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Abstract. A fracture mechanics approach was employed to develop a
model that can predict the penetration force during quasi-static nee-
dle insertion in soft tissue. The model captures a mechanical process
where the sharp needle produces a crack that is opened to accommo-
date the shaft of the needle. This process involves the interchange of
energy between four distinct phenomena: the work done by the needle,
the irreversible work of fracture, the work of friction, and the change
in recoverable strain energy. From measurements made in vivo, porcine
liver fracture toughness was estimated from the difference in penetration
force between two consecutive insertions at the same location. The val-
ues obtained fall within a reasonable range and confirm the relevance of
a computational model of needle insertion based on fracture mechanics.
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1 Introduction

Needle insertion is extensively used in medical intervention. Its use has expanded
to a variety of minimally invasive and percutaneous procedures such as biopsies,
neurosurgery and brachytherapy [1]. For pre-intervention planning, for intra-
intervention guidance, for post-intervention assessment, as well as for simulation
purposes, a model of the physics of needle interaction with tissues during inser-
tion would be valuable.

Here, we discuss a model that accounts for both the tissue and needle char-
acteristics. Using in vivo measurements of needle insertion in pig liver performed
by Maurin et al. [13], we could estimate the work of fracture and determine the
liver fracture toughness. These values were found by comparing the response
of the organ to a first penetration with the response of the same organ at the
pre-cracked location. We found values that are in line with others cited in the
literature and that were obtained using different methods.

The model that we developed can be used as a basis for several types of
simulation. It can be used in a finite element analysis to find deflection from
loading. Conversely, these values can be used to predict forces as a response to
displacement for planning and simulation.
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2 Related Work

Roughly speaking, needle insertion models fall under two categories. In the first
category, needle penetration is viewed mostly from the view point to the defor-
mation of tissues that the interaction causes. These models represent the effect
of crack formation but do not actually model it because they do not account for
the underlying physics of the insertion process. Instead, stiffness-like functions
are fit to experimental data. These models cannot be invariant with respect to
the choice of units. In the second category, models are based on the description
of the mechanics of crack formation. The effects of a needle geometry interact-
ing with tissue properties are responsible for the permanent changes made to
an organ at the scale of cells and membranes. Despite these complexities, nee-
dle piercing and cutting create new surfaces inside a body, that is, damage. In
the second category, damage is modeled by averaging over surfaces and through
time. They are therefore based on energy methods.

Deformation models and function fit. Maurel represent the penetration
force resulting from deformation as an exponential function of the depth [12],
while Brett et al. use viscoelastic functions [5]. Simone and Okamura describe
the needle force as the sum of the cutting force, the stiffness force and the friction
force [15]. The stiffness-like model is equated to a second-order polynomial fitted
to the data. Maurin et al. and Barbé et al. obtained fits using various functions [3,
4, 13]. Another example of this approach is Dimaio and Salcudean’s FEM models
to determine the tissue deformation [7]. Recently, Hing et al. measured internal
tissue deformation during needle penetration [10]. Since these techniques cannot
represent combinations of tissue types and needle geometries, each case requires
the determination of a new set of arbitrary parameters.

Energy models. Based on the work of Atkins [2], a multi-phase model suitable
for the prediction of cutting forces was introduced by Mahvash and Hayward
using energy and fracture mechanics [11]. The force of cutting is modeled as the
result of an interchange of energy between the internal strain energy stored in the
body due to initial deformation, the work done by the tool and the irreversible
fracture work. Cutting and piercing both create new surfaces in a body. Therefore
it should be possible to apply a fracture energy approach to needle insertion.
In this view, the geometry that determines the cutting force is the size of the
created surfaces. One may imagine that a needle causes a simple expansion to
a cylindrical cavity. Shergold and Fleck portrayed the phenomenon as a mode-
I crack propagation with elastic deformation to accommodate the cylindrical
shaft which suggests different crack geometries [17, 18]. These geometries were
observed in human skin and rubber samples. Using conservation of energy and
neglecting friction, they determined the penetration pressure and crack size as
a function of sharp-tipped punch diameters and tissue characteristics. Besides
crack geometry, the second key parameter is tissue specific resistance to fracture.
Authors have devised many types of experiments to determine it.
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Testing approaches (Mode-I). Atkins used a guillotine-test to estimate the
fracture toughness of skin and other soft tissue [2]. Mahvash and Hayward, robot-
ically cutting potato and liver, as well as Doran et al., cutting animal skin, as-
sumed that during the cutting phase the work of the tool was entirely transfered
to the formation of the crack [8, 11]. Pereira et al. used scissor cutting to ob-
tain fracture toughness [16]. Chanthasopeephan et al. used scalpel cutting of
liver [6]; the tool work was obtained from integration of the force-displacement
curve. McCarthy et al. tackled the case of scalpel cutting where the tool is in
permanent contact with the tissue [14]. Because friction was not be neglected,
the work of fracture was equated to the work of the difference in cutting force
between two consecutive insertions at the same location.

