thermal Properties

Cutting soft tissue mainly includes mechanical cutting
and energy cutting methods. The principle of the energy
cutting method is to increase the temperature of the tissue through the action of energy, so as to achieve the purpose of cutting the tissue and hemostasis.
The energy cutting method generate thermal cutting to
tumors by using energy sources, such as radiofrequency,
laser, focused ultrasound and microwaves. These energy
cutting methods require precise control of energy to cut
the lesion area without affecting healthy tissue, but it is
difficult to achieve the precise control of energy in the

Figure 4 The thermal properties of soft biological tissue [14]
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clinical practices [15]. Due to excessive energy, complications such as burns to neighboring biological tissue often
happened. On the contrary, the lesions are often not
completely cleared due to insufficient energy [16].
Therefore, the energy cutting method needs to control
the temperature of the soft tissue. High temperature will
cause damage to surrounding tissues, such as carbonization, while low temperature will not achieve good cutting
effect and hemostatic ability.
Heat capacity and thermal conductivity are two important parameters that affect the energy cutting method
and thermal damage. Figure 4 shows the heat capacity
and thermal conductivity of different soft tissues [14].
Adipose tissue has the lowest thermal conductivity and
heat capacity. Heat conductivity, heat capacity and density are strongly influenced by the water content of the
tissue. Furthermore, heat and thermal conductivity
depending on the status of the tissue (in vivo & in vitro)
and the effective heat capacities of in vivo tissues are up
to three times higher than the in vitro ones [17].

3 Mechanical Cutting of Soft Tissues
Mechanical cutting soft tissue has a long development
history, and has now become a mature method in surgery [18]. Mechanical cutting methods in surgery can be
divided into incising, puncture and shearing, as shown
in Table 1 [19]. Different cutting methods usually use
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Table 1 Commonly used methods of soft tissue mechanical cutting [20–22]
Method

Incising

Puncture

Shearing

Operation

Typical surgical
instruments

Disposable scalpel, corneal diamond blade, dual- Arthroscopic suture forceps, Suture nee- Surgical scissors, nerve scissors, micro
edged ophthalmic blade, diaphragm knife
dle, puncture needle, suture passer,
scissors, arthroscopic punch and
shaver
Functions

Cutting, removing, separating

Puncture, suture, injection, suction

different surgical tools to achieve the purpose of surgery
which are used to excise, separate, inject, and suck soft
tissues under various anatomical conditions.
Specifically, surgical blades are normally used to
remove or separate soft tissues by incising soft tissues.
These include disposable scalpel blades, ophthalmic
scalpels, diaphragm knives and other knife instruments,
which often have sharp cutting edge that can easily cut
soft tissues and make low trauma. Typical applications
include opening skin in surgical operations [23], removing diseased tissue from an organ [20], separating blood
vessel or nerve in neurosurgery [24], etc. Medical needles are mainly used to insert soft tissues to form channels through the tissue layer to achieve drug injection,
tissue sampling, device implantation and other functions, including puncture needles, injection needles, and
microneedles. Medical needle instruments are delicate
and long, resulting in small surgical wounds but also easy
to deform. Typical applications include tissue acquisition
by-fine needle biopsy [25], drug injection into subcutaneous tissue [26], and repairing soft tissue with suture delivery device [27]. Soft tissue shearing is to cut and trim free
damaged tissue through two scissors blades of medical
scissors including surgical scissors, minimally invasive
shaver and punches. The two blades of the surgical scissors have a clamping effect on the soft tissue, so the tissue
trimming effect is relatively smooth. Typical applications
include end-to-side anastomosis in free-tissue transfer
[28], trimming the ruptured meniscus with arthroscopic
punch [29].

Separation, trimming, sampling

The methods of mechanical cutting soft tissue have
differences in the structural features, operating methods
and functions of the tools. This section mainly focuses on
the cutting mechanism of soft biological tissue, the damage of biological tissue and cutting tools, and the optimization of cutting tools.
3.1 Cutting Mechanisms
3.1.1 Cutting Process and Force

Recently, various models of the human upper-limb anatomy have been derived. The biomechanical models of the
arm that stand for precise anatomical models including
muscles, tendons and bones are too complex to be utilized in mechanical design of an anthropomorphic robot
arm. From the view of the mechanism, we should set up a
more practicable model for easy and effective realization.
The researches on the cutting mechanism of soft tissues mainly focused on the observation of the process
of soft tissues cutting and cutting forces analysis. Most
of researches were carried on puncturing soft tissue
with needle. The process of cutting soft tissue usually
can be divided into three phases, including deformation
stage, rupture stage and cutting stage [11], while sometimes an extra extraction stage cab also be considered
for measuring the friction force [30]. During the cutting
process, the cutting force F is usually divided into stiffness force Fs and friction force f [31]. The friction force
and stiffness force are considered be important indicators of cutting performance, particularly for a sharp
cutting tool [32]. Eventually the energy conversion
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in different cutting process of the soft tissue [11, 31,
33]: (I) in the deformation stage, the tool squeezes the
soft tissue to deform, and the work done by the tool
is converted into the elastic potential energy of the
soft tissue; (II) in the rupture stage, the elastic potential energy stored in part of the soft tissue is converted
into the rupture energy of the soft tissue, and the crack
propagates; (III) in the cutting stage, the microscopic
cyclic cutting of soft tissue continues to occur deform
and fracture. The cutting tool overcomes friction and
deformation force, and the work of external force is
converted into friction work and rupture energy, while
the elastic potential energy of soft tissue is relatively
Stable.
Since the needle can be deflected, part of the work
done by the external force will also be converted into the
deformation energy of the needle [34]. On the contrary,
during the shearing process the deformation of the fracture area is basically stable, and the friction between the
blades is the key factor affecting the cutting force [35, 36].
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The left side of Figure 5 shows the cutting force curve
under the three mechanical cutting methods (i.e., incising, puncturing, shearing). There are differences in the
cutting force of different mechanical cutting in the different stage of cutting soft tissue. In the deformation stage,
the typical J-shaped curve shows elasticity deformation
of soft tissue [37], but the cutting force characteristics in
the rupture and cutting stages are different.
When incising soft tissue, the cracks rapidly expand at
the tip area of the soft tissue, and the cutting force drops
sharply [38, 39]. During incising porcine ascending aorta
tissue and porcine liver, the fluctuations of the cutting
force reflected that the soft tissue is constantly deformed
and ruptured [33, 39]. Such mechanical phenomena of
cell destruction may be related to the multi-layered complex structure of soft tissues, such as fiber breakage in
blood vessel walls or rupture of local cell clusters in the
liver. The contact area related to the friction force has
two increasing stages and stabilizing stage during the
incising process, so the cutting phases are subdivided

Figure 5 Analysis of cutting force during the mechanical cutting process of soft tissue: (a) Process and cutting force curve when incising soft tissue
[11, 40]; (b) Process and cutting force curve when inserting soft tissue [41, 44]; (c) Process and cutting force curve when shearing soft tissue
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into cutting phase 1 and 2 [40]. Therefore, Hu et al. [38]
found that the friction force increased in cutting phase 1
(Figure 5(a)).
When puncturing soft tissue, it is easy to observe a
short decrease in cutting force (Phase bc in Figure 5(b)),
which may be caused by the rupture of the biofilm on
the surface of the soft biological tissue [41, 42]. After
the surface ruptures, the soft tissue continues to deform
until it starts cutting. Due to the changes in friction force
and stiffness force, the puncture process can be divided
into cutting phase 1 (Puncturing) and cutting phase 2
(Punctured). It is worth noting that the friction force is
increasing in cutting phase 1, while the cutting force is
unchanged [43]. If the needle is inserted in the tissue and
does not move, the cutting force composed of static friction force and stiffness force would be smaller because of
the viscoelastic properties of soft tissue [44].
When shearing soft tissue, the cutting force of the scissors remains relatively stable until completed [35, 45].
Although relatively few literatures focused on the shearing of soft tissues, it can still be seen from the cutting
process that the blade of scissor continuedly clamped the
soft tissues, indicating that the fracture during the shearing process is stable. In addition, the friction between the
blades of the scissor is an important factor affecting the
cutting force [35].
3.1.2 Mathematical Model and Fracture Toughness

