@ CrossMark
©chckh

Multilayered tissue mimicking skin and vessel phantoms
with tunable mechanical, optical, and acoustic properties

Alvin |I. Chen® and Max L. Balter
Department of Biomedical Engineering, Rutgers University, Piscataway, New Jersey 08854

Melanie I. Chen
Ernest Mario School of Pharmacy, Rutgers University, Piscataway, New Jersey 08854

Daniel Gross
Riverside Research Institute, Piscataway, New York, New York 10038

Sheikh K. Alam
Center for Computational Biomedicine Imaging and Modeling, Rutgers University,
Piscataway, New Jersey 08854

Timothy J. Maguire
VascuLogic, L.L.C., Piscataway, New Jersey 08854

Martin L. Yarmush
Department of Biomedical Engineering, Rutgers University, Piscataway, New Jersey 08854

(Received 22 September 2015; revised 1 May 2016; accepted for publication 10 May 2016;
published 27 May 2016)

Purpose: This paper describes the design, fabrication, and characterization of multilayered tissue
mimicking skin and vessel phantoms with tunable mechanical, optical, and acoustic properties.
The phantoms comprise epidermis, dermis, and hypodermis skin layers, blood vessels, and blood
mimicking fluid. Each tissue component may be individually tailored to a range of physiological and
demographic conditions.

Methods: The skin layers were constructed from varying concentrations of gelatin and agar. Synthetic
melanin, India ink, absorbing dyes, and Intralipid were added to provide optical absorption and
scattering in the skin layers. Bovine serum albumin was used to increase acoustic attenuation, and
40 pum diameter silica microspheres were used to induce acoustic backscatter. Phantom vessels
consisting of thin-walled polydimethylsiloxane tubing were embedded at depths of 2—6 mm beneath
the skin, and blood mimicking fluid was passed through the vessels. The phantoms were characterized
through uniaxial compression and tension experiments, rheological frequency sweep studies, diffuse
reflectance spectroscopy, and ultrasonic pulse-echo measurements. Results were then compared to in
vivo and ex vivo literature data.

Results: The elastic and dynamic shear behavior of the phantom skin layers and vessel wall closely
approximated the behavior of porcine skin tissues and human vessels. Similarly, the optical properties
of the phantom tissue components in the wavelength range of 400—1100 nm, as well as the acoustic
properties in the frequency range of 2-9 MHz, were comparable to human tissue data. Normalized
root mean square percent errors between the phantom results and the literature reference values
ranged from 1.06% to 9.82%, which for many measurements were less than the sample variability.
Finally, the mechanical and imaging characteristics of the phantoms were found to remain stable after
30 days of storage at 21 °C.

Conclusions: The phantoms described in this work simulate the mechanical, optical, and acoustic
properties of human skin tissues, vessel tissue, and blood. In this way, the phantoms are uniquely
suited to serve as test models for multimodal imaging techniques and image-guided interventions.
© 2016 American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4951729]

Key words: tissue mimicking phantom, mechanical properties, optical properties, acoustic properties,
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1. INTRODUCTION skin mimicking material surrounding a vessel through which

blood mimicking fluid (BMF) is perfused. An important crite-
Skin and vessel phantoms have been widely used as test rion for the phantoms is that the individual components should
models for a variety of peripheral tissue imaging techniques have similar material properties to soft tissue, vessel tissue, and
and image-guided interventions. These phantoms consist of a blood. Of particular interest are phantoms designed to eval-
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uate multimodality techniques such as photoacoustic imag-
ing, elastography-based imaging, and percutaneous needle
insertion.' For such applications, the mechanical, optical,
and acoustic properties of the peripheral tissues must all be
reproduced, and this greatly increases the complexity of the
phantoms.

The literature on tissue mimicking phantom materials is
extensive,*® and over the years a number of customizable
multimodal phantoms have been described. Recently, Lam-
ouche et al. provided a comprehensive review of phantoms
with controllable optical, mechanical, and structural prop-
erties for optical coherence elastography.” Their focus was on
the effects of different substrates (silicone, fibrin, and poly-
vinyl alcohol) on optical scattering behavior and mechanical
strength. Madsen ef al. demonstrated the use of gelatin/agar
phantoms for ultrasonic elastography. They investigated the
effects of India ink, Intralipid, glycerol, and graphite powder
on the acoustic and mechanical properties of the phantoms.®°
Cook et al. reported on the design of gelatin-based phantoms
for photoacoustic imaging.'? The phantoms used India ink and
dyes as the optical absorbers, Intralipid as the optical scatterer
and acoustic attenuator, and silica microspheres as the acoustic
backscattering agent. In their study, the phantoms were devel-
oped as single-component, homogenous bulk materials, and

the mechanical properties were not investigated. Hungr et al.
developed a deformable polyvinyl chloride prostate phantom
for multimodal imaging and percutaneous needle insertion
procedures, and characterized the sound velocity, mechanical
properties, and effects of long-term storage.!! In addition to
general tissue mimicking materials, phantoms with vessel-like
geometries have also been introduced. Such phantoms have
been developed using materials such as thin-walled silicone
tubing,'? polyvinyl alcohol gels,'>'* and gelatin/agar hydro-
gels.!3:16