3 Needle Insertion Phases

Needle insertion and retraction at constant velocity experimentally suggests that
the process can be decomposed into phases [11, 13]. With reference to Fig. 1, four
phases can be identified:

Phase 1: Deformation. The needle tip comes into contact with the tissue and
deforms it without penetration. It terminates with puncture.

Phase 2: Steady-state penetration. Once an energy threshold is reached,
the liver capsule ruptures and a crack initiates. Then, steady-state insertion
initiates and the force increases with depth. This phase terminates when the
needle stops.

Phase 3: Relaxation. When the desired depth is reached the motion is stopped
and the force relaxes due to the viscoelastic properties of the material. The
stored strain energy combined with friction creates a suction effect.

Phase 4: Extraction phase. The needle force is due to the friction force and
the release of the stored elastic strain energy.
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Fig. 1. Phases of needle insertion. This data, used with permission, is from [13].
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3.1 Mechanism of Needle Insertion Into Liver

Shergold et al. hypothethized and verified that the insertion of a sharp punch
into skin and rubber causes the formation and wedging open of a mode-I crack,
see Fig. 2 [18].

Fig. 2. Left: Geometry of a Franseen needle tip, forces acting on it and expected
resulting 3-way branching or star-cracks. Right: standard 22◦ bevel tip and 45◦ bevel
tip biopsy needles next to the expected resulting line crack.

To verify this theory, we obtained porcine liver samples directly from the
slaughter house less than one day postmortem (refrigerated). The samples were
manually penetrated with different needles types: (1) Franseen tip suture needle
of diameter 0.84 mm; (2) sharp standard bevel tip syringe needles of diame-
ter 0.71 mm, 1.27 mm, and 2.1 mm (22◦ bevel); (3) true short bevel tip liver
biopsy needle (45◦ bevel tip) of diameter 1.47 mm. The needles were dipped in
trypan blue stain before insertion in an effort to increase image contrast. The
samples were prepared with thin blades and the average size of the samples was
5×5×3 mm. The cracks were examined using a binocular inverted microscope
under ×10 magnification. The cracks were measured at different depths, capsule
level, 3 mm depth and 6 mm depth whenever it was possible to observe them.
Fig. 3 shows representative examples of the images obtained. In the figures, im-
ages were processed using Photoshop R©, first discarding color information and
then precisely bracketing the brightness levels to enhance contrast.

Fig. 3. Microscopic observations of fresh porcine liver penetrated with three types of
needles. The left image shows the crack geometry made by a Franseen tip, the middle
image show a crack resulting from a standard bevel tip, and the right image the crack
left by a short bevel biopsy needle.
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Fig. 4 shows cracks made by standard bevel needles with three different di-
ameter. Cases where unstable crack formation was observed, that is, when the
assumption of a sharp interaction breaks down were not considered. Unstable
crack formation can be attributed to the non-homogeneity of the liver or unpre-
dictable stresses induced by manual insertion.

Fig. 4. Observations of fresh porcine liver penetrated with standard bevel needles of
different diameters. From left to right, diameters of 0.71 mm, 1.27 mm, and 2.10 mm.

Table 1 collects a summary of the resulting crack sizes as a function of needle
geometries. Only averages as shown as the sample size is too small to allow for
statistical analysis.