For understanding the interaction between cutting tool
and soft biological tissue, researchers have carried out
the work of the force modeling. Among them, there are a
number of the researches on modeling the force of needle
inserted soft tissue.
The stiffness force is mainly caused by the deformation of soft tissues. The models of stiffness force include
nonlinear spring model [46], quasi-static model [47–49],
exponential model [50, 51], contact model [45, 52, 53],
modified Kelvin model [54], modified linear electrostatic model [55], Hunt-Crossley model [42] and linear
Kelvin–Voigt model [56]. A stiffness force model was
obtained, which changed in a non-linear manner based
on the Hunt-Crossley model [42]. This model could well
match the deformation force caused by the needle insertion. However, this model of stiffness force requires
high integrity and huge workload. The nonlinear spring
model was used to describe the stiffness force of the tissue before cutting [46]. Nonlinear spring model includes
different material properties but has higher root mean
square error than the quasi-static model and exponential
model [47, 50, 51]. Quasi-static model and exponential
model could capture the local effects but used only for
corresponding conditions of tool, material and cutting
parameters. The exponential function needs excessive
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calculation and is unsuitable for real time force control.
The contact model has been presented the mechanical
properties and deformation of the skin and considered
the viscoelasticity and the elastic properties of the soft
tissue during needle cutting [53]. However, the contact
model is not suitable for real-time force control due to
the inability to achieve fast online calculations [45, 52,
53]. The modified Kelvin model was used to predict the
relationship between rupture force and needle velocity
which was confirmed by experiments with porcine cardiac tissue [54]. Fung et al. [56] formulated a two-dimensional quasi-linear viscoelastic constitutive equation for
blood vessels, using the pseudo-elasticity concept. In
general, the mechanical constitutive equation of biomaterials is the core of the modeling of stiffness force that can
describe the deformation of soft tissue during cutting.
The cutting force is the force necessary to pass through
the tissue. This can be obtained by subtracting the estimated friction force from the total force [43, 54]. The
cutting forces are different in the tissue and phantom
at various insertion speeds, cutting depth and the rake
angle [52, 57, 58]. The method of elemental cutting tool
was used to establish a cutting force model based on the
rake angle and inclination angle of the tool, and achieved
good results [58, 59]. The ‘slice/push ratio’ was proposed
and used to illustrate the influence of different cutting
motion on cutting force and found that that the greater
the ‘slice/push ratio’, the lower the cutting forces [60]. The
‘slice/push ratio’ is effective to help a deeper understanding of soft tissue cutting under complex movements.
The friction force is produced by the relative movement of the cut surface to the tool surface. The models of
friction force included modified Karnopp friction model
[31, 47, 61], Coulomb friction model [53], modified Winkler based model [55], Fourier series based model [31],
Elasto-Plastic model [62, 63], relative velocity model
[64] and damping based model [65]. The dynamic friction and static friction could be reflected in the modified
Karnopp friction model which captured the effects of
the Stribeck effect and Dahl model in biological material. The Modified Winkler based model could reflected
the force distribution but affected by relative velocity easily [55]. Compared with the Fourier series-based model,
the Elasto-Plastic model and Relative velocity model
need to obtain the needle-tissue relative velocity [31, 62,
63]. Damping based model and Modified Winkler based
model can easily calculate the friction force from the
total measured force or the final cutting length.
Soft biological tissue fracture is considered to be a continuous crack propagation, which could be described by
energy-based approaches [44]. Fracture toughness is a
key parameter that describes the ability of a material to
resist the propagation of pre-existing cracks which often
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measured using uniaxial stretching or tearing test [5, 66–
68]. Cutting fracture toughness is popularized to indicate
the ability of soft tissues to resist cutting [69], defined by
[30, 69]:

Jc =

W −U
,
A

(1)

where W is the work done, U is the strain energy and A
is the crack area. When the J-integral is larger than the
material crack resistance Jc, the crack begins to propagate. Though fracture toughness and cutting fracture
toughness shared the similarity of inducing material failure at a crack tip, the cutting energies and tearing energies of soft biological tissue cannot be quantitatively
related to one another [19]. Table 2 shows the fracture
toughness and cutting fracture toughness of soft tissue.
The cutting fracture toughness is much smaller than the
fracture toughness of the material itself. The reason for
this phenomenon is worthy of further study.
Cutting fracture toughness can effectively evaluate
the resistance to mechanical cutting of soft tissues and
the performance of the tool. However, cutting fracture
toughness is not a material constant, which is affected by
the cutting parameters, tool structure and the material
inhomogeneity and inconsistency [79–81]. Barnett et al.
[80] proposed that cutting fracture toughness was almost

irrelevant to the cutting speed of inserting soft biological tissue and was positively related to the diameter of the
needle. Khadem et al. [82] defined the cutting force as the
traction force to open up the crack as shown in Figure 6
rather than parallel to the cutting direction. Liu et al. [52]
proposed a modified model based and an energy-based
maximum stiffness force model to describe the variation
in the stiffness force of the needle and to predict the surface rupture.
3.1.3 Computational Models

Accurately predicting the cutting force through the
computational models is the key challenge because of
the uncertainty of the parameters of soft biological tissue and cutting parameters. The model of finite element
analysis (FEA) had been used in soft biological tissue cutting, which included the node-separation models and the
cohesive zone models.
The node-separation models were used to simulate the crack propagation at the tip during slicing pig
liver with a piece of scalpel [30, 33]. The model used
the “local effective modulus” as fracture parameter of
the tool-nodal interface without involving fracture
mechanics. During the simulation process, the nodes
broke sequentially as the blade advances. Therefore,
the cutting force obtained from this model was purely

Table 2 Fracture toughness of soft biological tissue
Material

(Cutting) Fracture toughness (J/m2)

Measuring method

Refs.

Porcine liver

76‒185

Inserted with a needle

[44]

Porcine liver

187‒225

Cutting with a blade

[30]

Porcine liver
Porcine skin

164 ± 6

17100

Inserted with a needle

[70]

Trouser tear tests

[66]

Porcine skin

1136

Inserted with a needle

[71]

Porcine skin

20400

Trouser tear tests

[5]

30400

Single edge notched test

Chicken skin

2800

Cutting with a scissor

[35]

Rat skin

1700

Cutting with a scissor

[72]

13700±2290 (Circumferential)

Uniaxial tensile test

[68]

Rat skin

22600±1840 (Longitudinal)
Porcine descending aortas

1700

Trouser tear tests

[73]

Porcine muscle

550‒8000

Single edge notched test

[74]

Porcine adipose

4100

Trouser tear tests

[71]

Human amniotic membranes

960 ± 110 ~ 1830 ± 180

Uniaxial tensile test and single edge notched
test

[75]

Porcine aorta
Porcine cornea

290 ± 110

3390 ± 570 ~ 5400 ± 480

Cutting with a blade

[13]

Trouser tear tests

[76]

Articular cartilage

140‒1200

Modified single edge notched test

[77]

Porcine lamina propria

266.1 ± 72.6 (Coronal location 1)
451.1 ± 87.9 (Coronal location 2)
333.9 ± 82.4 (Coronal location 3)
169.4 ± 30.1 (Transverse location)

Cutting with a blade

[78]
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Figure 6 Crack propagation in tissue cutting: (a) Needle tip-tissue interface during cutting represented by a force distribution with magnitude
of Fc (δ is the crack-tip-opening displacement, a is the needle tip length, da is the incremental crack growth); (b) Modelling finite compliance and
viscoelastic behavior of tissue using a linear solid model element (δT =0 is the displacement of the tissue sufficiently far from the crack surface) [82]

generated by the elastic deformation of the tissue and
was fluctuating caused by the crack propagation. This
model did not involve element failure so that had
higher computational efficiency, but was difficult to
apply to tools with more complex structures. In addition, the cutting interaction must be limited to the
nodes. Gokgol et al. [70] proposed a node-separation
model based on the cutting fracture toughness. During the penetration simulation, the difference between
the total work and the fracture energy provided the viscoelastic energy of soft biological tissue. If viscoelastic
energy is larger than the fracture energy, the constraint
on the node in contact with the cutting edge is released
to open a crack. Ultimate strain was used to define element failure in some researches. When simulated the
needle insertion into brain tissue, Singh et al. [83] used
a maximum shear strain of 0.05 as the element failure.
In the cohesive zone models, fracture toughness was
used to be described the separation of soft tissue, which
was defined as surface energy of the crack area in the
cohesive zone. Therefore, the cohesive zone method
essentially has the same mechanism as the mathematical model based on fracture mechanics. The cohesive
zone model was applied to simulate crack propagation
during soft tissue puncturing. It was found that the cutting forces were sensitive to the rupture toughness [84,
85]. Tai et al. [86] used the cohesive zone model to simulating hollow needle puncturing to a PVC-based phantom tissue but did not complete the simulation. Due to
the large elastic deformation of soft tissue, the cutting
edge moves to the outside of the cohesive zone area so
that the simulation cannot continue. Obtained from the
simulation of needle insertion into gelatine phantom in
the cohesive zone models, the results showed a successful insertion and good agreement with the experimental data [87].

