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Soft material research has seen significant growth in recent years, with emerging applications in robotics, electronics,
and healthcare diagnostics where understanding material mechanical response is crucial for precision design. Tradi-
tional methods for measuring nonlinear mechanical properties of soft materials require specially sized samples that are
extracted from their natural environment to be mounted on the testing instrument. This has been shown to compromise
data accuracy and precision in various soft and biological materials. To overcome this, the Volume Controlled Cavity
Expansion (VCCE) method was developed. This technique tests soft materials by controlling the formation rate of a
liquid cavity inside the materials at the tip of an injection needle, and simultaneously measuring the resisting pressure
which describes the material response. Despite VCCE’s early successes, expansion of its application beyond academia
has been hindered by cost, size, and expertise. In response to this, the first portable, bench-top instrument utilizing
VCCE is presented here. This device, built with affordable, readily available components and open-source software,
streamlines VCCE experimentation without sacrificing performance or precision. It is especially suitable for space-
limited settings and designed for use by non-experts, promoting widespread adoption. The instrument’s efficacy was
demonstrated through testing Polydimethylsiloxane (PDMS) samples of varying stiffness. This study not only vali-
dates instrument performance, but also sets the stage for further advancements and broader applications in soft material
testing. All data, along with acquisition, control, and post-processing scripts, are made available on GitHub.

I. INTRODUCTION

Soft materials have been an active area of research within
academia and industry alike. Fields traditionally reliant on
rigid materials, such as robotics1–3 and electronics4–8 are in-
creasingly adopting soft materials due to their adaptability and
utility in anthropomimetic design. In the field of biology, me-
chanics research has contributed to disease detection,9–13 food
science,14,15 and tissue engineering,16–18 which has opened
new fields in organ 3D printing19–22 and understanding of bi-
ological materials23–25.

Significant challenges still exist in accurately measuring
mechanical properties of soft materials. Commonly, biolog-
ical tissues that are excised exhibit altered properties upon
testing26,27. Further, in some instances biological mate-
rial is geometrically contorted to meet standards of conven-
tional testing methods, such as tensile testing, which com-
plicates material characterization28,29. Further, while inden-
tation and rheometry methods for viscoelastic analysis have
been utilized,13,30–34 the understanding of material properties
past the linear-elastic regime becomes limited35,36. This has
led to a fragmented understanding of soft material properties
and has limited insight into materials’ nonlinear behaviors.

To address these issues, a novel method known as Volume
Controlled Cavity Expansion (VCCE) was developed37,38.
VCCE offers an approach to measure the complex nonlinear
responses of soft materials. It utilizes incompressible fluid,
which is controllably injected, via a needle syringe system,
locally into the material, while concurrently measuring pres-
sure. This yields a detailed pressure-volume relation that cap-
tures the material’s nonlinear response, enabling users to dis-

cern parameters such as age, hydration, or other tested con-
ditions. Additionally, this measured result can be fit to rele-
vant constitutive material models, such as the neo-Hookean39,
Ogden40, or Fung41 models, to determine mechanical prop-
erties of interest. This protocol has been successfully ap-
plied to a diverse array of materials including brain tissue42,
blood clots43, and liver44, showcasing its versatility and effec-
tiveness, and has also been extended to Polydimethylsiloxane
(PDMS)45 to highlight the application of VCCE in evaluating
Mullin’s effect46 and viscoelastic properties.

VCCE is the extension of the Needle Induced Cavitation
Rheology (NICR)27,47–56 method, which has represented a
shift in how researchers have been able to evaluate soft ma-
terials. Though similar, the NICR method does not con-
trol volume and can only recover a single material parame-
ter prior to fracture given its reliance on the cavitation insta-
bility. Through VCCE, the rate at which the fluid volume is
introduced in the material and concurrently measure pressure
allowing multiple material properties to be recovered.

Despite its potential, VCCE has primarily been imple-
mented using mechanical testing apparatuses such as univer-
sal testing machines37,38,43,45 which are used due to the high
degree of precision required when displacing a plunger in a
syringe-based system. Unfortunately, such systems pose bar-
riers in terms of size (approximately 2m. x 1m. x 1m.), weight
(700+ lbs.), power (220VAC) and cost ($150,000+)57. These
limitations have restricted VCCE’s accessibility to researchers
and industry professionals who have not only the financial re-
sources to purchase these units, but also the facility and per-
sonnel resources to adequately dedicate space and time to be-
come proficient for VCCE application.

http://arxiv.org/abs/2404.15036v1
mailto:talco@mit.edu
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In response to this, we developed the first bench-top
VCCE testing instrument, designed with Consumer Off-The-
Shelf (COTS) components and accompanying open-access
data-acquisition software, instructions, and data-processing
code58. This tool can offer immediate benefit to hospital envi-
ronments where users face various equipment challenges59–62.
Similarly, this system offers simplicity in measurement and
data collection which enable academic and industry re-
searchers to discover soft material phenomena towards medi-
cal diagnostics, failure criteria, and mechanical properties.

II. VOLUME-CONTROLLED CAVITY EXPANSION

Expansion of a fluid bubble in VCCE is performed using
a syringe, connected in-line to a pressure sensor. The syringe
needle is inserted into the material and through controlling the
syringe plunger movement we are able to recover a pressure-
volume response that represents the material nonlinear behav-
ior under local spherical loading. Often, researchers then opt
to fit constitutive material models, to recover elastic properties
of interest.

VCCE can be conducted using various expansion and re-
traction scenarios. In this validation, we expand a bubble,
without retraction, beyond the fracture limit with a constant
volumetric flow rate. This experimental approach enables us
to capture the elastic behavior, critical pressure before frac-
ture, fracture progression, and viscoelastic relaxation of the
material, facilitating validation of the proposed bench-top in-
strument (Fig.1).
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FIG. 1. VCCE protocol: constant fluid injection via a needle-based
system to recover the fully nonlinear response of a material under
local loading conditions.

A. Verification via neo-Hookean Material Model

For validation of our bench-top unit, we use PDMS, which
has previously been shown37 to be well-characterized by the
neo-Hookean model39 in the quasi-static range. For this, we
first define the circumferential stretch, λ :

λ =
a

A
, (1)

where the effective radius of the spherical cavity, a, is divided
by the effective initial defect radius, A. As shown in earlier
studies37, the initial defect, and subsequent expanding cavity,
is well captured by the spherical assumption. For this, we de-
fine the cavity, as an effective sphere, that expands to effective
radius, a, in a soft material of undeformed radius, B, which
under the influence of pressure, p, deforms to effective radius,
b (Fig.2).
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FIG. 2. An incompressible cavity expanding within an incompress-
ible material of modulus, E, exerting pressure, p, at the cavity site.

