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Residual Strain Effects in Needle-Induced Cavitation†

Christopher W. Barney,a Yue Zheng,b Shuai Wu,b Shengqiang Cai,b and Alfred J.
Crosby,∗a

Needle-induced cavitation (NIC) locally probes the elastic and fracture properties of soft materials,
such as gels and biological tissues. Current NIC protocols tend to overestimate properties when
compared to traditional techniques. New NIC methods are needed in order to address this issue.
NIC measurements consist of two distinct processes, namely 1) the needle insertion process and
2) the cavitation process. The cavitation process is hypothesized to be highly dependent on the
initial needle insertion process due to the influence of residual strain below the needle. Retracting
the needle before pressurization to a state in which a cylindrical, tube-like fracture is left below
the needle tip is experimentally demonstrated to reduce the impact of residual strain on NIC.
Verification of the critical cavitation pressure equation in this new geometry is necessary before
implementing this retraction NIC protocol. Complementary modeling shows that the change in
initial geometry has little effect on the critical cavitation pressure. Together, these measurements
demonstrate that needle retraction is a viable experimental protocol for reducing the influence of
residual strain, thus enabling the confident measurement of local elastic and fracture properties
in soft gels and tissues.

1 Introduction
Cavitation rheology is a developing field coalescing from the inde-
pendent development of a diverse set of mechanical characteriza-
tion techniques that capitalize on the underlying physics of cavita-
tion. Among this set are techniques such as needle-induced cav-
itation (NIC),1–19 laser-induced cavitation (LIC),20–23 acoustic-
induced cavitation (AIC),24–27 shockwaved-induced cavitation
(SIC),28–31 and confinement-induced cavitation (CIC).32–38 A di-
verse, tunable range of size and time scales between techniques
makes cavitation rheology attractive for characterizing soft mate-
rials. Needle-induced cavitation (NIC) provides a highly localized
probe of the elastic and fracture properties of soft materials, such
as gels and biological tissues, that are often difficult to manipu-
late into traditional mechanical characterization geometries. This
technique has the potential to characterize tissues in vivo but has
been limited by variability in the properties measured as shown in
Figure 1.1–9 The references in Figure 1 measured elastic modulus
by at least two techniques and the data indicates that NIC tends
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Fig. 1 Plot of elastic modulus measured with needle-induced cavitation
against values measured with shear rheometry, indentation, and uniaxial
extension from literature. 1–9 The black line is the equivalent point.

to overestimate the modulus compared to traditional mechanical
characterization techniques. This trend indicates that new NIC
protocols are necessary for characterizing materials properties.

Counter to this trend, Raayai-Ardakani et. al recently found
that moduli from NIC were significantly lower than those mea-
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sured from uniaxial extension.9 They calculated NIC moduli as-
suming a purely elastic cavitation mechanism, however, based on
the interpretation in their more recent work, a fracture mecha-
nism was observed.39 Fracture necessarily occurs at a pressure
below the cavitation threshold which explains the observed dis-
crepancy.10,40 Bentz et al.8 recently discussed the trend observed
in Figure 1 between measurement techniques and argued that it
related to the nature of the crosslinking bond in the gel. However,
Bentz et al. did not test if the increase is primarily related to the
stress state in the gel resulting from the needle insertion process.

The NIC measurement consists of two distinct processes,
namely 1) an initial needle insertion process and 2) a subse-
quent cavitation process. While the cavitation process has re-
ceived much attention in the literature, the needle insertion pro-
cess has largely remained unspecified.41 This ambiguity in needle
insertion protocol leaves NIC measurements vulnerable to scatter
and shifts imparted due to the presence of residual strain at the
needle tip, which may lead to a misinterpretation of data.

To estimate the impact of residual strain on NIC, assume that
the critical pressure at the tip of a needle inserted beyond the
point of puncture can be represented as the superposition of the
cavitation pressure in a fully relaxed system and the average pres-
sure needed to overcome the residual stress at the tip. The cavi-
tation pressure can be approximated as the elastic modulus E,42

and the residual stress can be approximated by E multiplied by a
measure of the compressive strains at the needle tip,

Pc = Pcav +PResidual Strain ≈ E
(

1+
δ − l
Rout

)
(1)

where Pc is the critical pressure, δ is displacement of the indenter
in reference to the undeformed surface, l is the axial length of the
fracture after puncture, and Rout is the outer radius of the inden-
ter. For flat-tipped needles, often employed in NIC, the compres-
sive strain can become quite large upon insertion and is not fully
released upon puncturing.43–45 As supported below, δ − l ≈ 10−3

m typically and Rout ≈ 10−4 m such that the residual strain term
can often be an order of magnitude greater than the cavitation
term. Strategies to address this limitation in sensitivity and accu-
racy are needed to extend the impact and usefulness of NIC.