In the existing simulation work, in order to improve the
calculation efficiency, the composite structure, viscoelasticity and anisotropy of the soft tissue are not considered,
which will affect the accuracy of the simulation structure. Cohesive element parameters were determined in a
different way by Misra et al. [84, 85], Tai et al. [86] and
Oldfield et al. [87]. Choosing the right parameters is very
important for soft tissue cutting simulation, especially
the parameter that indicates the ability of soft tissue to
resist cutting and breaking.
3.1.4 Influence Factor of Cutting Force

In this section, the influence factors of the tool-tissue
interaction force during the cutting process have been
reviewed, which can be divided into three parts: tool
properties, tissue characteristics and cutting parameters.
In order to better compare and analyze the influence on
cutting force of different mechanical cutting methods,
the common tool geometry models based on metal cutting theory (Shown in Figure 7) has been established
[45, 88–90]. The tool properties and cutting parameters
of different surgical tools have been uniformly defined
which were summarized and discussed in Table 3. While
most of these statistical researches were studied on cutting soft tissues with needles and blade, there were few
works about shearing soft tissues and they have not been
involved in this review.
Tool properties include the diameter of needle, bevel
angle, inclination angle, normal rake angle. and edge
number. the diameter of needle, bevel angle, and edge
number have the positive effects on the related forces
and the normal rake angle has the negative effect on the
forces. There is no clear relationship between inclination
angle and cutting force.
Tissue characteristics include materials type, experimental pretreatment and holding force. It is worth noting
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Figure 7 Geometric models of surgical instruments based on metal cutting theory: (a) Geometric model of blade [88]; (b) Geometric model of
needle [89]; (c) Geometric model of surgical scissor [90]; (d) Geometric model of minimally invasive surgical scissor [45]

that the influence of material type and experimental pretreatment on force are different. The experimental materials included biological tissues, hydrogels, or silica gels.
Although they have similar mechanical properties, it
is still unknown whether they have the same cutting
mechanical properties due to the complex structure of
biomaterials. In addition to the material, the state of the
soft tissue is also an important factor affecting the cutting
performance. Hu et al. [39] studied the cutting force and
cutting toughness of biological soft tissue under different
initial tensile forces, and found that the greater the initial tensile force, the smaller the tissue cutting force and
fracture toughness. There are obvious differences in the
tissue state of in vivo and in vitro tissue, which should
be considered when conducting researches on soft tissue
cutting.
Cutting parameters include velocity, rotational speed,
vibration speed, cutting depth, slice-push ratio. There is

no doubt that cutting depth, slice-push ratio and cutting
force were positively correlated, rotational speed, vibration speed and force are negatively correlated. When the
cutting speed increased, the stiffness force decreases.
There are differences in the influence of cutting speed on
friction and cutting force. There is no clear relationship
between cutting speed and friction force or cutting force.
The reason is not yet known.
3.2 Damage of Soft Biological Tissue and Cutting Tool
3.2.1 Damage of Soft Biological Tissue

In clinical surgery, mechanical cutting soft tissue will
leave a cut surface that will be sutured or heal on its own.
Damage to the cut surface will affect the healing of the
soft tissue, function recovery, and even organ regeneration [110]. Compared with bone cutting [111] and energy
cutting methods, the damage caused by mechanical cutting soft biological tissue is slight [112, 113]. Because
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Table 3 Influence on stiffness force, friction force and cutting force
Item

Tool properties

Influence factor

Effect
Stiffness force

Friction force

Cutting force

Diameter

(+) Positive [53]

(+) Positive [41, 53, 70, 91, 92]

(+) Positive [41, 53, 70, 91, 92]

Bevel angle

(+) Positive [53]

(+) Positive [93]

Inclination angle

(−) Negative [11, 59, 93–95]
(+) Positive [96–98]

Normal rake angle

(−) Negative [58, 59]

Edge number
Tissue characteristics

Cutting method

(+) Positive [58]

Material

(Y) Relevant [99]

Experimental pretreatment

(Y) Relevant [102]
(X) Irrelevant [103]

Holding force

(−) Negative [11]

Velocity

(−) Negative [11, 98]

Rotational speed

(−) Negative [11]
(+) Positive-[57, 64, 104]
(−) Negative [99]

(−) Negative [11]
(X) Irrelevant [55, 96]
(+) Positive [57, 58, 94, 98, 99, 104, 105]

(−) Negative [106][106]

Vibration speed
Cutting depth

(X) Irrelevant [96, 100]
(Y) Relevant [101]

(−) Negative [108]
(+) Positive [11]

Slice-Push ratio

incising, puncturing and shearing soft tissues are usually
at low-speed, precise, and micro-cutting. Cutting force
is not necessarily an evaluation parameter for soft tissue
damage [114, 115], because soft tissue is a viscoelastic
material that can undergo large deformations. Therefore,
there are relatively few literatures on soft tissue damage
caused by mechanical cutting. However, the inherent
damage caused by mechanical cutting methods is worth
noting, including histological damage [116–118], hemorrhage [117], tissue deformation/ displacement [117, 119],
wound size [44] and tissue fluid return [117]. Of course,
accidental injuries caused by clinical misuse are not discussed, although they often occur [120].
Histological damage caused by mechanical cutting of
soft tissue is an important factor affecting tissue function. As shown in Figure 8(a)‒(c) and (f ), the histological damage included cell apoptosis, cell separation, torn
fiber tissue, deformation, tissue fracture, etc. Erdim et al.
[116] used needles for liposuction and found that adipocyte cells would undergo apoptosis. The smaller the
needle for liposuction, the higher the apoptosis rate of
adipocyte cells [121]. In addition, there was obvious tissue damage and insufficient production of progenitor
cells in the aspirated adipose tissue [118]. As shown in
Figure 8(c), the capillary network and cells of the adipose
tissue were partially destroyed. Compared with incising
adipose tissue, aspirated adipose tissue lacked large vascular structure and showed a large number of small lipid
droplets (ruptured fat cells) and dead space (dead cell).
As shown in Figure 8(f ), several forms of blood vessel

(−) Negative [109]
(+) Positive [11, 53, 96, 99]
(+) Positive [97, 100]

damage happened when needle insertion, including fluid
displacement, vessel rupture, and severing, tugging, and
dragging of microvasculature [119]. Flow back along a
needle track (backflow) can be a problem during direct
infusion, e.g., convection-enhanced delivery, of drugs
into soft tissues such as brain. insertion rate-dependent
damage and changes in pre-stress were found to directly
contribute to the extent of backflow [117]. Although the
damage of mechanical cutting soft tissue is relatively
small, it is still necessary to pay great attention to the
histological damage when mechanical cutting important
soft tissues such as brain tissue, eyes, blood vessels, etc.
Hemorrhage is the most common tissue damage,
especially in incising soft tissue. When cutting soft tissue, the capillaries in the soft tissue will be severed and
bleeding. Hemorrhage and blood vessel damage caused
by mechanical cutting would affect the surgical field of
vision [122, 123] and cause thrombus formation [124,
125]. As shown in Figure 8(b), when needle inserted into
brain, bleeding happen in the external capsule [117].
Bleeding is the main shortcoming of the mechanical cutting soft tissue. One of the reasons why energy tools such
as laser knives, high-frequency electric knives, and ultrasonic knives can replace mechanical cutting methods in
some fields is that they can reduce the amount of bleeding [113, 126, 127].
Mechanical cutting soft tissue will inevitably leave
a cut surface that is wound. The shape and size of the
wound directly affected the healing effect of the tissue.
Figure 8(e) showed the shape and size of the soft tissue
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Figure 8 Cutting damage of soft biological tissue: (a) Adipocytes apoptosis [116]; (b) Needle tissue damage at the hole surface [117]; (c) Structure
damage of living adipose tissue after aspirated and excised [118]; (d) Backflow along the needle track in the rat brain [117]; (e) Surface damage of
fresh porcine liver inserted with needles [44]; (f) Blood vessel damage accompanied needle insertion, including fluid displacement, vessel rupture,
and severing, tugging, and dragging of microvasculature [119]