A result (Eq.2) from the neo-Hookean model39 that de-
scribes the elastic expansion of the PDMS will be used in our
instrumentation validation. Additionally, reproducing a result
from Shabnam et al in Fig.3, cases for varying ratios of B/A

are shown with their impact towards the p/E response.
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FIG. 3. The role of sample size highlighted with respect to effective
initial defect size for the neo-Hookean hyperelastic model.

For verification, we intend to produce fluid cavities of ef-
fective final radius, a=1.3mm, with effective initial defect
sizes, A≈0.25mm, corresponding to λ≈5. In order to ne-
glect boundary effects in our analysis, and particularly in frac-
ture progression, we need sample sizes of B/A≈20 indicat-
ing B≈5mm as sufficient (Fig.3). Notably, if our focus were
solely on presenting elastic data, specifically where λ≈2, it
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would be adequate to concentrate on cases where B/A≈10
and B≈2.5mm.

For the result in Eq.2, the relationship between the system
pressure, p, and the elastic modulus, E , manifests an asymp-
totic trend. As the pressure increases, it approaches a limit at
5/6 E . Given this result does not encompass fracture, it is dif-
ficult to ascertain the explicit range of stiffnesses VCCE may
immediately apply. For this, we limit our attention to mate-
rials exhibiting critical pressures upwards of 100kPa prior to
fracture.

III. INSTRUMENTATION

This instrument, constructed using readily available com-
ponents and costing less than $5000 USD, streamlines the
evaluation soft materials using the VCCE method. The system
can evaluate soft materials across a wide range of elastic mod-
uli: 1, 10, and 100+ kPa, bringing VCCE testing within reach
of users with limited technical background. Significantly, this
instrument ensures errors remain below 5% for both measures
of volume and pressure up to 100kPa, even at a material’s crit-
ical pressure where errors peak.

This system decomposes VCCE into two parimary subsys-
tems: mechanical and electrical. Details on these subsystems
and their components are provided below.

A. Bench-top Overview
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FIG. 4. Assembled bench-top VCCE unit with major components
listed in Table I.

The bench-top system, as depicted in Fig.4 and with com-
ponents shown in Table I, is presented here in a high-level
overview. The system is designed to work with laptop com-
puters equipped with a minimum of two USB Type-A ports.
Specifically, these ports are allocated for distinct functions:
one for data acquisition - particularly pressure data - and the
other for managing controls hardware. Data acquisition is fa-
cilitated through a PendoTech pressure sensor, connected to

TABLE I. Bill of Materials

[##] Component Name QTY

[01] UMP3T & Controller w/ USB Cable 1
[02] Laptop Computer 1
[03] Optical Breadboard Baseplate 1
[04] Translation Stage with Standard Micrometer 1
[05] PendoTech Pressure Sensor 1
[06] Hamilton 10µL Syringe 1
[07] Aluminum Bolt-Together Corner-Bracket 5
[08] Right-Angle Bracket with Counterbored Slots 1
[09] T-slotted Framing Rail 1
[10] RP2040 USB Key 1
[11] Nuvoton NAU7802 24-Bit ADC 1

[12] 1
4 −20 Socket Head Screws 18

[13] T-Slotted Framing Fasteners 14
[14] QT-to-QT Cable 1
[15] 25G Luer Lock Connection Needle 1
[16] Water:PBS (9:1) Solution 0.4g

a 10µL syringe. This sensor is sequentially connected to an
analog-to-digital converter and then a microcontroller-based
USB key. The USB key, once inserted into the laptop com-
puter, is accessed and controlled via Python scripting in Visual
Studio Code, enabling data collection.

The selected hardware components include commercially
available syringe microinjector systems from World Preci-
sion Instruments (WPI), specifically the UMP3T and MICRO-
TOUCH 2T models. These systems are directly connected to
the latop computer through USB and interrogated via the same
Python scripting that handles data collection. Simultaneous
data acquisition through two USB ports enables the synchro-
nization of pressure readings with fluid expelled into the soft
material. The proper correlation of pressure to volume gener-
ates accurate nonlinear response profiles for tested materials.

Before initiating data collection, the bench-top frame re-
quires assembly. The microinjector subassembly is mounted
onto a T-slotted framing structure, stabilized by an optical
breadboard baseplate. Positioned directly beneath the mi-
croinjector subassembly and affixed to the T-slotted frame is a
rack-and-pinion translation stage, outfitted with an embedded
micrometer acting as the sample stage. This stage raises the
soft material and inserts the needle into the sample in prepa-
ration for a VCCE test. The process of elevating the stage
to introduce the sample into the needle elaborated in Section
IV B, is designed to create an initial cavity within the mate-
rial, establishing a consistent and repeatable zero-condition
for subsequent material analysis. Once inserted, a VCCE test
may be performed and is outlined in greater detail in Section
IV.

B. Soft Materials & Structural Compliance

In VCCE testing, maintaining minimal system compliance
is crucial due to the nature of soft, viscoelastic materials,
which are sensitive to changes in testing conditions due to in-
strumentation compliance. During a VCCE test, the material
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under examination is effectively in series with the system’s
structure. As a result, when a load is applied, deformation oc-
curs in both the material and the system, analogous to springs
in series, impacting accuracy. To mitigate this, our design in-
corporates rigid materials, such as aluminum and steel. For
elements that necessitate flexibility, like pressure sensors, we
confirm that their influence on the overall system stiffness is
negligible, especially relative to the test materials. This ap-
proach also prompts us to characterize the compliance of "in-
compressible" fluids and assess its impact on our specific sys-
tem.

C. The Mechanical Subsystem

The mechanical system can significantly affect the data col-
lected. Deformations in the mechanical subsystem during op-
eration lead to losses in volume measurement. Hence, it is
essential to evaluate each component within the subsystem to
gauge their impact.

Assessing mechanical subsystem underpinning the VCCE
methodology begins with examination of the instrument’s
structural framework. This encompasses all structural com-
ponents, including fastening hardware. For this, materials
having a hardness greater than or equal to aluminum were
chosen. These components are characterized by an approx-
imate Young’s Modulus, denoted as E , equating to 70 GPa.
When considering compliance within our instrument, we are
only concerned with the dynamic, or operating state, where
a liquid cavity is introduced into the soft material. During
this transition, the needle tip bears the primary load, causing
downstream components to undergo deformation—albeit to a
lesser extent than the needle itself. This phenomenon results
in a measurable deflection, symbolized by δ , across a com-
ponents cross-sectional area, A, which should be evaluated
under maximum operational conditions. We have the capa-
bility to test our system up to the sensor’s maximum pressure
of 500kPa; however, the peak pressures of most soft materials
rarely reach such levels before fracture, even if their elastic
modulus surpasses that figure. Therefore, we focus our anal-
ysis on local peak pressures up to 100kPa.