Table 1. Crack length as a function of needle geometry (number of observations).

mean crack length standard additional observations
needle tip diameter at capsule level deviation (nb. observed)

(mm) (mm) (nb. observed) at 3 mm at 6 mm

Franseen 0.84 1.32 0.10 (9) 1.25 (6) 1.2 (3)
22◦ bevel 0.71 0.70 — (5)
22◦ bevel 1.27 1.31 0.11 (13) 1.16 (3)
22◦ bevel 2.10 1.93 — (3)
45◦ bevel 1.47 1.70 0.28 (6)

From this preliminary study, despite the small sample size, it can be tenta-
tively concluded that under the conditions of reasonable tissue homogeneity and
needle sharpness, the diameter of a needle and the geometry of its tip are good
predictors of both geometry and size of mode-I cracks. It can also be concluded
that depth has little effect on crack size.

From our small sample set, we can predict a branch crack to be roughly 1.5
times larger than needle diameter that caused it. For sharp bevel tips, the crack
length is about the same as the diameter of the needle, but for less sharp, short
bevel, biopsy needles, as might be expected, the crack size is larger than the
needle diameter which accounts for a larger insertion force.
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4 Fracture Mechanics Insertion Model

When a sharp object penetrates a tissue, a crack propagates at its tip. An energy
balance between two consecutive states assumes the following.

1. Elastic fracture. The deformation is plastic only at the vicinity of the crack.
2. Quasi-static process. Kinetic energy can be neglected, the velocity is low

enough for the system to be in equilibrium at all times.
3. Sharp needle interaction. The tip is always in contact with the crack.
4. Constant crack width.

Combining the results in [2, 8, 14], the energy balance equation gives

F du + dUi = JIC dA + d∆ + dΓ + P du. (1)

In this expression

– F du is the work done by the needle insertion force F for an increment du,
– Ui is the internal strain energy stored in the material before indentation,
– JIC dA is the irreversible work of fracture in mode-I and JIC is the critical

fracture toughness (this lumps the different microscopic irreversibilities ob-
served at the tip into a general constant that is material and mode specific).

– dA is the increment in crack area; for a line mode-I crack of width a,
dA = a d u′ where du′ is the crack depth, and d∆ is the change in the stored
internal recoverable strain energy potential. For instance, during scalpel cut-
ting, the two created surfaces are free and the only strain energy stored is
due to the deformation of the tissue in the direction of the cut. On the other
hand, during the needle piercing phase, the surface created is also under
transverse compression; with a plane-strain assumption, used in Shergold’s
model [18], the strain energy is stored proportionally to the insertion depth
and vertical deformation subsequent to the initial deformation is neglected.

– P du is the work done by the friction force P along the shaft of the needle.
Its magnitude depends on the relative velocity between the needle and the
tissue. In a quasi-static insertion, with the constant increase in contact area
between the needle and the tissue, P is proportional to the insertion depth.

– dΓ represents the work absorbed in plastic flow. This term is negligeable
and is ignored [18]; we assume that once the needle is extracted the body
takes back its original geometry and size.

We now apply (1) to the different phases of an insertion. Referring to Fig. 5:

Phase 1 deformation: The needle work creates a deformation δi. Assuming that
the tissue is initially at rest (1), becomes

Fdu = d∆. (2)

This force may always be represented as polynomial function F (δ). This inter-
action reduces to a contact mechanics problem between a tool and a substrate
and for which numerical and analytical solution exists.
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δcδi

du

Fig. 5. Definition of displacement quantities.

Phase 1.5 rupture: When rupture occurs a crack propagates. The maximal de-
formation δi relaxes to δc (Fig. 5). During this short instant, the force exhibits a
sharp decrease in magnitude and a crack of depth δi−δc is formed. Heverly et al.
showed that the force required to initiate cutting reduces with increasing needle
velocity, up to a critical speed above which, the rate independent cutting force
of the underlying tissue becomes the limiting factor [9]. At this critical rate the
tissue deformation is minimal. The limiting velocity is one order of magnitude
larger than the data obtained from [13].

Phase 2 penetration: The true crack depth is u′ = u − δc. Since the tool dis-
placement is equal to the crack propagation, the energy equation becomes

Fdu = JIC dA + d∆ + Pdu, (3)

where d∆, the work per unit length to wedge open the crack, could be calcu-
lated using deformation models, by considering an expanding wedge of radius,
r, from r = 0 to R [18]. In Shergold and Fleck’s model the crack width is de-
termined as a function of R, JIC and the tissue properties, shear modulus µ and
strain hardening α. Assumptions include plane strain, isotropic, non-viscous and
incompressible material. Since their model ignores friction, the predicted crack
length is probably overestimated.