This paper first assesses the residual strain hypothesis men-
tioned above and then introduces a new needle insertion protocol
that creates an initially cylindrical NIC geometry. The theoretical
form of the critical cavitation pressure equation in the altered
geometry is then verified with finite element modeling. Critical
pressures of the new geometry are experimentally demonstrated
to conform to the spherical cavitation equation. This difference
in behavior is understood through the concept of residual strain
at the needle tip. A scaling argument is presented for estimat-
ing the retraction distance needed to produce the cylindrical NIC
geometry. These findings have large implications for the charac-
terization of soft solids and biological tissues where pre-strain can
result from sample geometry or boundary conditions.

2 Experimental

2.1 Methods

2.1.1 Indentation.

Cylindrical, flat probe indentation was used to measure the elastic
modulus of samples. Force and displacement were monitored us-
ing a TA.XT Plus Texture Analyzer from Texture Technologies with
a 50 N load cell. Each sample was tested at a displacement rate of
0.1 mm/s using a 2 mm diameter flat, cylindrical steel probe at-
tached directly to the load cell and a turnaround force of 20 mN.
A schematic of the setup with a representative plot of the data
is shown in Supplementary Figure S1. Modulus was calculated
using Equation (2) which contains a confinement correction term
to Hertzian contact developed by Shull et. al where a is contact
radius, h is sample height, and C is the experimentally observed
sample compliance.46

E =
3

8a
1
C

[
1+1.33

a
h
+1.33

(
a
h

)3
]−1

(2)

The critical adhesive strain energy release rate GA
c between

steel and the PDMS blends was estimated using Equation (3)
where Fpeak is the peak separation force.46

GA
c =

3F2
peak

32πER3
out

(3)

Equation (3) describes how to determine the critical strain en-
ergy release rate for separating the interface between a flat, cylin-
drical probe and the gel. The format of this equation incorporates
several assumptions, most importantly that the system is assumed
to be fully elastic, thus independent of rate, temperature, or load-
ing history. We use this form here to provide a means of com-
paring scaling relations developed below, which are based on a
quasi-elastic treatment of the materials systems as related to the
NIC measurements. A more complete discussion on measurement
of contact mechanics methods for quantifying polymer interface
adhesion can be found in these references.46–51

2.1.2 Puncture.

Puncture tests were performed using a different configuration on
the same instrument mentioned in Section 2.1.1. For this test,
blunt tipped needles of various size sourced from the Hamilton
Company were rigidly mounted. The sample was raised onto the
needle at a displacement rate of 0.1 mm/s with force and dis-
placement being monitored through the base of the sample. Vi-
sualization of the deformation was obtained using an EO-1312C
color CCD camera from Edmund Optics. A schematic of the setup
and representative plot of the data is shown in Supplementary
Figure S2. The peak puncture force Fc was used in order to cal-
culate Γo according to Equation (4), assuming an energy-limited
puncture.45

Fc = ΓoRout (4)

Γo is a measure of the fracture nucleation energy and may be
thought to scale with the critical energy release rate Gc.41,45
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Fig. 2 a) Normalized displacement and pressure vs time for the needle insertion process. Needle insertion happens at a constant speed to a maximum
displacement δmax beyond the point of puncture. The needle is then retracted a controlled distance dretraction at the same speed before being held at a
final displacement δ f inal . b) Schematic and images of a needle in a gel at different points of the insertion and cavitation processes.

2.1.3 Needle-Induced Cavitation (NIC).

A needle-induced cavitation setup was designed to monitor force
and displacement of the needle, pressure at the tip of the needle,
and visualize the needle tip during testing. Visualization of the
deformations at the tip and monitoring of the needle force and
displacement was achieved using the instrumentation discussed
in Section 2.1.2. Blunt tipped steel needles were purchased from
the Hamilton Company. Control of the pressure was achieved us-
ing a 1 mL glass Hamilton syringe in a Nexus 6000 syringe pump
purchased from Chemyx. Pressure was monitored using a PX309-
300G5v pressure sensor purchased from Omega Engineering and
interfaced with a custom LabView program. Together, the pres-
sure sensor fittings, syringe, and adapter connecting the system
had a total volume of ∼2.5 mL. During air injection tests, fittings
for the pressure sensor were filled with water leaving ∼2 mL of
compressible volume in the pressure system implying a maximum
gauge pressure of ∼100 kPa when injecting air. A representa-
tive plot of the data along with the visualization gathered on this
setup is contained in Figure 2 as well as in Supplementary Figure
S3 and Supplementary Video SV1.