In complex systems, such as syringe microinjectors, it is
important to examine how forces are transmitted from soft
materials through pressure sensors, syringes, and motor as-
semblies - referred to here as the syringe subsystem - separate
from the larger structural loop. The system reaction forces
are mainly at the points of force application, with the syringe
subassembly being the primary site of these interactions.

In our system, focusing on the forces local to the microin-
jector, we start by analyzing the syringe plunger. In operation,
the observed volumetric losses arise from axial compression.
To understand this, we use the following deformation rela-
tionship to evaluate the force due to the cavity growth, F , and
length of the plunger, L:

δ =
FL

AE
, (3)

Subsequently deriving the volumetric loss in operation due

to axial compression, ∆Vc, as follows:

∆Vc =
FL

E
. (4)

In Table II, the aluminum Hamilton 10µL syringe plunger,
exhibits negligible volumetric losses at local pressures of
100kPa. Based on this, if the Young’s modulus of a compo-
nent material, Ec, compared to the expected value for a tested
soft material, Es, yields a ratio Es

Ec
significantly less than one

(i.e., Es
Ec

<< 1), the component is expected to have a negligible
impact on the pressure-volume response.

Additionally, a secondary source of measurement compli-
ance, and system failure, associated with the syringe plunger
would be buckling. Buckling within the syringe was assessed
using Euler’s critical load equation (Eq.5), focusing on the
critical length at which buckling might occur under peak op-
erating forces, Fc. Given area moment of inertia, I, and the
effective length factor, K, we consider Euler’s critical load
for syringe plungers exhibiting (1) rotation-fixed, translation-
fixed, and (2) rotation-fixed, translation-free end conditions,
resulting in a theoretical K of 1.0 or recommended design
value of 1.2 for K:

Fc =
π2EI

KL2
. (5)

Frictional forces, primarily between the Teflon-coated glass
syringe walls and the aluminum plunger, significantly con-
tribute to the peak force, estimated at 1.0N63. The operational
state, under peak cavity expansion forces (∼0.02N) and fric-
tional forces, yields an effective buckling length of 80.7mm
at 5kPa, 80.3mm at 50kPa, and 80.0mm at 100kPa, which are
considerably beyond the syringe plunger’s maximum length
of 65.0mm, mitigating buckling concerns.

Note that observations indicate buckling phenomena within
the syringe plunger occur after the system has been idle for an
extended period, typically spanning weeks. This interval al-
lows for the evaporation of the Water:PBS solution, hereafter
referred to as PBS, leading to salt deposits at the interface be-
tween the syringe plunger and the glass syringe body. Such
accumulation markedly increases the system’s expected fric-
tional forces elevating buckling risks. Therefore, if the unit is
to be left unattended for weeks, it is recommended to disas-
semble and empty the syringe subassembly.

Evaluating the pressure sensor - the internal MEMS compo-
nent - at high pressures, will follow a deflection profile similar
to those found in Kirchoff-Love Plate Theory64 where the de-
flection, w, of a thin-disc of height, h, and the load the disc
experiences, q, follows:

∇4w =
−q

D
, (6)

where, D, is the flexural rigidity of our system and follows:

D =
Eh3

12(1−ν2)
. (7)

Assuming the MEMS diaphragm is axisymmetric, ∂
∂θ = 0,

and that our distributed load is uniform, the equation reduces



An Accessible Instrument for Measuring Soft Material Mechanical Properties 5

to:

1

r

∂

∂ r
(r

∂

∂ r
(

1

r

∂

∂ r
(r

∂w

∂ r
))) =

−q

D
, (8)

which, when applying clamped boundary conditions at w =
∂w
∂ r

= 0 for (r = a) (where a is the radius of the MEMS diap-

grahm), and knowing the stress must remain finite ( ∂ 2w
∂ r2 ), the

deflection profile for our clamped-clamped thin disc reduces
to the following:

w =
−q

64D
[(r2

− a2)2]. (9)

Integrating over the surface of the diaphragm yields the fol-
lowing Kirchoff-Love volumetric change equation:

∆VMEMS =
−πa6q

192D
. (10)

In Table II, for the MEMS diaphragm with a radius of 1mm
and thickness of 0.1mm, the measured volumetric losses are
0.5nL at a peak pressure of 5kPa, 4.7nL at 50kPa, and 9.5nL
at 100kPa. These findings suggest a negligible impact for
samples experiencing peak pressures within the 50kPa range;
however, the significance of volumetric loss begins to increase
for samples that may encounter peak pressures of 100kPa.

In syringe microinjector systems, interaction between the
internal motor and an attached syringe generates a pulsatile
flow effect which arises as harmonic compliance in the non-
linear response. This necessitates the selection of a syringe
that minimizes this phenomenon. For a 10µL Hamilton sy-
ringe, the flow regime for this instrument, especially at max-
imum fluid volume rates, Q, of 657 nL

s
, is viscous for a PBS

solution. This is determined based on its dynamic viscosity,

µ , of 1.0mPa-s, density, ρ , of 1000 kg

m3 , and diameter, D, of
0.3048mm:

Re =
ρUD

µ
= 2.74, (11)

Which indicates a laminar flow profile as characterized by
the Reynolds number, Re. The implementation of ball bear-
ings within syringe microinjector stepper motors enhances
precision65; however, those same bearings introduce har-
monic oscillations66, observable within pressure measure-
ments. This interaction between motor dynamics, transient
inertial forces, and viscous forces is described by a material’s
density, ρ , the frequency of the pulsatile flow, ω , and the
characteristic radius, R, through the dimensionless Womers-
ley number, α:

α = R

√

ωρ

µ
, (12)

where, α , highlights the balance between oscillatory inertial
effects and viscous forces within the flow. The significance
of α in syringe diameter selection becomes evident: a large
diameter may amplify transient inertial effects, thereby dis-
torting measurements, whereas an excessively small diameter

FIG. 5. The impact of varying the syringe size from 10µL (red)
to 250µL (black) within VCCE protocols and how undesirable fre-
quencies begin to emerge and impact the overall measurement of soft
materials.

risks injecting insufficient fluid volumes, reducing how much
of the material’s nonlinear response is recovered.

In assessing the impact of syringe diameter on a cost-
effective VCCE system, a comparison between 250µL and
10µL syringes was performed. This comparison evaluated a
43:1 PDMS sample at Q=300 nL

s
.