after puncture [44]. Generally, the smaller the size of the
crack, the faster the healing. Barnett et al. [80] found that
the size of the wound was related to the diameter of the
puncture needle, but not equal to the diameter of the
needle. Due to the viscoelasticity and large deformation
of soft tissue, the crack did not open after mechanical
cutting. Inserting the needle under bidirectional rotation seemed to minimize deflection and prevented the
entanglement of the tissue and the expansion of the hole
created by the needle path [128]. The crack shows different shapes after penetrating fresh porcine liver with a
Franseen tip, standard bevel tip, and short bevel biopsy
needle. It is worth noting that the T-shaped crack mouth
is very difficult to heal. When trimming soft tissues, the

incision of the soft tissues is neat and can reduce the
occurrence of complications.
The research on soft tissue damage is still in the observational stage, and there is no related literature to study
the mechanism of how the tool causes soft tissue damage.
3.2.2 Failure of Surgical Instruments

The failure of the mechanical cutting tool for soft tissue
will affect the efficiency and cutting quality of the operation, and even cause medical accidents. The failure of
medical tools mainly caused by manufacturing process
and cutting process. In fact, new medical cutting tools
may also have quality problems, which are currently difficult to supervise. The investigation report showed that
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Figure 9 Failure of surgical instruments in cutting soft tissue: (a) Intradiscal deeply seated broken surgical blade [130]; (b) Deformation and wear
of surgical blade after incising gingival tissue [138]; (c-1) Rust stain on a pair of scissors; (c-2) Pitting corrosion on a retractor[139]; (d) Critical factors
for lath martensite failure upon cutting hair [132]; (e) Failure of stainless steel surgical scissor and sucker subjected to multiple use/processing: (e-1)
Extensive scratching, black staining including pits in metal (Areas of thick biofilm, many of the pits have biofilm associated with them); (e-2) Large
metal defects with continuous biofilm and contaminating soil [135]; (f) Failure of commercial blade and MGTF coated blade; (f-2) Scratches and
burrs; (f-4,6) coating peeled off [140]
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more than 50% of unqualified products had quality problems such as cracks, burrs, corrosion, failure of cutting
action, etc. [129]. Once surgical instruments are put into
use, the factors influencing their behavior are many and
individual inconspicuous effects can add up and trigger
something serious, such as corrosion leading to an unexpected break. As shown in Figure 9, the failure modes of
surgical instruments include fracture, deformation, wear,
corrosion, tissue adhesion, etc.
The fracture failure of the surgical instruments brought
a huge iatrogenic risk to the medical operations. One
risk accompanying with Lumbar discectomy is breaking
of the surgical scalpel during discectomy shown in the
Figure 9(a) [130]. In arthroscopic surgery, the gill axis
of the punch may break, leaving the scissors head in the
joint cavity [131]. Carbon steel blade eventually become
blunt after shaving even though the blade was about 50
times harder than the hair. The increase in the corner
radius of the tip and the brittle fracture of the cutting
edge were thought to be responsible for the blunt blade.
The fracture of cutting edge caused by the combination
of out-of-plane bending, microstructural heterogeneity,
and asperities, which originated at the hair-edge asperity
interface and created chipping that dulled a blade faster
than other processes [132].
Figure 9(b) showed the deformation and wear of surgical blade after incising gingival tissue. The blades, needles
or scissors blades are usually relatively soft and may be
deformed greatly during mechanical cutting soft tissues,
especially the needles [133]. The deformation control
of the surgical instruments was the core technology of
precision treatment, reviewed in Ref. [134]. During the
cutting process, biological components such as biological cells, severed fibers and blood can. adhere to the surface of the surgical instruments, i.e., tissue adhesion. The
surgical scissors and sucker were found to have a large
amount of tissue adhesion, as shown in Figure 9(e) [135].
It is almost impossible to completely remove residual
protein from surgical instruments by disinfection [136].
Blades with high surface roughness affected the faster
recovery of structure and function after peripheral nerve
transection [110]. Liu et al. [137] proposed a cutting
durability decay model based on sharpness index and a
failure model of surgical blade when cutting soft tissue.
Tissue adhesion wear is the main failure of surgical blade
in soft tissue cutting which caused the deterioration of
the sharpness and surface roughness, and eventually
causes the failure of the cutting tool.
Rust and corrosion of metal surgical instruments after
high-temperature sterilization is a common phenomenon, as shown in Figure 9(c). Although the coating
technology can improve the wear resistance and rust
resistance of surgical instruments, the peeling of the
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coating is also its disadvantage. As shown in Figure 9(f ),
the coating of surgical blade began to peel off after cut 25
cm length.
So far, there has not been an in-depth study on the
failure mechanism of surgical instruments cutting soft
biological tissues, the law of life, and the methods of
improving cutting life.
3.3 Tool Optimization

Soft tissue has a complex multi-layer structure, anisotropic viscoelastic mechanical properties, and easily
damaged biological activity. Due to the complexity of the
human body system and the diversity of surgical methods, the manufacturing and design techniques of surgical
instruments are changing day by day. As shown in Figure 10, the optimization research of surgical instruments
can be divided into three parts: innovative tool structure,
microstructure on edge and surface and assisted cutting
technology, to sort out the current situation of surgical
instruments for soft tissue processing.
3.3.1 Innovative Tool Structure

After obtaining the general geometric model of surgical instruments [45, 88–90], the structure parameters
of various instruments can be unified. It is a traditional
effective method to optimize these structure parameters
according to the cutting characteristics of soft tissues.
Table 3 summarized the influence of structure parameters such as diameter, bevel angle, inclination angle,
normal rake angle and edge number on the force of soft
tissue cutting. Choosing the right structure parameters
would reduce the cutting force and improve the efficiency of surgical cutting. At the same time, optimizing
the structure parameters could reduce tissue damage
during cutting. Determining the most advantageous size
of liposuction cannula and injection needles in terms of
adipocyte viability could help to increase fat graft survival [116]. When puncturing brain, faster insertion of
sharp surgical instruments resulted in lower mean effective strain damage [119]. The cracks caused by the needle
with the three cutting edges made the wound more difficult to heal [44]. When cutting the vitreous body of the
eye, the cutting efficiency with a double-edged blade was
higher, and it did not significantly affect the liquid pressure in the vitreous body [142]. The optimization of the
structure parameters is an effective optimization method,
but it needs to be based on a large amount of reasonable
experimental data, and the workload is very large.
Surgical instruments include blades and handles. The
handle is an operating part for the surgery to perform
the functions of the surgical instrument. A comfortable
and convenient handle can reduce the difficulty and risk
of surgery. Ergonomics can help improve the design of
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Figure 10 Research on tool optimization method for mechanical cutting of soft tissue [141–153]

tool handles and there is room for improvement in the
ergonomics of the handle [154]. Martin [155] designed
an ergonomic scalpel handles with optimized weight
and balance (Figure 11(a)). Gonzalez et al. [156, 157]
optimized the handle size of a laparoscopic grasper tool
shown in Figure 11(b), which was based on the relationship between the size of the surgeon’s hand and the
perceived optimal diameter of the handle from an ergonomic point of view. A new handle for laparoscopic surgical instruments is proposed by Sancibrian et al. [158].
The opening and closing of the handle were performed
by the thumb through the lever located on the top of the
handle ((Figure 11(c))). Although the number of relevant
literature is relatively small, the improvement of the handle based on ergonomics is always in progress.
Multifunctional surgical instruments are mainly used
in minimally invasive surgery such as arthroscopic surgery and laparoscopic surgery. Use of endoscopic staplers
that had cutting function and suture function reduced

hemostasis-related complications, reduced hospital costs
and improved efficiency in VATS lobectomy [159]. Suture
Passer was used in repairing the meniscus which had the
functions of holding, puncturing, and recovering sutures.
When repairing the meniscus, suture passer will be used.
It has the functions of holding, puncturing, and recovering sutures [160]. The multifunction surgical instrument has a great advantage in improving the efficiency
of surgery, which perform multiple operations with one
instrument.
3.3.2 Microstructure on Edge and Surface