The needle insertion protocol defined in this paper is shown in
Figure 2a. It is specified as inserting the needle to a maximum
displacement δmax beyond the point of puncture. The needle is
then retracted a given distance dretraction before being held at a
final displacement δ f inal = δmax −dretraction. The insertion and re-
traction speeds are set equal to each other and referred to as δ̇ .
A schematic of the needle in the gel at different points during the
insertion and pressurization process is shown in Figure 2b.

Needle-induced cavitation is performed by inserting a needle

connected to a syringe into a sample and pressurizing the fluid
with the syringe. Once a critical pressure is realized, rapid ex-
pansion of the sample at the tip of the needle is observed. When
this deformation is driven by elasticity, it can be represented by
Equation (5),

Pc =
C1γ

Rin
+C2E (5)

where γ is the interfacial tension between the injected fluid and
sample, Rin is the inner radius of the needle, and C1 and C2 are
constants.6 Values for the constants in Equation (5) are typically
assumed to be those from the theoretical treatment of an initially
spherical void in an infinite, incompressible solid which gives C1 =

2 and C2 =
5
6 .6,52

When expansion at the needle tip is driven by fracture, the
critical pressure is modeled with the linear elastic solution for
a penny-shaped crack as shown in Equation (6).5,53

Pf =

√
πEGc

3Rin
(6)

2.1.4 Simulations.

Cylindrical void expansion at a blunt needle tip was simulated
using the finite element software ABAQUS (Version 6.13). A
schematic of the finite element model nodes is shown in Supple-
mentary Figure S4. Aspect ratio of the void L/R is defined as axial
length of the void L divided by radius of the void R. The geometry
is assumed to be axisymmetric. Height and radius of the sample
block are 100 and 50 times R respectively. The needle modulus
is five orders of magnitude greater than the surrounding sample,
making it effectively rigid. The sample block is assumed to be
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PDMS
Blend
Name

Cure
Time
(hr)

Prepolymer:Curing
Agent Weight

Ratio

Weight
Fraction

in
Linear
Chains

E (kPa)

20.5 24 20:1 0.5 80.7±3.5
20.6 24 20:1 0.6 125.3±3.2
30.7 18 30:1 0.7 48.4±4.5
30.7 24 30:1 0.7 62.2±2.2
40.5 24 40:1 0.5 4.5±0.5
40.95 24 40:1 0.95 48.8±3.0

Table 1 Definition of the prepolymer:curing agent ratio and weight frac-
tion of Sylgard R©184 diluted with non-reactive linear PDMS chains for
different silicone blends

nearly incompressible with a Poisson’s ratio ν = 0.49999975. The
model is meshed with 8-node biquadratic axisymmetric quadri-
lateral hybrid elements with reduced integration (CAX8RH), and
the mesh is greatly refined around the cavity as shown in Supple-
mentary Figure S4. Four aspect ratios (L/R = 1, 3, 5, and 7 with
total respective number of elements 76,046, 82,280, 96,892, and
107,064) are used to quantify changes in critical pressure. The
top and bottom sides of the sample cylinder were fixed along the
axial direction, but each can slide freely in the radial direction.
Pressure was applied to the inner wall of the cylindrical void.
Experimental NIC measurements were performed at size scales
above those where interfacial tension was relevant and is thus
not accounted for in simulations. Simulations were used to test
the alteration of C2 from the spherical value typically assumed in
Equation (5).

2.2 Materials

Acrylic triblock gels are a common system for NIC studies
due to their highly elastic nature and thermoreversible behav-
ior.3,7,10,54–56 ABA copolymers of a poly(n-butyl acrylate) mid-
block with poly(methyl methacrylate) end blocks were kindly pro-
vided by Kuraray Co., Ltd and used as received. Gel permeation
chromatography and nuclear magnetic resonance spectroscopy
were used to determine that the weight average molecular weight
of each end block is 25 kg/mol and the mid block is 104 kg/mol
with Ð=1.06. Notation for these gels is defined as A25B104A25.
2-ethyl-1-hexanol was purchased from Sigma Aldrich and used as
received. Samples were prepared by mixing 15 mL of 2-ethyl-
1-hexanol with A25B104A25 to a polymer volume fraction of 0.07
(E = 5.2±0.2 kPa from indentation) in a 20 mL scintillation vial.
The vial was firmly capped and then heated to 110◦C for 6 hours
after which the warm solution was stirred in a vortex mixer before
heating under the same conditions for another 6 hours. Samples
were translucent and appeared homogeneous in composition af-
ter the final heating step. Samples were cooled by immediate
removal from the oven and left at room temperature (22◦C) for
several hours until fully cooled.