In Fig.5, the pressure-stretch response reveals a promi-
nent, slowly varying signal of significant magnitude at low
stretches, suggesting a perceived increase in material stiffness
at lower stretch values. This area is critical for the application
of constitutive models, especially the derived result from the
neo-Hookean model (Eq.2). Additionally, the emergence of
the higher-frequency signal may affect the system’s signal-to-
noise ratio; however, this is of lesser concern relative to the
lower-frequency signal. Especially at lower stretches where
constitutive models are most applicable, the 250µL syringe
presents significant challenges in recovering material proper-
ties, due to pulsatile flow effects of frequency 0.23Hz. Larger
stretch values ultimately align with the dataset’s equilibrium,
suggesting the initial flow characteristics are transient and di-
minish over time; however, this equilibration manifests late
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TABLE II. Table of notable volumetric losses in structure and system as pressure increases in samples collected. Components are from Table
I.

[##] Eq. E (Pa) ν K (Pa) ∆V5kPa (nL) ∆V5kPa

<Vc>
(%) ∆V50kPa

∆V50kPa

<Vc>
∆V100kPa

∆V100kPa

<Vc>
Es

Ec

[05]a (14) 2.4e9 0.35 – 0.5 0.1 4.5 1.2 9.1 2.4 2.5e-4

[05]b (10) 5e6 0.48 – 0.5 0.1 4.7 1.3 9.5 2.5 0.1
[06]c (14) 60e9 0.20 – 2.5e-3 6.5e-4 2.5e-2 6.5e-3 5.0e-2 1.3e-2 1.0e-5

[06]d (4) 70e9 – – 1.19e-3 3.1e-4 1.2e-2 3.1e-3 2.4e-2 6.1e-3 8.6e-6
[15]e (14) 1.5e9 0.42 – 0.4 0.1 3.7 1.0 7.4 2.0 4.0e-4

[15]f (14) 193e9 0.29 – 6.8e-5 1.8e-5 6.8e-4 1.8e-4 1.3e-3 3.6e-4 3.1e-6
[16] (15) – – 2.22e9 0.9 0.2 9.0 2.4 18.0 4.8 –

a Corresponds to polycarbonate component of PendoTech pressure sensor of which fluid travels through and expands radially during operation
b Corresponds to dielectric silicone component of PendoTech pressure sensor of which fluid compresses during operation
c Corresponds to borosilicate glass component of 10µL Hamilton syringe of which fluid travels through and expands radially during operation
d Corresponds to aluminum component of 10µL Hamilton syringe of which fluid acts as a point-load and deforms axially during operation
e Corresponds to polypropolene component of 25G Luer-lock connection of which fluid travels through and expands radially during operation
f Corresponds to stainless steel component of 25G Luer-lock connection of which fluid travels through and expands radially during operation

in the pressure response, highlighting the importance of min-
imizing syringe volume to enhance precision in diagnostics
and model fitting.

For this, a Hamilton 1700 series gas-tight syringe, specif-
ically the 10µL variant, was utilized. In terms of volumet-
ric loss observed during operation, the syringe body can be
analogized to a thick-walled pressure vessel with borosilicate
glass’s material properties, ν being 0.2, and E being 60GPa.
This body was with external, Po and internal pressures, Pi, and
respective radii, ro and ri:

∆r =
1−ν

E

(

Pir
2
i −Por2

o

r2
o − r2

i

)

r+
1+ν

E

(

(Pi −Po)r
2
i r2

o

(r2
o − r2

i )r

)

(13)

∆Vs = πhs

(

∆rri

2 + 2∆rri
ri − 2∆rroro −∆rro

2
)

. (14)

Evaluation at pressures of 5kPa, 50kPa, and 100kPa re-
vealed that volumetric losses were assessed to be less than one
nanoliter, as detailed in Table II, indicating that the syringe
body’s contribution to measurement inaccuracies was negligi-
ble. This study was extended to include analysis of compo-
nents such as the needle and the luer-tipped needle connector,
which are constructed from stainless steel 304 and polycar-
bonate, respectively. The evaluation indicates negligible ra-
dial volumetric losses for the stainless steel 25G needle, while
the polypropylene luer-tipped needle exhibits greater losses
of 9.1nL at critical pressures nearing 100kPa (Table II). For
the polypropolene luer-tipped needle connector, this value is
likely overestimated due to the presence of reinforcing lon-
gitudinal ribs and a tapered geometry that was not accounted
for. Additionally, the PendoTech pressure sensor, which ex-
pands radially and is made of polycarbonate material with a
Young’s modulus of 2.4 GPa and a ν of 0.35, yields results
comparable to those of the polypropylene luer-tipped needle
connector (Table II). At a critical pressure of 100 kPa, the de-
formation is measured at 9.1nL, which is similarly negligible.
Nonetheless, this acknowledges the potential for deformation
of less rigid components to influence the overall accuracy of
diagnostic outcomes.

The last component to be assessed is the PBS solution.
Specifically, we are interested in its compressibility at peak
operating pressures. Utilizing the bulk modulus, K, of water
at 2.22GPa, and an initial volume of PBS, Vo, of 0.40g, the
compressibility of the PBS solution can be calculated as fol-
lows:

∆Vw =−
PVo

K
. (15)

In Table II, the PBS, contributes to a perceived volumetric
loss in measurement of 0.9nL at peak pressures of 5kPa, 9.0nL
at 50kPa, and 18.0nL at 100kPa, with 4.8% measurement error
at peak operating pressures. The findings reveal that samples
subjected to peak pressures within the 50kPa range are min-
imally affected; however, the significance of volumetric loss
becomes more pronounced at peak pressures approaching and
exceeding 100kPa. In many systems, PBS’s compressibility is
negligible and can usually be overlooked until measurements
are taken at significantly higher peak pressures, at which stage
detailed post-processing is required to separate water com-
pressibility effects from the properties of the soft material.

D. The Electrical Subsystem

1. Pressure Sensing Configuration

The initial component of the electrical subsystem incor-
porates a PendoTech single-use pressure sensor, designed
to measure both static and dynamic pressures of gases
and liquids. The sensor operates via a Wheatstone bridge
configuration67, where pressure is recorded through balanc-
ing a resistor bridge, and correlating the change in resistance
(or voltage) at equilibrium, to a measure of pressure.

The specific sensor used, is capable of measuring pressures
ranging -11.5 to 75 psi. The claims regarding the variability
and accuracy of the sensor are crucial because they impact
results by influencing the measurement of pressure. The sen-
sor’s accuracy is delineated as follows: ±2% for the 0 to 6
psi range, ±3% for the 6 to 30 psi range, and ±5% for the
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30 to 60 psi range. Notably, the sensor’s accuracy claims ex-
tend only to 60 psi (413.7kPa), necessitating caution beyond
this threshold. Experiments within the 60-75 psi range should
be conducted with sensors calibrated against verified pressure
gauges to ensure reliability.