The strategies for optimizing the cutting structure and
surface of the blade mainly include bionics, surface texture, and microblade/microneedle. The bionic structure applied to the cutting tool is an effective method
to reduce the cutting force of biological tissue. There
was a 10%‒25% decrease in the insertion force for insertions into bovine brain, and a 35%‒45% reduction in the
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Figure 11 Ergonomics handle of surgical instruments: (a) scalpel
handle [155]; (b, c) Laparoscopic instrument handle [156–158]
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insertion force for insertions into bovine liver using the
proposed bioinspired needles with specially designed
barbs [161]. Izumi et al. [147] proposed the combined
silicon microneedles comprising a central straight needle and two outer jagged needles imitating the mosquito’
s proboscis shown in Figure 12(b). However, the silicon
needle is not safe enough on the human body owing to
its brittleness. Scali et al. [162] designed a needle that
advanced through straight and curved trajectories in a
soft substrate without being pushed, without buckling,
and without the need of axial rotation. Lu et al. improved
the cutting performance of the scalpel by imitating the
micro-structures of miscanthus leaves shown in Figure 12(d). Compared to the unprocessed commercial
scalpel, the micro-serrated scalpels could significantly
reduce the cutting force and actual cutting depth. The
bionic structure can sometimes achieve particularly
excellent results, but the mechanism of its various structures needs to be further studied.
The surgical instruments can obtain some useful surface functions after surface treatment technology, such
as anti-adhesion, wear reduction, and antibacterial. The
surface treatment technology of medical device had
been reviewed in Refs. [163, 164], so this paper did not
introduce it. It is worth noting that surface treatment

Figure 12 Bionic structure applied to needles and scalpel [144, 147, 161, 162]
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Figure 13 Schematics of cutting mechanism of soft tissue: (a) Wavelength-dependent water absorption spectrum of laser energy [169]; (b) The
mechanical scalpel cutting by shearing; (c) Conventional long pulse lasers cut by depositing heat with melting or burning; (d) Short pulse laser by
vaporization and ionization [173]

technology has not been widely used in surgical instruments because it is difficult to produce effective microstructures on curved surfaces.
The microblade on the tool performed micro-cutting
on the soft tissue, resulting in lower force, more stability, and less tissue damage. Zhang et al. [150] designed
a micro/nano-particle decorated metal wire for cutting
soft tissue under lower cutting force. Giovannini et al.
[145] manufactured micro serrations on the cutting edge
by using a picosecond laser and achieved a reduction of
20%‒30% in the insertion forces. Micro-blade knives are
now mainly combined with high-frequency vibration to
improve cutting efficiency.
3.3.3 Assisted Cutting Technology

Traditional surgical instruments for mechanically cutting
soft tissues are being combined with some assisted technologies to improve the effect of surgical treatment, such
as vibration assisted technology, low pressure suction
assisted and drug assisted technology. Vibration-assisted
technology refers to the use of high-frequency vibration
to drive surgical instruments to reciprocate cutting soft
tissues. It is especially suitable for surgical instruments
with microblade structures. Vibration-assisted technology is the most mature application in orthopedic swing
saws. In recent years, vibration-assisted technology has
also been applied to soft tissue cutting. Vibration assisted
technology promotes the development of soft tissue
micro-cutting technology.
When processing soft biological tissues, especially free
or ruptured soft tissues, it is difficult for the tool to cut
the soft tissues neatly, resulting in tearing and scratching. Low pressure suction assisted technology effectively
solves this problem. The soft tissue is cut neatly under
the action of negative pressure suction. A side-cutting

aspiration device for endoscopic and microscopic tumor
removal was presented [165], which allowed for tumor
removal without injury to adjacent neuro vascular structures. The multifunctional nature of the instrument
(suction, scissors, and dissectors) minimizes multiple
exchanges, facilitating tumor resection through these
minimal access corridors. Neuronavigation-guided resection of tumors with a variable-suction tissue resection
device resulted in gross-total or near-total resection
[166]. Low pressure suction assisted technology has a
broad application prospect in soft tissue cutting.
Drug-assisted technology combines the advantages of
devices and drugs. In thrombectomy, the heparin coating
on the surface of the thrombus grinding head can effectively reduce the risk of blood clotting. Microneedles can
deliver small amounts of drugs under the skin to achieve
precise drug treatment. It is believed that drug-assisted
surgical instruments will be an important research direction in the future.

4 Nonconventional Cutting of Soft Tissue
4.1 Laser Ablation of Soft Tissues

Laser was first used as a surgical tool shortly after its
invention [167] and now has been applied in widely
application in manipulating soft tissue, including tissue
cutting, ablation, soldering for oral cavity, This includes
different lasers, e.g., CO2, diode, and Er: YAG laser, as
well as different pulse durations, e.g., continuous wave
laser, microsecond, nanosecond and picosecond pulse
laser. Compared to the conventional mechanical cutting
process (Figure 13(b)) with producing shear forces which
exceed the elastic limit of the tissue, the laser cutting
technology (Figure 13(c) and (d)) can significantly reduce
the mechanical trauma while automatically sterilize and
coagulate the tissue surface and reduce the bacteremia
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with a faster healing response [168]. In this section,
a detailed review of laser cutting of soft tissue will be
presented.
4.1.1 Laser Ablation Mechanism of Soft Tissues

Lasers, when used for direct cutting, can manipulate the
biological tissues from macroscale (e.g., organs) to microscale (e.g., single cell) with a high energy intensity beam
focused onto the tissue surface, i.e., high spatial resolution. While most soft tissues are dominated by water
(55%‒99%) and collagen (0‒35%) by mass, the water-laser
interaction and laser energy distribution in tissues plays
a significant role in the soft tissue ablation. As shown in
Figure 13(a), the laser-water interaction mainly depends
on the laser wavelength. Specifically, the absorption/penetration depth in water for the CO2 laser wavelength (10,
600 nm) is 0.01 mm while the diode laser wavelengths
(800‒1000 nm) can reach a thousand times greater than
that for CO2 laser [169]. In this process, the mechanism
of laser-tissue interactions can be categorized as thermal, photochemical, plasma induced, photo-mechanical,
or a combination mechanism whereby the laser energy
can be effectively absorbed by soft tissues [170]. These
occurrences depend on the laser parameters such as
wavelength, pulse duration, and pulse fluence (i.e., pulse
energy per unit area) [171]. As shown in Figure 13(c) and
(d), depending on the difference of pulse duration, two
main ablation mechanisms can be defined, i.e., thermal
induced and plasma induced ablations. The main laser
ablation mechanism of soft tissues can be surmised as
below.
Thermal induced ablation mechanism: This usually
occurs when apply the long pulse laser ablation (i.e., >
nanosecond) or continuous wave laser ablation. In this
process the tissue will absorb the photon energy and
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lead to melting, vaporization and explosion, as shown in
Figure 14(a). Specifically, as the water inside the tissues
has the lowest phase transition temperature it normally
undergoes phase explosions whereby the hot pressurized
vapour can remove the tissue and form a ablation plume
[172]. As shown in Figure 14(b), this ablation mechanism requires high energy density to vaporize the material hence leads to an explosion feature on the ablated
surface and severe thermal damage around it. Moreover,
the expansion of the ablation plume into the surrounding
air also leads to a generation of shockwave that can introduce the mechanical influence of the subsurface. Hence,
this high energy induced thermal effect and shock wave
can introduce tissue damages that extend well beyond the
ablation zone. In general, in conventional surgical lasers,
having pulse durations longer than nanoseconds, can
impair the proliferative phase of healing due to the severe
cell damage in the surrounding tissue.
Plasma induced ablation mechanism: When an ultrashort duration pulse laser is applied, on one hand, the
high peak power of pulse laser can cause multiphoton
ionization in tissue whereby the thermalization is mainly
depended on recombination processes and electronphonon inelastic collisions within 10‒100 ps range at
nanometer (molecular) dimensions; on the other hand,
due to the short pulse duration, e.g., < picosecond, the
heated water inside the tissue can rapidly eject the tissue
from the surface without diffuse the heat energy into the
surrounding tissue, as shown in Figure 15. In this case,
by achieving superheating on picoseconds timescales,
the nucleation sites occurs in the molecular dimensions
during the ablation phase transition, e.g., under nanometer scale, which can avoid the cavitation and associated shockwave induced damage that has been one of
the major stumbling blocks in using lasers for surgery