Silicone blends were chosen as a material system due to their
flexibility in tuning elastic and fracture properties by simultane-
ously altering the crosslink density and swelling ratio in the sys-
tem.41 350 cSt trimethylsiloxy terminated linear polydimethyl-
siloxane (PDMS) chains were purchased from Gelest, Inc. and
used as received. A Sylgard R©184 kit was purchased from Kray-
den, Inc. and used as received. Silicone blends were produced
by mixing the prepolymer and curing agent at a given ratio and
then diluting that mixture to a certain weight fraction with non-
reactive linear chains. The notation defined for these blends is
"g prepolymer/1 g curing agent.diluted weight fraction of reac-
tive network". For example, a 30.7 PDMS sample would be made

0 2 4 6 8
0
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20
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 1 mm/s, δmax= 22 mm
 Equation (5)

P C
/µ

dretraction (mm)

b)a) A25B104A25 30.7 PDMS
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dretraction>dret*
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P C
/µ
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Fig. 3 Plots of critical pressure Pc normalized by the shear modulus µ against dretract for the a) A25B104A25 gel and b) 30.7 PDMS blend where
(Rin,Rout)=(130,232) µm, δ̇=1 mm/s, δmax=22 mm, and V̇=500 µL/min in the A25B104A25 gel and V̇=50 µL/min in the 30.7 PDMS blend. At small
dretraction large pressures with high variability for each gel is observed. At bigger values of dretraction the data becomes more consistent and the critical
pressures approach Equation (5).
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using a 30:1 prepolymer:curing agent ratio that was then mixed
with nonreactive linear chains to a weight fraction of 0.7. Table
1 contains a list of all the blends and their assigned names along
with elastic modulus quantified from indentation. The silicone
blends were all mixed before curing and degassed for 15 min-
utes. After degassing each 30.7 sample used for the NIC survey
experiment was heated to 70◦C and cured for 18 hours. After
degassing each sample meant for the critical retraction distance
experiment was heated to 70◦C and cured for 24 hours. Sam-
ples were cooled by immediate removal from the oven and left at
room temperature (22◦C) for several hours until fully cooled.

3 Needle-Induced Cavitation (NIC) With Re-
traction

The needle insertion protocol shown in Figure 2 introduces δ̇ ,
δmax, and dretraction as experimental variables that may influence
the NIC measurement. An experimental survey probing their im-
pact on the NIC measurement was performed. In addition, the gel
chemistry, needle size (Rin,Rout), and fluid reservoir compression
rate V̇ were all systematically altered. Full details of the experi-
mental conditions are contained in the Supplementary Informa-
tion. Plots of Pc/µ against dretraction for the A25B104A25 gel at dif-
ferent δ̇ , δmax, V̇ , and (Rin,Rout) are contained in Supplementary
Figure S5. No consistent trend strong enough to be distinguished
from dretraction was observed in the data. These results suggest
that dretraction is the most important experimental parameter in
NIC.

The independence of critical pressure on needle size is unex-
pected. Equations (5) and (6) predict that Pc should scale with
R−1

in or R−1/2
in when cavitation or fracture is observed, respec-

tively.1,4,5,7,11,13 This observation is due to an insensitivity to the
interfacial tension in the needle sizes used in this study. For the
A25B104A25 gel, the capillary pressure is predicted to be ∼0.7 kPa

for the smallest needle used in this study while the experimental
variability in pressure is ∼±1 kPa.