2. Signal Processing and Power Supply

Signal conversion from the MEMS-based PendoTech pres-
sure sensor to a computer-interpretable format is achieved us-
ing Nuvoton’s NAU7802, a 24-Bit Analog-to-Digital Con-
verter (ADC) specifically designed for Wheatstone bridge
sensors. The digital output is interfaced with a RP2040
microcontroller embedded USB Key, which facilitates data
transmission to the host computer via serial communication.
Power to the pressure sensor is provided directly from the
host computer’s USB port, with voltage regulation provided
by the RP2040 microcontroller, ensuring compatibility with
the Inter-Integrated Circuit (I2C) communication protocol. To
minimize the signal-to-noise ratio of the measurements, the
operating voltage should be minimized. In this setup, an un-
regulated 5.00VDC from a USB port is first regulated down
to 3.30VDC within the RP2040, and then further reduced to
3.00VDC for the pressure sensor. This is achieved using a
single cable path and USB port. The received signal, in volts,
is converted to a measure of pressure via the following con-
version 0.2584mV/V/psi where the supply voltage used for
calculation is 3.00VDC.

Further, calibration would be necessary if the temperature
of the system were varying in time. To this end, we begin all
tests through writing to the Nuvoton ADC 0x11 hexadecimal
register and enabling temperature sensing. We record tem-
perature. then automatically archive the value in our master
test logs for each test. Checks between tests should be per-
formed to ensure that temperature is constant throughout. If

not, a correction factor of 0.3 mmHg
C

becomes necessary when
temperature varies.

IV. METHODS

A. PDMS Fabrication Procedure

PDMS samples were prepared utilizing base:crosslinker ra-
tios of 43:1, 45:1, and 47:1. The elastomer formulation was
Sylgard 184. Each ratio mixture was separately processed
in 150mL resin containers, designed for compatibility with
the Thinky SR-500 planetary mixer, creating a homogeneous
blend of components.

The PDMS base and crosslinker mixtures were subjected to
a comprehensive two-phase mixing regimen within the plan-
etary mixer. Each phase consisted of a 30-second mix at a
controlled speed to ensure thorough integration of the base
and crosslinker without introducing excessive air bubbles.

Following the mixing process, the homogenized PDMS was
immediately transferred to a vacuum chamber. The degassing

stage removed entrapped air and helps to avoid bubble forma-
tion within the material. Subsequently, the degassed mixture
was poured into disposable plastic 2oz cups.

The filled 2oz containers were then placed in a curing oven
set to 100C for a duration of two hours. This curing protocol
was optimized to facilitate a complete cross-linking reaction.
Samples were then allowed to rest at room temperature for
eight days post-curing. This additional resting period was to
ensure any residual crosslinking reactions were complete, sta-
bilizing the material’s properties while minimizing potential
long-term stiffening effects that could arise in PDMS.

B. Testing Protocol

Data acquisition and motor control in our system are man-
aged through a Python script, VCCE_CONTROL_CODE.py,
run in Visual Studio Code. This script integrates both controls
and data acquisition, streamlining the experimental process.

For new users, it’s necessary to download and install the lat-
est firmware for the RP2040 USB key. This firmware has been
archived and can be found in the Nonlinear Solid Mechanics
Group GitHub. Once the firmware is installed, and other sup-
porting materials for this project are downloaded/installed, the
setup is complete, and the system is ready for use.

Before conducting experiments on soft materials, a dy-
namic calibration test with PBS is essential to account for
any potential losses due to fluid and frictional forces (Fig.7)
which are averaged and subtracted out from the final soft
material datasets. This involves placing the PBS solution
in direct contact with the syringe needle where the syringe
needle is slightly under the PBS surface and running the
VCCE_CONTROL_CODE.py script. Users will be guided
through the VCCE process and then prompted to select the
desired testing parameters for this initial calibration. In the
context of this study, we selected a constant volumetric flow
rate of 300 nL

s
for a final cavity radius of 1.3mm. Following

these selections, the test commences, with data saved to the
TEST_DATA folder directory for later post-processing.

Once the initial water calibration is completed, the testing
of soft materials can commence. Microinjector systems, char-
acterized by their bi-directional motor functionality, necessi-
tate a specific minimum engagement distance between the sy-
ringe plunger carrier and the threaded rod that connects to the
stepper motor. For the WPI UMP3T setup, this distance is
approximately 100µm. Utilizing a 10µL syringe as the test
instrument, the system requires an advancement of approxi-
mately 34.5 steps to begin testing, with each step dispensing
approximately 0.6nL, totaling an approximate 20nL of fluid
expulsion before the initiation of any tests. Upon activation of
the VCCE_CONTROL_CODE.py, the motor is programmed
to move approximately 50nL at a delivery rate of 100 nL

s
to

prime the system. Adjustments for larger syringe volumes are
facilitated through modifications to the primeMotor() function
within the script. Following this preliminary step, the ADC is
calibrated to zero to reflect current environmental conditions.

The needle insertion process involves real-time pressure
feedback displayed in the Visual Studio Code terminal. The



An Accessible Instrument for Measuring Soft Material Mechanical Properties 8

1 2

A

P
re

ss
u
re

Time

P
re

ss
u
re

Time

P
re

ss
u
re

Time

3

B

C

FIG. 6. VCCE testing is performed in three stages: 1) loading a sample on the translation stage, 2) raising the translation stage into the syringe
assembly and 2.A-C) zeroing pressure, and lastly, 3) control the rate of cavity creation within the material.

FIG. 7. Measured PBS calibration for a 10µL syringe at 300 nL
s

.

idealized pressure response as a needle inserts a soft material,
prior to testing, may be seen in Fig.6.2.A-C, where Fig.6.1-3
outlines the VCCE testing procedure. In Fig.6.2.A, the green
region represents the needle being inserted into the material,
depressing the surface of a material, but the needle has not
been fractured the material surface yet. In Fig.6.2.B, the blue
region represents when the needle has fractured the material
surface, after a distance, zp (Table III), and a near instanta-
neous drop in pressure is seen. To increase adhesion between
the needle surface and material, the needle is further plunged
a distance, z f (Table III), into the material. Afterwards in
Fig.6.2.C, the needle is slowly retracted, by a distance, z f (Ta-
ble III), until the pressure reaches zero. The total distance
traveled relative to the material surface for each insertion, zt ,
may be seen in Table III. Completing the insertion procedure,
an initial defect is created, which will be the basis for constitu-

TABLE III. Insertion Procedure Data – Distance Traveled

Sample zp (mm) a z f (mm) b zr (mm) c zt (mm) d

43-1 -12.0 -5.0 +5.0 -12.0
43-2 -15.0 -5.0 +4.0 -16.0
43-3 -15.0 -5.0 +5.0 -15.0
43-4 -13.0 -5.0 +5.0 -13.0
43-5 -12.0 -5.0 +4.0 -13.0
43-6 -15.0 -5.0 +4.0 -16.0
43-7 -15.0 -5.0 +4.0 -16.0