Figure 14 (a) Ablation dynamics for water ablation [173]; (b) Histological section through ablation craters produced in cartilage by microsecond
laser ablation shows a severe explosion feature and high thermal damage (arrows) [174]
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Figure 15 Surface damage in Descemet’s membrane in the cornea produced by (a) 6-ns laser pulses of 1064-nm wavelength and (b) by 30-ps
laser pulses [175]

Figure 16 Histological specimen cut by a 445-nm semiconductor
laser: (a) Cell swelling and (b) Colliquation [176] (×200)

[173]. Hence, compared to long pulse ablation, during
the ultrashort pulses ablation, e.g., picosecond timescale,
the water inside the tissue can be superheated and eject
the tissue faster than the energies that can diffuse to the
surroundings area [173], and leads to a minimal damage
remaining in the adjacent tissue, as shown in Figure 15.
4.1.2 Surface and Subsurface Damage in Laser Ablation
of Soft Tissues

The extent of surface damage in laser cutting of soft
biological tissue is of importance to protect the patient
from long time wound healing [171]. The surface damage in general is related to the laser parameters such as
power, wavelength, cutting speed and pulse duration. In
general, the laser cutting mainly cause thermal damage
at an approximately uniform thickness surrounding the
ablation area, as shown in Figure 16. This is normally presented as a combined phenomenon including: coagulation with cell swelling, degeneration to a liquid state with

loss of cell structures (colliquation), and carbonization
caused by tissue overheating [176].
While the surface damage mechanism of laser cutting
of soft tissue is mainly governed by the thermal effect,
the short pulse laser can significantly reduce the surface
damage due to the fast cutting process (e.g., short pulse
duration) that thermal energy cannot penetrate into the
surrounding tissues. Saeid et al. investigated the surface
damage mouse skin from picosecond laser (short pulse),
conventional surgical long pulse laser and mechanical
scalpel cutting method [171]. As shown in Figure 17, it
is revealed that the surrounding zone of short pulse laser
cut tissue is intact while the surface damage of long pulse
laser can reach up to 800 µm away from the ablated edge
with burning and deforming the surrounding tissue.
The mechanical scalpel, however, damages the surface
by shearing the tissue and exposing individual cells, and
eventually causes dissociation of extracellular matrix fibers up to 400 mm further from the edge.
On the other hand, while the soft tissues show a various absorption ability under different wavelengths of
the lasers, their laser ablation surface damages can also
show a significant difference [176]. Jiang et al. investigated the laser ablation of porcine bladders with both
blue laser (450 nm wavelength) and green laser (532 nm
wavelength). It is founded that while the blue green lasers
show a similar considerable vaporization and coagulation
mechanism, the green laser demonstrated a low tissue
penetration compared with blue laser at different cutting
speeds (sweeping speed 0.5–2.0 mm/s; working distance
1–3 mm), as shown in Figure 18. This demonstrates that
the blue laser can interact with tissues more precisely and
has a low thermal damage to adjacent tissues [177].
4.1.3 Laser Ablation Surgery Devices

The surgical laser cutting/ablation devices have already
been well developed and applied in many surgery occasions, and with different lasers, e.g., CO2, diode, and Er:
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Figure 17 Surface damage of mouse skin ablated by (a, d) short pulse laser, (b, e) long pulse laser, and (c, f) mechanical scalpel; (a)−(c)
Transmission electron microscope (TEM) observation; (d)−(e) Scanning electron microscopy (SEM) observation

Figure 18 Histological images of porcine bladder tissue treated with blue laser and green laser at 30 W and at stage speed of 0.5–2 mm/s and
1 mm working distance [177]
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YAG laser, as well as different durations, e.g., continuous wave laser, microsecond, nanosecond and picosecond pulse laser, and various wavelengths. Normally the
diode laser requires less energy compared to CO2 and
Er: YAG lasers due to the higher water absorption spectrum. In general, the lasers can be used as a beam scalpel
for cutting the soft tissue without contacting the tissue,
e.g., work distance at 1‒3 mm (at high energy density),
or coagulate the tissue at a higher working distance, e.g.,
6‒9 mm (at low energy density), as shown in Figure 19.
This can be applied either manually by the surgeons or
automatically through the robot- and computer assisted
systems which can provide the accessibility of teleoperation, i.e., a non-contact endoscopic surgery solution,
as shown in Figure 19(b). On the other hand, while the
soft tissues demonstrate weak laser abortion capability at
non-contact operation, to increase the cutting efficiency
of lasers in the surgery, special tips (e.g., hot tip, metal
probe, converter and cork-initiated tip) can are mounted
at the distal end of optical fiber delivering laser radiation
to biological tissue, as shown in Figure 19(c).
4.2 Waterjet Technology in Soft Biological Tissue
Manipulation

Waterjet machining was first introduced to the industry
as a new cutting tool in the early 1970s after the publication of Norman Franz’s patent [183]. It is used for cutting a wide range of materials [184]. Using a waterjet to
prepare soft tissue is already applied in various surgical
fields, with several advantages of this technique, e.g.,
less intraoperative haemorrhage and no thermal damage
compared to other common methods [185].
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4.2.1 Application and Principle of the Waterjet Processing
of Soft Tissues

(1) Waterjet application in soft tissue surgery
Papachristou and Barters [184, 186]were the first who
described the usage of the jet in medicine. Four patients
had a liver resection through physiologically saline (Figure 20(a) [187]). They concluded that the usage of the
waterjet led to the reduction of blood loss during the
surgery. Thereafter, the application of waterjet in liver
surgery continues to expand, Yoshie Une et al. [188, 189]
and Baer et al. [190] applied the waterjet to remove the
cirrhosis, hepatocellular carcinoma, and solid hepatic
tumours, the preliminary results suggest that the exposed
elastic intrahepatic vessels are spared injury. Rau et al.
[191] applied the waterjet dissection technique in open
(309 patients) and in laparoscopic (41 patients) liver surgery, the results suggested that it was possible to reduce
the blood loss, the Pringle and resection time in comparison to CUSA and blunt dissection.
Waterjet technology was also applied in surgery of
other internal organs. It was used in animal renal surgery
by Hubert et al. [197], Basting et al. [198], and Alireza
Moinzadeh et al. [199], all the results demonstrated that
the waterjet resection tissue was dissected effectively
avoiding damage to the vascular structures. Encouragingly, Basting et al. [192] reported about first clinical
experiences with waterjet resection device in kidney
surgery. It has been shown to reduce the risk of blood
loss significantly, and the higher magnification shows
a microscopically normal glomerulus in direct contact
to the zone of vacuolization (Figure 20(b)). It was also
applied in laparoscopic cholecystectomy [200], testisCancer dissection [201], and Spleen Resection [193]

Figure 19 Surgical laser devices: (a) Laser device for cutting and coagulation based on different working distance [178–180]; (b) Robotic
laser-assisted operation [181]; (c) Laser radiation in contact with the soft tissue through optothermal fiber converter [182]
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Figure 20 Application of waterjet in soft tissue: (a) Liver resection [187]; (b) Normal glomerulus after waterjet resection [192]; (c) Spleen resection
[193]; (d) Waterjet applied to separate the galea and the dura mater [194]; and (e, f) Wound treatment [195, 196]

(Figure 20(c)), where all the results show the small damage to the tissue by the waterjet, and reflects the gratifying application value.
In addition to its application in internal organs, waterjet technology was also applied in surgery of brain
tumour and wound treatment. In brain tumor surgery,
the waterjet has been applied by Piek et al. [202], Oertel et al. [203], enabled tumour debulking by aspiration
and more important precise separation of tumour and
brain parenchyma. The waterjet was used to separate
the galea and the dura mater by Christoph et al. [194]