Plots of Pc normalized by shear modulus µ against dretraction

for different gel chemistries are shown in Figure 3. Plots show-
ing all the gel chemistry data gathered with variations in δ̇ and
δmax are shown in Supplementary Figure S6, though the trends
are similar to those observed in Figure 3. A trend is observed
where small retraction distances lead to high pressures and vari-
ability, while large retraction distances are associated with more
consistent data and pressure values closer to those predicted by
Equation (5). This trend of reduced critical pressure is associated
with a transition across a critical retraction distance d∗

ret where
the gel peels from the needle tip leaving a cylindrical tube-like
fracture below, as shown in Figure 2b for the A25B104A25 gel. Sup-
plementary videos SV1 and SV2, and SV3 and SV4 show the NIC
deformation with the needle tip in both the contacting and non-
contacting state for the A25B104A25 gel and 30.7 PDMS blend,
respectively. While experiments at a retraction distance of zero
were not conducted for the 30.7 PDMS, the data for the five
retraction distances measured are consistent with the trend ob-
served in the A25B104A25 gel. The appearance of a cylindrical,
tube-like fracture below the needle indicates that the gel is no
longer applying large compressive forces to the opening of the
needle reducing the residual strain contribution to the pressure
for unstable expansion. These findings indicate that critical pres-
sure values will converge to Equation (5) once dretraction > d∗

ret .

The cylindrical void geometry observed in experiments is
markedly different from the spherical void assumed by Equation
(5). Simulated expansion of a cylindrical void of varying aspect
ratios at the tip of a needle is shown in Figure 4. The change in
initial geometry does not significantly alter the critical pressure
point. Previous simulations of NIC have similarly concluded that
the divergence from the spherical geometry has little effect on the
critical pressure behavior.9,57 This finding implies that Equation

P/ µ =2.4P/ µ =1.5

 L

 2R

0 100 200 300 400 500

0.0

0.5

1.0

1.5

2.0

2.5

 Spherical Void
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 L/R=3
 L/R=5
 L/R=7

P/
µ

V/Vo

a) b)

Fig. 4 a) Contour map of the principal stress for a cylinder with L/R = 3. b) Plot of P/µ against the volumetric stretch ratio of cavities of varying aspect
ratio. This modeling shows that the critical pressure value is relatively insensitive to the altered geometry.
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Fig. 5 Plot of experimentally measured d∗
ret against the scaling found in

Equation (10).The black circles represent data measured on the silicone
blends and the red line represents a linear fit of the data. Note that the
data follows a linear relationship when plotted in this manner.

(5) adequately describes the critical pressure for cylindrical NIC.
However, Figure 3 shows that Equation (5) overestimates the crit-
ical pressure for the 30.7 PDMS blend. The 30.7 PDMS blend is
a stiff gel (E = 48.4± 4.5 kPa) and expansion of the cavity oc-
curs in a steady, non-axisymmetric manner and the pressure time
profile, as seen in Supplementary Video SV4, has a smooth peak
indicating that 30.7 PDMS blend exhibits fracture behavior.

4 Critical Retraction Distance
4.1 Scaling Critical Retraction Distance
The transition upon needle retraction between a contacting and
non-contacting state, shown schematically in Supplementary Fig-
ure S7, at the needle tip creates a cylindrical geometry that
is insensitive to residual strain. This condition occurs when
dretraction ≥ d∗

ret . The critical retraction distance d∗
ret , is related to

the puncture and fracture propagation process of needle insertion
and the adhesive peel process at the interface between the needle
and gel upon retraction. Accordingly, d∗

ret scales with the elasticity
of the gel, cohesive fracture energy of the gel, the interfacial frac-
ture energy between the needle and gel, and indenter geometry.
The distance required to relax compressive strains, dcomp, and the
distance required to separate the needle from the gel, dpeel , are
considered distinct contributions to d∗

ret , such that:

d∗
ret = dcomp +dpeel (7)

The scaling of dpeel is determined by substituting Fpeel =

8µRoutdpeel into Equation (3). The scaling of dcomp can be deter-
mined by calculating Gc in the puncture geometry. The derivation
presented here is simple and a more complete treatment of the
subject has been presented first by Stevenson and Ab-Malek and
later by Shergold and Fleck.58,59 The fracture nucleation energy
Γo scales with Gc which can be defined as the change in stored

potential energy Ue per area A of new surface created.

Γo ∼ Gc =−dUe

dA
(8)

The elastic energy released can be approximated as dUe =

−µε2dV with ε and V being a measure of the compressive strains
and volume of strained material below the indenter respectively.
The volume of strained material is given by dV = πR2

outdl where l
is the axial length of the fracture. The area of new surface created
as the crack advances is given as dA = 2πRoutdl. Substituion into
Equation (8) gives

Γo ∼ µε
2Rout (9)

Treating the compressive strains below the indenter as a
Hertzian block gives ε =

dcomp
Rout

which gives the scaling of dcomp.41

Substituting the scalings for dcomp and dpeel into Equation (7)
gives Equation (10).