45-1 -15.0 -5.0 +5.0 -15.0
45-2 -15.0 -5.0 +4.0 -16.0
45-3 -16.0 -5.0 +4.0 -17.0
45-4 -15.0 -5.0 +5.0 -15.0
45-5 -17.0 -5.0 +4.0 -18.0
45-6 -15.0 -5.0 +4.0 -16.0
45-7 -15.0 -5.0 +4.0 -16.0

47-1 -17.0 -5.0 +5.0 -17.0
47-2 -17.0 -5.0 +4.0 -18.0
47-3 -16.0 -5.0 +5.0 -16.0
47-4 -15.0 -5.0 +5.0 -15.0
47-5 -16.0 -5.0 +4.0 -17.0
47-6 -15.0 -5.0 +4.0 -16.0
47-7 -17.0 -5.0 +4.0 -18.0

a Distance traveled from surface until needle penetrates sample
b Distance traveled from zp where needle is inserted deeper into sample
c Distance traveled from zp + z f where needle is raised towards surface
d Total distance traveled from surface prior to performing VCCE test

tive analysis. It also indicates that the testing setup is prepared
for fluid injection and the subsequent VCCE testing as seen in
Fig.6.3.

After completing the needle insertion procedure, the user
enters the main VCCE testing protocol. Here, the user may
opt for radial control, which governs the expansion of the cav-
ity by its radius, or volumetric control, which governs expan-
sion by total volume of fluid per unit time. Although radial
control can provide a more precise measure of a material’s
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true elastic modulus, its implementation is not common for
COTS microinjector systems due to their discrete control bi-
ases.

Given the UMP3T’s architecture as a discrete control sys-
tem, a form of segmented volumetric control (pseudo-radial
control) has been developed and is available for use at our
GitHub; however, this approach is generally discouraged as
the MICROTOUCH controller can introduce delays of 0.2
seconds as it processes new commands. Therefore, for the
sake of consistency and to mitigate the controller’s limitations,
constant volumetric control was employed throughout the ex-
periments. Each test maintained a steady flow rate of 300 nL

s
until reaching a predefined cavity radius of 1.3mm, equiva-
lent to a total injection volume, VT , of 9202.8nL. Following
injection, a 60-second relaxation period for the material was
allowed, enabling observation of viscoelastic relaxation.

Post-experiment, the data was archived for processing. The
entire testing sequence was executed 21 times, in direct suc-
cession, to ensure reliability and repeatability.

V. RESULTS, VALIDATION, & DISCUSSION

Data were collected and analyzed from 21 consecutive
tests, spanning samples with PDMS base to crosslinker ratios
of 43:1, 45:1, and 47:1 (Fig.8). Each ratio group was repre-
sented by 7 distinct tests, designed to elucidate key mechan-
ical properties from the elastic expansion, critical pressure,
and fracture progression (Fig.1). Comprehensive datasets, en-
compassing all collected data and further observations on vis-
coelastic relaxation, are accessible via the GitHub58.

The samples collected, nearly indistinguishable in their
stiffness by human touch, exhibit clear trends prior to con-
stitutive fitting (Fig.8). Quantitatively, parameters that can be
derived, such as the volume at which the material fractures, Vc,
energy up until fracture, Uc, critical pressure before fracture,
Pc, and total energy within the system, Us, are documented
in Table IV for each sample collected. The local maxima of
the datasets, Pc, are observed to decrease with an increase
in the base to cross-linker ratio in PDMS, suggesting a cor-
relation between material stiffness and critical pressure pre-
ceding fracture onset. Specifically, the average critical pres-
sures for ratios of 43:1, 45:1, and 47:1 are 39.76±1.54kPa,
34.12±2.23kPa, and 27.57±1.70kPa, respectively. These val-
ues reflect the decreasing energy threshold the sample can
endure prior to fracturing. Moreover, the PDMS material is
noted to fracture at volumes measured in nanoliters, with the
43:1 ratio fracturing at an average volume of 390.6±45.3nL,
45:1 at 374.5±38.9nL, and 47:1 at 366.1±19.1nL.

By employing numerical integration of the PDMS results
up to the critical pressure, we are able to calculate the total
energy within the system prior to fracture:

Uc =

∫ Vc

0
pdV. (16)

Additionally, we are able integrate the entire nonlinear re-
sponse, up until the total volume injected, VT , to represent the

FIG. 8. Material response curves for 21 successive tests of testing
PDMS of ratios 43:1 (red), 45:1 (green), and 47:1 (blue) for both
p−v response curves and p−λ curves.

total energy within the system:

Us =

∫ VT

0
pdV. (17)

Displaying the cumulative integration yielding Us and Uc

in Fig.9, with top plot depicting Us, and bottom plot depict-
ing Uc, we observe the energies of each sample converging
as volume increases. Particularly, in the top figure, we ob-
serve that the average volume at which all samples fractured,
< Vc >, represents only a small fraction of the total dataset.
Further analysis of this minor portion reveals significant over-
lap in energies, with groupings beginning to form right at the
average values of Vc each material fractured.

Further, showing the distribution of energy in Fig.10, for
both Us (top) and Uc (bottom), we see the instrument per-
forms well in being able to differentiate materials based on
their ability to sustain energy due to in-vivo loading con-
ditions when evaluating over the entire nonlinear response,
particularly, 43:1 yielded, Us, equal to 0.23±0.003mJ, 45:1
equal to 0.19±0.009mJ, and 47:1 equal to 0.14±0.002mJ.
When focusing on the region before fracture, the system
still effectively groups energy, and trends can be observed
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FIG. 9. Cumulative energy within the system evaluated through the
nonlinear response of the material, Us (top), and available energy
within the system evaluated up until fracture, Uc (bottom), with av-
erage volumes of fracture for each PDMS ratio indicated.

as 43:1 yielded, Uc, equal to 9.13±0.88µJ, 45:1 equal to
7.72±0.90µJ and 47:1 equal to 6.36±0.31µJ. This outcome
suggests this instrument may be useful in the biological do-
main for distinguishing between healthy and diseased tissue
when a sufficiently large volume is expanded or understand-
ing how material toughness varies with a host of variables,
such as time since tissue resection, hydration of tissue, or even
material toughness under different pre-load conditions.

In preparation for fitting a constitutive model, an examina-
tion was conducted to characterize the noise within the sys-
tem, analyzed as a function of stretch (Fig.11). This was per-
formed by implementing a moving mean filter across the orig-
inal datasets and subtracting this output from the initial data to
extract peak-to-peak noise levels. Subsequently, the resultant
noise, expressed in terms of pressure, was categorized into
bins based on stretch intervals of 0.25.