(Figure 20(d)), and the experimental and clinical data
shows that waterjet separation of dura mater, dural substitute, and galea can be performed with a high level
of safety to avoid dural tears. The waterjet technology
applied in wound treatment was reported by Nadi Atalla
[195] (Figure 20(e)), Vanwijck et al. [204], Rennekampff
et al. [205], and Raffi Gurunluoglu [196], it has been
shown hydro surgery has the main advantages its tissue
selectivity and its high percentage of successful engraftment after immediate skin grafting.
(2) Principle of waterjet soft tissue surgery
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According to Shekarriz Hodjat et al. [200], the principle of waterjet dissection in organs can be explained in
Figure 21(a) (the schematic of the anatomical principle
of gallbladder waterjet [200]). The application of water
around and below the serosal layer causes the sub-serosal
space to expand and form a surgical plane. During the
dissection of the organs and tissues, the thin and highpressure water flow selectively separates the surrounding
connective tissue components from the blood vessels and
organs. After removal of the organ, the remaining organization and around organs were almost free of bleeding
and subsequent hemostasis was not necessary. Furthermore, continuous water flow allowed to clean the tissue
debris and allowed a clear view for the operator.
Figure 21(b) (Raffi Gurunluoglu [196]) shown the principle of waterjet application in wound treatment. Sterile
saline flows to the electric console, where it is pressurized. The sterile saline is accelerated to high speed and
forced under high pressure into an angled, sterile and
disposable handpiece. The saline stream passes through
the hole at the end of the handpiece and is directed backwards and immediately sucked into the collecting tube.
This creates a local Venturi effect, which allows to grasp,
cut and remove the target tissue at the same time. When
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the hole is held more obliquely, a softer suction effect is
obtained.
4.2.2 Potential Complications and Risks of Waterjet Surgery

The tissue selectivity of waterjet resulted in an improved
anatomic dissection and decreased the complication rate.
It uses sensitivity to the pressure of sterile saline to resect
tissue. It allows control of a flow directly into the saline,
directly into the workspace. The sensitivity of the saline
jet varies in dependence on the type of shared tissue
(nerve tissue, ligaments, blood vessels, etc.).
However, there are still some risks, for instance, the
accumulation of water may obstruct the view of the
wound ground, hindering surgeons from evaluating their
progress; the high-pressure waterjet disperses pathogens and debris into the air, potentially creating a risk of
infection for the operating surgeon [206]. For the clinical application of waterjet technology in soft biological
tissue, further methods and experiments are needed to
improve this.
4.2.3 Waterjet Surgery Device

A waterjet device usually consists of three parts (Figure 22(a)): a pressure unit, a flexible connective unit, a

Figure 21 Principle of waterjet action: (a) Principle of Hydro-Jet dissection in organs [200]; (b) Wound treatment process [196]
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Figure 22 Waterjet device in soft biological tissue: (a) Basic consists of waterjet system [207]; (b) Helix Hydro-Jet operation system [208]; (c, d) The
surgical robotic waterjet operation system; (e‒h) Probe and handpiece applicator of waterjet system for different surgeries [185, 186, 201, 207]

handpiece and needle nozzles [207]. For different surgeries, the requirement of the surgeries, different handpieces
were developed (Figure 22(e)‒(g) [185, 201, 207]), which
could generate a coherent straight or helically turned
waterjet. A handpiece applicator with an integrated suction tube was also designed to clear the surgery area (Figure 22(h))[186]. Further to provide the operators with a
good view, the touch screen display was equipped and
integrated into the operating system (Figure 22(b)) [208].
To reduce the infection risk of operators, the robotic system was developed (Figure 22(c) and (d)) for conducting
the surgeries and cleaning the wound debridement, and
the experimental results are encouraging. The waterjet technology in the medical area is moving towards
automation.
4.3 Ultrasonic Cutting of Soft Tissues

The ultrasonic instruments were used to cutting and
emulsify soft biological tissue in surgery [209]. Ultrasonic surgical instruments are safer and more effective
than other instruments, which have the advantage of the
precise control, accurate and high quality cut, reduced
cutting forces, limited debris, reduced bleeding and
avoidance of surrounding tissue damage [210]. Recently,

Wang et al. developed a novel ultrasonic cutting system
incorporating in a microtome for histology. The introduction of ultrasound-assisted cutting in the microtome
can help tp obtain high-quality ultra-thin tissue sections
[211].
4.3.1 Ultrasonic Effects of Soft Tissues

Ultrasonic cutting of soft tissue was often used in cataract surgery. The mechanism of ultrasonic cutting were
both mechanical action and cavitation at the tip of the
ultrasonic tool [212]. And the thermal effects and generation of microcurrents may occurred at the cellular level
[213]. The mechanical effect was used to cutting soft tissue, while the thermal effect of ultrasound is mainly to
coagulate the soft tissue. Therefore, the mechanical and
thermal effects should be balanced for better cutting soft
tissues and less tissue damage [214]. It was reported that
the ultrasonic effects in soft tissues were predominantly
related to mechanical impact of direct shear, pressure
wave components and acoustic streaming [215–217].
The main effects of ultrasonic vibration on soft tissue
are mechanical shearing effect, thermal effect and acoustic cavitation effect, and the secondary effects include
streaming.
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4.3.2 Cutting Mechanism of Ultrasonic Surgery

In the applications of ultrasonic cutting, blades/tips are
made in different shapes for plunge and shear cuttings.
Generally, a cutting blade operating at shear cutting mode
is used in most surgical applications.
In the ultrasonic cutting process (shear cutting mode),
the blade is vibrated at a frequency of f1 and an amplitude
of A with a clearance angle of θ1. The trajectory of the blade
to the sample block can be expressed

z(t) = Asinθ1 cos2π f1 t + v1 t,

(2)

x(t) = Acosθ1 cos2π f1 t,

(3)

where z direction and x direction are parallel and perpendicular to the cutting direction respectively and v1 is the
speed of the block moving.
The relative motion speed of blade to the block is

vz = 2π f1 Asinθ1 sin2π f1 t + v1 ,

(4)

vx = 2π f1 Asinθ1 sin2π f1 t.

(5)

The cutting can be divided into separating type and
non-separating type. When vz > 0, the blade is separated
from the section and the block in each cycle of the vibration called the separating type UAC. When vz < 0, the
blade is contacting with the section and the block in each
vibration cycle called non-separating type UAC.
Figure 23 provides a schematic illustration of the trajectory. In each cycle of the vibration, the blade starts to
cut the block at the point of 1 and a section is generated.
Then, the blade is reaching to the lowest vibration point
2, where the horizontal and vertical vibration speeds are
zero. From the point 2 to 3, there are contact between the
section and the blade due to vz < 0. But the rake face of
the blade starts to moving upward in the vertical direction. The friction direction between the blade rake face
and the section is reversed as compared with it in conventional cutting. This reverse of the friction could assist
to pull out the section away from the block. Due to the
rake face of the blade pulls the chip upward, a more
straighten less curled section could be formed. The blade
separates from the section at point 3, when vz > 0 at the
blade retraction [211].
Thus, the ultrasonically cutting could reduce cutting
forces, form smooth sections and promote the section
removal [211].
4.3.3 Ultrasonic Surgery Devices

Figure 23 Mechanism of ultrasonically assisted cutting with
inclination with the cutting block

The ultrasonic surgical instrument were used to precise cutting soft tissue [218] and improved haemostasis
[219, 220]. The hemostatic effect during ultrasonic cutting of soft tissue is of great significance in minimally
invasive surgery [221]. There are two main types of ultrasonic instruments used for soft tissue cutting or ablation
including ultrasonic aspirators (Figure 24(a)) and ultrasonically activated dissecting and coagulation devices
with sharper tips operating (Figure 24(b)). The ultrasonic
aspirators are used to removing cataracts in the eye and

Figure 24 Ultrasonic surgery devices: (a) Sonopet ultrasonic aspirator from Stryker [222]; (b) An ultrasonic surgical system from Ethicon [210]; (c)
Microtome set up for ultrasonically assisted cutting device (UACD) [211]
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debulking solid tissues for neurosurgeries. The ultrasonically activated dissecting and coagulation instruments
were applied to directly cutting and coagulating tissue
in general or laparoscopic surgery. The novel ultrasonic
system used for microtome cutting is also illustrated
below to show the recent advances of ultrasonic cutting
(Figure 24(c)).