d∗
ret = dcomp +dpeel ∼

√
RoutΓo

µ
+

√
RoutGA

c
µ

(10)

Figure 5 shows the collapse of d∗
ret when plotted against Equa-

tion (10). Rearranging Equation (10) the relative contribution of
dpeel to d∗

ret is determined by the ratio GA
c /Γo.

d∗
ret ∼

√
RoutΓo

µ

(
1+

√
GA

c
Γo

)
(11)

Values of Γo are typically between 10 and 1000 J/m2 while
typical values for the van der Waals dominated adhesion between
two surfaces in intimate contact are around 0.1 J/m2.45,47,60 This
implies that in most systems the ratio GA

c /Γo ≈ 10−(2-4), thus mak-
ing d∗

ret dominated by dcomp.

4.2 Estimating Critical Retraction Distance
Equation (11) demonstrates that d∗

ret is a function of both the ge-
ometry and material properties, thus providing a physical under-
standing of what properties and parameters control the develop-
ment of residual stress related to NIC. Although informative and
potentially useful in the implementation of NIC, Equation (11)
cannot be used a priori to design a specific protocol for systems
where the materials properties are unknown. For using NIC in
these cases, we provide two recommendations based on the find-
ings presented in this manuscript. First, for systems where direct
visualization of the needle tip during insertion is possible, users
can visually determine d∗

ret by observing the cylindrical tube be-
low the needle tip. Second, for systems where visualization is
nontrivial, users can estimate d∗

ret by using the force and displace-
ment data of the needle to observe a change in stiffness.

Force and displacement on the needle during insertion and re-
traction is shown in Figure 6a. Five distinct stages appear on
this plot.41 First is the loading stage (i) which refers to the initial
elastic loading regime before puncture occurs.45 Second is the
embedding stage (ii) which occurs after puncture where further
insertion is resisted by a sliding friction on the needle walls and a
local failure stress supported at the needle tip. Third is the shear-
ing/decompression stage (iii) which occurs in the early stage of
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Fig. 6 a) Force against displacement of the needle during insertion and retraction for a representative run on the 20.5 PDMS Blend. d∗
ret measured

from direct visualization of the needle tip is marked with a red circle. b) Stiffness against displacement during needle retraction across the transition
between stages iii and iv. The intersection of two linear fits of the stiffness before and after the blend peels from the needle tip is shown to closely
agree with the estimate of d∗

ret from direct visualization. c) Plot of d∗
ret measured with the stiffness change method (no visualization) and d∗

ret measured
by direct visualization on the PDMS blends.

needle retraction where the force response is determined by static
friction on the needle walls and compression below the needle
tip. Fourth is the pullout stage (iv) where the force response is
determined by a sliding friction at the needle walls. Fifth is the
holding stage (v) where the needle is held at a constant displace-
ment where a relaxation in the friction at the needle walls results
in a decay in the force.41

d∗
ret denotes the onset of the transition between the static con-

tact in stage (iii) and the sliding contact in stage (iv) and is
marked by a red circle in Figure6a. The transition between stages
(iii) and (iv) is not obvious when force is plotted against displace-
ment; however, this transition becomes clear when the stiffness
(dF/dδ) is plotted against displacement as in Figure 6b. The in-
tersection of linear fits of stiffness against displacement before
and after the onset of the transition from stage (iii) to (iv) can
be used to estimate d∗

ret . Figure 6c displays estimates of d∗
ret mea-

sured by the stiffness change method (no visualization) against
estimates from direct visualization of the needle tip and good
agreement is observed between the two values. These results
show that monitoring the force and displacement data on the nee-
dle can be used to estimate d∗

ret in samples where visualization is
not possible.

5 Conclusions
NIC measurements are a strong function of the needle insertion
protocol. Retracting the needle after insertion leaves a cylindri-
cal, tube-like fracture below the needle tip at a critical retraction
distance. This critical retraction distance scales with the fracture
properties of the gel, elasticity of the gel, and geometry of the
indenter and was insensitive to the adhesive interaction between
the needle and gel. The cylindrical NIC geometry displays better
agreement with theoretical models for the onset of cavitation of a
spherical void in soft gels due to a reduction in residual strain be-
low the needle tip. Complementary modeling suggests that alter-
ing the initial defect geometry to a cylinder does not significantly
alter the critical pressure value. These results demonstrate that
needle retraction is a viable method for reducing the influence of

residual strain on NIC measurements. This is particularly impor-
tant to soft gels and biological tissues where strain can arise from
complex shapes and boundary conditions.
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