5 Fracture Toughness Determination

To determine the work of fracture, Fc da, where Fc is the cutting force, an
approach similar to that in [14, 16] is employed. A cutting-pass penetration of
the needle is first carried out. During insertion, the friction, wedging and fracture
work, all contribute to the force F . The energy balance remains that of (3). A
second penetration is performed at the same location. All phenomena are nearly
identical except for the energy required to create the crack, which vanishes. This
gives a smaller needle force F ′ and (3) reduces to

F ′du = d∆ + P du. (4)

Subtracting (3) from (4) and noting that du′ = du we obtain an explicit rela-
tionship for the fracture toughness

(F − F ′) du = JIC a du. (5)
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Evaluating
∫

u1

u0

(F − F ′) du as a function of dA = a du where u0 is the onset
of the steady penetration phase and ui is when it terminates. The slope of the
estimated curve is the fracture toughness JIC of the pierced tissue. See Fig. 6.
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Fig. 6. Representative example of the determination of JIC using integration.

6 Results

In Maurin et al. [13], an 18 gauge, 1.27 mm diameter, 22◦ biopsy needle was
roboticaly inserted in vivo into a pig liver at different slow velocities with a
pause of 8 s between the insertion and the extraction phases. During insertion,
forces and displacements were recorded.

We applied the model described in the previous section to their data. Based
on our in vitro experiments of Section 3.1, the crack length was estimated to be
equal to the needle diameter. This assumption is realistic since the difference in
tissue condition is expected to marginally affect the crack size.

For each of the four measurements, labeled as in the original reference, the
integral

∫
u1

u0

Fn − F ′
n

du was obtained using the trapezoidal approximation and
plotted against the crack area expansion. The slopes obtained are collected in
Table 2.

Table 2. Fracture toughness for different measurements.

Measurements JIC(J·m−2) Velocity(mm·s−1)

3b 75.8 15
4b 95.7 15
5b 91.8 6
6b 185.6 19
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7 Discussion

Measurements 3b, 4b and 5b fall within a narrow range of values while measure-
ment 6b gave a higher value. Such disparity cannot be attributed to the change in
velocity but rather to inhomogeneity of the organ. The number of measurements
is not statistically significant, but the range of fracture toughness is reasonable
76 to 185 J·m−2. Additional tests would likely confirm these results. By compar-
ison, Chanthasopeephan et al. found for a dead pig liver, using scalpel cutting, a
fracture toughness ranging from 187 to 225 J·m−2 [6]. This discrepancy is easily
explained. Scalpel-liver interactions differ from needle insertion. Differences may
also exist in the sharpness of the tool; a sharper tool produces less blunting [14].
The test conditions were also different. Maurin et al.’s experiments were done in
vivo with both breathing and non-breathing animals.

The accuracy of ours results is relative to our assumptions and to method
employed. The crack width could only be estimated. A 10% error in the crack size
estimate would result in a 10% error in fracture toughness. Plastic deformation
was also neglected but this assumption is reasonable. When a free-pass was run,
it was assumed that the needle experienced the same friction forces and caused
the same strain energy storage as a piercing-cut. Data from multiple passes at a
same location should be collected to investigate this effect further.

In future experiments, tissue deformation and friction should be modeled,
and in combination with fracture mechanics, analytical needle tip forces should
be compared to experimental results. In addition, other experimental conditions
should be controlled and varied. For example, the introduction of kinetic energy
to account for non-steady insertions or taking into account the viscosity of the
tissue would certainly improve the model.

8 Conclusion

Needle insertion was modeled as controlled crack propagation. We first confirmed
that a planar crack is created when a biopsy needle is inserted into liver and that
a star-crack results from using a Franseen tip. By using an energy approach, the
fracture toughness of porcine liver was estimated. Our technique can be applied
for other needle geometries and tissues. A significant variable is the crack size
which can reflect the tip geometry and can be set to simulate a variety of needles.
Future work should combine these results with FEM deformation models.
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