In Fig.11, it is seen at low stretches, and equivalently early
times, that noise can be expected to be largest during mea-
surement. This peak-to-peak noise, is attributed to dynamic
events in the electronics subsystem. This effect has the po-
tential to be mitigated by using slower volumetric flow rates

FIG. 10. Energy within the system evaluated through the nonlinear
response of the material, Us (top), and available energy within the
system evaluated up until fracture, Uc (bottom).

than 300 nL
s

; however, it is later shown that 300 nL
s

does not
ultimately impact the region of stretch that was fit to the neo-
Hookean model.

Additionally, an increase in system noise is observed as
the material tested becomes softer. This phenomenon is
also linked to the electrical subsystem components. It is
hypothesized that the current sensing modality, which em-
ploys Wheatstone bridges to measure slowly varying signals,
may possess inherent limitations for soft materials at higher
stretches, where pressure is slowly varying. These limita-
tions necessitate further investigation into different conversion
modalities to enhance the accuracy and reliability of measure-
ments in future studies. This insight underscores the impor-
tance of continuous improvement in the sensing technologies
used for characterizing the mechanical properties of soft mate-
rials, especially if systems costs and form-factor are to remain
competitive.

The data was subsequently analyzed utilizing the neo-
Hookean constitutive model to attain a measure of the elastic
modulus for each PDMS ratio tested. Specifically, the mod-
ulus reported throughout is an instantaneous elastic modulus,
Ei, due to initially high stretch rate expansions45. The fitting
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FIG. 11. Mean peak-to-peak noise between the different samples
depicted in λ domains.

procedure remained consistent across all PDMS ratios. Ini-
tially, the dynamic pressure response obtained from the infu-
sion of the PBS solution into another cup of PBS at a constant
volumetric flow rate of 300 nL

s
was subtracted from the PDMS

data. Subsequently, the nonlinear results for PDMS were trun-
cated between the geometric values of the effective radius, a,
of the 25G needle (0.2575mm) and the radius of critical pres-
sure for each sample. Point-pairs along the slope were iden-
tified and assessed to determine the segment with the high-
est slope, adhering to the principle that the point-pair method,
when utilized to draw lines of best fit, serves as a smoothing
technique across regions of interest. This approach is particu-
larly effective for the linear, monotonically increasing elastic
branch of the PDMS data.

The point-pair exhibiting the steepest slope was then ex-
trapolated to identify the abscissa, which corresponds to a po-
tential initial defect size, A. This initial value is necessary for
the subsequent minimization to attain stretch, λ . Given the
application of point-pairs as a pseudo-smoothing method to
ascertain the initial defect size, it was necessary to retrieve the
actual, raw data points within the delimited point-pair range.
This retrieval of data, denoted the fitting region in Fig.12, was
executed using a region of interest extraction, selecting the
55% mark within the accumulated dataset as a reference. The
lower and upper bounds for the region of interest were set at
20% and 30% of its total length, respectively. These bounds,
combined with the 55% data location, delineate the specific
segment of the elastic branch for each sample that was sub-
jected to fitting with the neo-Hookean model.

As seen in Fig.12, the neo-Hookean model, while adept
at describing the elastic properties of materials, falls short
in capturing the fracture mechanics of hyperelastic materials
subjected to large deformations. Thus, the utility of the neo-
Hookean model is primarily confined to providing insights
into the elastic characteristics of materials - the instantaneous
elastic modulus for our validation.

To accurately determine the instantaneous elastic modulus,

FIG. 12. Highlighting the neo-Hookean fitting procedure for 43:1
PDMS samples. The fitting region, illustrates where the spherical
cavity assumption holds true and is a region of high elastic energy.

Ei, alongside a fitted initial defect size, A, and the correspond-
ing stretch value, λ , the least-squares method was used:

min
λ ,E

∑
(

pi −E

(

5

6
−

2

3λ
−

1

6λ 4

))2

, (18)

where, pi, denotes the measured pressure values and i encom-
passes the total count of observations over which the summa-
tion is executed. For the process of optimizing the model pa-
rameters, initial estimations are provided for the instantaneous
elastic modulus, bounded between 1 and 500kPa. The initial
guesses for the defect size are constrained by the bounds of
the negative and positive values of the extrapolated point-pair
abscissa exhibiting the largest slope. Through this constrained
optimization approach, we are able to derive fitted values for
the initial defect instantaneous elastic moduli, and stretch.

Fitted average values for the initial defect sizes, A, ex-
hibit a downward trend with the values for 43:1 ratio being
0.243±0.010mm, for 45:1 being 0.237±0.009mm, and for
47:1 being 0.217±0.006mm. This observed trend suggests
that softer materials may produce smaller initial defects, re-
flecting ease of defect formation. Similarly, critical stretch
values, λ f , indicative of the stretch at which fracture is pre-
sumed to occur, exhibit an upward trend as the material soft-
ens. Specifically, the average λc values are 1.86±0.05 for the
43:1 ratio, 1.89±0.13 for the 45:1 ratio, and 2.04±0.05 for the
47:1 ratio. This pattern aligns with the expectation that softer
materials can undergo greater deformation before fracturing.

In Fig.13, the fitted instantaneous elastic moduli, Ei,
demonstrate a decreasing trend as the base:crosslinker ratio
in PDMS increases, which aligns with theoretical expecta-
tions. The average elastic modulus values for each PDMS
ratio are 105.28±7.02kPa for 43:1, 86.91±12.12kPa for 45:1,
and 68.84±7.10kPa for 47:1, differentiating the mechanical
properties of the samples, even at low sample sizes (N=7).

An argument could be made regarding whether the sam-
ples labeled 45-5 and 47-6 constitute outliers in comparison
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TABLE IV. Assembled experimental information of neo-Hookean
fits, peak recorded pressures, and values of energy.