5 Anastomosis and Reconstruction
Anastomosis is a surgical procedure to rebuild normal
physiological structure and functions. In the past, the
most common technique is needle-based suturing and
sutures for biological tissues anastomosis. However, this
method needs high operational skills and long operation
time, which also increase risks of intraoperative infection.
Nowadays mechanical stapling is widely used in surgery with various staplers to connect soft biological
tissues, such as stomach and intestine, etc. In this anastomotic process, tissues are compressed in two jaws, and
connected by titanium staples, and then the healing process carries on gradually with acute inflammatory phase,
and ultimately remodeling or maturation phase.
Recently powered stapler has been developed for
robotic surgery. Wang et al. [223] designed a powered
stapler with simplified mechanical structure and optimized current procedure, and the evaluated performances were proved that this novel stapler could control
pressure transmission which helps to reduce excessive
mechanical damage. However, the titanium staples
remain inside tissues after surgical operation, which may
cause inevitably inflammatory action and severely influence on tissue recovery.
The energy-based anastomotic technology without
additional material intervention attracts increasing attentions, such as radiofrequency tissue welding technology.
Due to tissue bio-impedance, heat can be accumulated
with higher energy and longer welding time. The heatinduced collagen biological chemical reactions could
help to create a uniform anastomosis. Due to no additional material leaving in body, energy-based welding
exhibits significant advantages of non-rejection and noninflammation, which can promote healing process after
operation. However, tissue welding technology has not
been matured yet in clinical applications, more research
is needed to increase biomechanical strength in welding
zones and reduce excessive thermal damages.
The energy controlling, closed-loop control system
with electrical impedance signal as feedback, and welding
electrode optimization are the key technology for anastomosis success with satisfied biomechanical strength.
Winter et al. [224] designed a welding electrode with
end-to-end type to anastomosis colons and explored the
effect of welding parameters. Inspired by this electrode,
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Zhao et al. [225] developed and compared two “end-toend” electrodes, and found the electrodes with reciprocating concave–convex configuration exhibits larger and
faster thermal diffusion profiles than that with smooth
surface (Shown in Figure 25). Furthermore, it is generally believed that heating is required for separated tissues to obtain strong and reliable bonding. However,
exceeding high temperature may cause thermal biological damage in tissues. To better control thermal diffusion
and excessive thermal damage, Tu et al. [226] developed
a control algorithm for energy-induced tissue welding,
which provides more options in welding parameters to
achieve satisfied anastomosis with controllable thermal
performance.
Ideal anastomosis technology will help tissues to reconnect and recover its philological functions, leaving no
additional materials inside. It is still under development
to realize such a dreaming technology with improved
biomaterials, mechanical design and control algorithms.
The fundamental research in biophysical and biochemical properties are the keys to deep understanding anastomosis process, in particular the theoretical research of
micro-structure and micro-mechanism of tissue welding,
which will be a great help to design better anastomotic
devices and achieve better clinical performances.
Structural and functional reconstruction is key parameter to assess the post-surgery efficacy after anastomosis,
which is also a major consideration on the anastomotic
technology selection. Due to almost all thermal, mechanical, and electric-based anastomotic technologies have to
damage the health tissue to get the desire the results. For
example, the thermal welding is inevitable to cause the
cell dysfunction or stenosis sometime due to the temperature elevation. The needle-based suturing forces the tip
to penetrate the tissue, which leaves a scar. The electricbased technology also induces the cell dysfunction when
the electricity passes through the tissue.
The evaluation of the structural and functional reconstruction in clinically has three main factors, which are
blood supply, tissue viability, and function recovery. The
blood supply can bring the nutrition for the cell growth,
which can increase the metabolism. Tissue viability is a
growing speciality that primarily considers all aspects
of skin and soft tissue wounds including acute surgical
wounds, pressure ulcers and all forms of leg ulceration.
The microstructural of the tissue is also an indicator for
the reconstruction.

6 Conclusions
Biological soft tissues manipulation, including mechanical or nonconventional processes, is critically required
in most surgical innervations. The soft tissues are with
high viscoelasticity, anisotropy, heat sensitivity and
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Figure 25 (a) Welding electrode with smooth surface (A1‒A3) and electrode with reciprocating concave–convex configuration (B1‒B3); (b) HE
photographs of intestinal tissues with the effect of CC electrodes (top and right bottom) and S electrodes (left bottom) [225]

regeneration, and contain high percentage liquids inside
the structure, which are in general difficult to manipulated. Thus, understanding the manipulation processes
and the resulted surface damage mechanism is of importance to the community. This paper reviews the state-ofthe-art of soft tissue manipulation processes in surgery,
including mechanical, laser and waterjet cutting and
advanced anastomosis and reconstruction process. It can
be concluded that while the most widely applied conventional mechanical cutting and anastomosis processes
are of high maturity, the nonconventional manipulations
processes such as laser and waterjet cutting, energybased anastomotic and thermal welding are also drawing increasing attention. The major conclusion can be
summarized.
(1) There are differences in the composition and structure of different soft tissues, which will have an
important impact on soft tissue manipulating. The
distribution of elastic fibers and connective tissue
in the soft tissue affects the crack propagation and
cutting of the soft tissue. The interface between
cells or the direction perpendicular to the fiber is
the direction of microcracks’ initiation and propagation. Soft tissues are more sensitive to thermal
damage and have certain differences among species.
(2) The current research mainly focuses on soft biological tissue deformation, cutting force modeling and
tissue damage in soft tissue mechanical cutting,

especially puncturing skin and liver with a needle.
The cutting force model contributes to the mechanical feedback of the surgical robot system and the
virtual reality surgical training system. However, it
is worth noting that the relationship between the
cutting behaviors and microstructure of soft biological tissues, and the crack propagation in soft
biological tissues are still seldom studied. There is a
lack of scientific explanation of soft biological tissue
cutting behavior.
(3) In most researches, mechanical cutting of soft tissues causes relatively little damage, but there are
still biological tissue damages, such as apoptosis,
hemorrhage, tissue loss, and deformation. At present, the research on soft tissue damage is still in
the observational stage, and there is no related literature to study the mechanism of how the tool
causes soft tissue damage. In addition, the impact
on the biological body should be considered during
the mechanical cutting process, such as the backflow of liquid along the puncture path of the brain
tissue. The microstructure of the cutting edge after
cutting soft tissues has been observed to break and
wear, but the wear mechanism and factors of the
cutting edge after cutting soft biological tissues are
still unclear. The wear of the blade is an important
factor that affects the reusability of surgical instruments.
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(4) Many researches on tool optimization for mechanical cutting of soft tissues have been carried out
from the aspects of innovative tool structure,
microstructure on edge and surface and assisted
cutting technology, which obtained smaller cutting force, higher efficiency or lower tissue damage.
However, the principle of tool optimization needs
to be studied deeply but is often overlooked.
(5) In laser ablation of soft tissues, the surface damage normally presents as a combined phenomenon
including: coagulation with cell swelling, degeneration to a liquid state with loss of cell structures
(colliquation), and carbonization caused by tissue
overheating. These are induced by two main cutting
mechanisms of laser cutting of soft tissues. That is,
in long pulse and continuous wave laser cutting the
ablation mechanism is mainly induced by thermal
effect whereby a high surface and subsurface damage can be found due to the accumulated high thermal energy as well as the shockwave introduced
during the water explosion. In ultrashort pulse
laser ablation of soft tissue the material removal
mechanism is mainly occupied by plasma induced
ablation, whereby the water inside the tissue can
be superheated and eject the tissue faster than the
energies that can diffuse to the surroundings area,
and hence leads to a minimum surface damage of
the tissue.
(6) The ultrasonic cutting instruments simplifies difficult operations, minimizes intraoperative blood
loss, reduces tissue damage, improves surgical
vision with absence of smoke, and reduces cost and
time by combining grasping, cutting and coagulation into an integrated tool set and intraoperative
equipment replacement. The main effects of soft
tissue to ultrasonic vibration are mechanical shearing effect, thermal effect and acoustic cavitation,
while secondary effect includes streaming.
(7) Anastomosis and reconstruction are important
surgical procedures to rebuild normal physiological structure and functions. Although mechanical stapling is widely used to connect soft biological tissues, energy-based anastomotic technology,
such as radiofrequency tissue welding technology,
which can be operated without additional material intervention, also attracts increasing attentions.
Moreover, due to no additional material leaving in
body, energy-based welding exhibits significant
advantages of non-rejection and non-inflammation,
which can promote healing process after operation.
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