Sample Vi (nL) Vc (nL) λc Pc (kPa) Ei (kPa) Uc (µJ) Us (mJ)

43-1 60.8 354.0 1.80 40.9 110.1 8.31 0.231
43-2 53.0 399.7 1.96 38.5 94.5 9.62 0.223
43-3 58.2 353.9 1.83 40.4 111.7 8.21 0.226
43-4 55.8 359.9 1.86 41.3 108.5 8.60 0.231
43-5 58.2 393.5 1.89 39.8 106.0 9.20 0.232
43-6 60.9 389.7 1.86 40.5 109.9 9.22 0.230
43-7 78.3 483.3 1.83 36.9 96.3 10.74 0.226

45-1 56.5 411.2 1.94 34.0 83.5 8.61 0.202
45-2 51.0 408.2 2.00 32.9 79.6 8.30 0.191
45-3 54.7 356.5 1.87 33.6 85.0 7.11 0.188
45-4 50.5 392.2 1.98 33.4 79.7 8.35 0.192
45-5 71.0 306.2 1.63 39.0 114.0 6.57 0.200
45-6 56.1 348.1 1.84 32.1 82.8 6.66 0.174
45-7 54.1 398.8 1.95 33.8 83.9 8.44 0.193

47-1 45.5 372.0 2.01 27.0 65.1 6.25 0.141
47-2 42.8 379.8 2.07 26.2 64.3 6.37 0.140
47-3 40.6 376.8 2.10 26.1 64.9 6.21 0.141
47-4 43.9 376.2 2.05 27.4 66.4 6.61 0.142
47-5 48.3 380.8 1.99 27.8 68.2 6.86 0.143
47-6 44.6 339.3 1.97 31.2 84.5 6.32 0.144
47-7 36.4 337.7 2.10 27.5 68.5 5.87 0.140

FIG. 13. Box plots illustrating the instantaneous elastic modulus, Ei,
for the 43:1 (red), 45;1 (green), and 47:1 (blue) PDMS ratios.

to the remainder of the dataset (Table IV). At first glance,
these values might seem anomalous; however, revisiting the
energy discussion from earlier and looking at both Us and Uc

(Fig.10 & Table IV), we see their energies fall within accept-
able ranges for similar base:crosslinker ratios with minimal
overlapping in Uc and no overlapping in Us. This suggests that
the discrepancy may not be due to inherent material proper-
ties, but rather extraneous factors, such as pre-test conditions,
where material may have been lodged in the needle, adversely
affecting the volumetric expansion process, or the sample ex-
hibited discrepancies during the curing process.

In light of these considerations, the decision to retain these

datasets in all calculations, rather than treat them as out-
liers was deliberate, even though their outlier treatment would
greatly collapse the instantaneous elastic moduli results: 43:1
equaling 105.28±7.02kPa, and 45:1 equaling 82.40±2.24kPa,
and 47:1 equaling 66.23 ±1.77kPa. This serves to under-
score the inherent variability encountered in testing soft ma-
terials. Despite such variability, the overall results maintain a
general concordance with established trends and comparisons
with analogous materials. Further, it highlights the potential
utility of the energy metric as a cross-check for constitutive
modeling or potentially even a stand-alone metric for material
diagnostics. Thus, the inclusion of these datasets enriches the
validation by providing a more nuanced understanding of the
experimental challenges and the robustness of the findings,
even in the face of potential procedural anomalies.

VI. SUMMARY AND CONCLUSIONS

In this study, we have pioneered an innovative bench-top
testing instrument for the VCCE method, specifically de-
signed to advance the analysis of soft materials. This instru-
ment stands as the first of its kind, transforming VCCE into
a portable, user-friendly format suitable for space-constrained
environments. Our development not only simplifies the VCCE
testing process but also ensures accessibility without compro-
mising on the accuracy or depth of material analysis. By ex-
amining PDMS samples across a range of base:crosslinker ra-
tios, we validated instrument utility and simultaneously illus-
trate diagnostic utility of this instrument for broad audience
adoption.

This instrument marks a significant step forward in soft ma-
terial characterization and opens opportunities for further im-
provements. Recent advancements in VCCE, such as adopting
continuous control through Dynamic Instron machines, sug-
gests pathways to enhance radial fluidic injection rates into
soft materials. While this current setup faces limitations in
achieving continuous control due to the main microinjector
component, future designs focusing on reduced reliance of
proprietary microinjectors will overcome this challenge.

The introduction of a bench-top VCCE instrument repre-
sents crucial advancement in the understanding of soft mate-
rial mechanics. It facilitates deeper material property insights
and promise new research avenues, aiming to improve both
theoretical and practical approaches in soft material science.
As we look ahead, the continued evolution of this technology
and methodology will undoubtedly yield significant contribu-
tions to the field, enhancing our ability to explore and under-
stand the complex world of soft materials.
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Appendix A: Appendixes

1. Boundary Effects in the neo-Hookean Model

Shabnam et al, 2019, showed the influence of boundary ef-
fects in the neo-Hookean model. Defining the circumferential
stretch at the boundary as λb:

λb =
b

B

[

(

1+
(

λ 3
− 1

))

(

A

B

)3
]1/3

. (A1)

The undeformed and deformed states of a material body are
characterized by their respective inner and outer radii, A and
B for the undeformed configuration, and a and b for the de-
formed configuration. The ratio, B

A
, captures the relationship

between the size of the boundary and the initial defect size.
This ratio’s significance is underscored in our investigation of
boundary effects on material stretch during assumed cavita-
tion events. To this end, we employed multiple B

A
ratios, aim-

ing to elucidate their impact on the anticipated stretch values
within various cavitation geometries:

p

E
=

1

6

(

λ−4
b + 4λ−1

b −λ−4
− 4λ−1

)

. (A2)

2. Structural Volumetric Losses: Beams and Columns

When considering the scaling of the instrument or if T-
slot framing and fasteners are shown to deform significantly,
a thorough evaluation of the structural loop becomes impor-
tant. While not pertinent for our proposed instrument, if read-
ers opt for subtle differences in components and their assem-
bly, the structure’s frame can be decomposed into two pri-
mary configurations: beams and columns. For an optimized
representation of worst-case operational scenarios, beams are
approximated with a uniform cross-sectional area and are con-
sidered to be purely end-loaded to maximize total deflection.
Equations describing the perceived volumetric losses in mea-
surement, for the beam and column orientations, as you move
along a direction, x, are thus:

δ (x) =
Fx2

6EI
(3L− x), (A3)

which, upon integration, translates to a total volumetric loss
for cantilever beams, ∆Vb:

∆Vb =
1

8

FL4

EI
w, (A4)

where the area moment of inertia, I, is defined as I = bh3

12 for
a square cross-section with side lengths b = h. In the context
of columns, particularly the main post subjected to a moment,
M, at each end, the deformation is described by:

δ (x) =
Mx2

2EI
. (A5)

Leading to a volumetric change, ∆Vp, for post members
(columns):

∆Vp =
ML3

6EI
w. (A6)

3. Manufacturing Specification for Pressure Sensor

FIG. 14. Technical specification for PendoTech pressure sensor.

The calibration of the PendoTech pressure sensor, illus-
trated in Figure 14, shows the ideal sensor response in black,
the actual variation in response from testing a series of 100
sensors in red, and the quality standard for sensor perfor-
mance in green. Sensors falling outside the green lines are
not shipped to customers, determining the effective pressure
resolution used throughout this study.