In this paper, we focus on the design, fabrication, and char-
acterization of multilayered phantoms that mimic the mechan-
ical, optical, and acoustic properties of five peripheral tissues,
namely the epidermis, dermis, hypodermis, blood vessels, and
blood [Fig. 1(a)]. Uniaxial compression and tension experi-
ments are performed to measure the Young’s modulus E of
each phantom tissue component at strains up to 1.0 and strain
rates of 107°-10' s~!. Rheological frequency sweep exper-
iments are conducted to determine dynamic shear modulus
G at shear strain rates of 107>-10% s~!. Optical absorption
Hq and scattering u, are measured in the wavelength range
of 400-1100 nm by diffuse reflectance spectroscopy. Finally,
acoustic attenuation «, backscatter 3, speed of sound ¢, mass
density p, and acoustic impedance Z are determined in the fre-
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Fic. 1. Design and characterization of skin and vessel mimicking phantoms. (a) Far left: The phantoms comprise a 0.1 mm thick epidermis mimicking layer, a
1 mm thick dermis layer, and a 10 mm thick hypodermis layer. Blood vessel substitutes with diameters between 1 and 3.2 mm are embedded at varying depths
within the hypodermis. Blood mimicking fluid is perfused through the vessels. Left center: The phantoms simulate the mechanical properties of human skin
and vessel tissues for strains up to 0.4 and 1.0, respectively; optical properties between 400 and 1100 nm; and acoustic properties between 2 and 9 MHz. Right
center: Eight material properties were assessed, and the results were compared to human tissue values from the literature. Far right: Experimental techniques
used to characterize the material properties of each phantom tissue component. (b) Completed phantom containing 15 vessels. To aid in visualization of the
embedded vessels, absorbers and scatterers were not added to the dermis or hypodermis layers in the photographed phantom and the epidermis layer was cut to
a smaller size. (c) Images taken at 500 and 760 nm showing vessels with varying diameters embedded at a depth of 3 mm below the skin surface. The difference
in image contrast between the two wavelengths can be observed. (d) Transverse ultrasound image of phantom acquired at 9 MHz showing the individual skin
layers and vessels.
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quency range of 2-9 MHz using single-element transducers.
The results are compared to in vivo and ex vivo tissue data from
the literature.

2. PHANTOM DESIGN AND FABRICATION
2.A. Fabrication procedure

Tables I and II summarize the design and material composi-
tion, respectively, of each phantom tissue mimicking compo-
nent. Phantoms were fabricated in 3D-printed square con-
tainers (120x 120 21 mm) [Fig. 1(b)]. Flexible and trans-
parent thin-walled polydimethylsiloxane (PDMS) tubing (Syl-
gard 184 Silicone Elastomer Laboratory Tubing, Dow-
Corning Corp., MI, USA) were cut to 150 mm in the length
and used as blood vessel substitutes. The vessels had diameters
ranging from 1 to 3.2 mm and a wall thickness of 0.4 mm
[Figs. 1(b)-1(d)], and were anchored by slots cut into two
opposing walls of the phantom container. The depth of each
vessel was fixed between 2 and 6 mm from the top of the

TaBLE I. Summary of the material properties (E, G, uq, s, @, B,¢,Z, and
n7) investigated in this study. Also shown are the constituent materials that
make up the peripheral tissue layers in both humans and phantoms.
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Material Human tissue Phantom tissue
Tissue layer property components modifiers
E,.G Keratin Gelatin (films)
Ha Melanin Synthetic melanin
. . 7 Melanin Synthetic melanin
Epidermis . .
a Keratin, melanin 1L-20, BSA
B Keratin, melanin 40 pm silica beads
c,Z Keratin, melanin Glycerol
E,.G Collagen/elastin Gelatin, agar
Ha Hemoglobin India ink, 552 nm dye
Dermis M Collagen/elast%n IL-20
a Collagen/elastin 1L-20, BSA
B Collagen/elastin 40 pm silica beads
cand Z Collagen/elastin Methanol
E,.G Adipose Gelatin, agar
Ha Adipose, hemoglobin  India ink, 935 nm dye
. M Adipose IL-20
Hypod
ypodermmis @ Adipose IL-20, BSA
B Adipose 40 pm silica beads
candZ  Adipose Methanol
E.G Collagen/elastin PDMS
Ha Hemoglobin Negligible
s Collagen/elastin Negligible
Vessel wall ’ .
a Collagen/elastin PDMS
B Collagen/elastin Negligible
candZ  Collagen/elastin PDMS
n RBCs Glycerol, dextran
Ha Hemoglobin 552/757/912 nm dyes
s RBC Negligibl
Whole blood X5 S ceIgv e
a Hemoglobin, plasma  Negligible
B RBCs 5 pm polyamide beads
candZ RBCs, plasma Glycerol, dextran
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container and was determined by the position of each slot. The
skin mimicking layers were then fabricated and introduced
into the phantom as described below.

2.A.1. Fabrication of phantom epidermis layers

Epidermis mimicking films with thickness of 0.1 mm were
prepared by dissolving 10 g gelatin powder (Type A porcine
powder, 300 g Bloom, Sigma-Aldrich, Corp., MO, USA) and 5
g glycerol (49781, >98% purity, Sigma-Aldrich) in 100 ml of
distilled water. 0.01%-0.1% glutaraldehyde (G5882, >99.5%
purity, Sigma-Aldrich) was then added to the solutions, along
with varying concentrations of synthetic melanin (described
later). The solutions were poured onto a 12X 12 cm Plexiglas
plate and dried for 48 h at 21 °C and 28% relative humidity to
obtain the thin films.

2.A.2. Fabrication of phantom dermis
and hypodermis layers

The dermis mimicking layer was fabricated from a mixture
of 24% gelatin and 1% agar (A1296 powder, Sigma-Aldrich),
while the hypodermis mimicking layer consisted of 2% gelatin
and 0.2% agar. A base layer of 8% gelatin was also formed.
The gelatin and agar powders were dissolved in separate bea-
kers and then combined, and optical and acoustic modifiers
were added (described later) along with 1.5% Germall-Plus
(International Specialty products, Wayne, NJ, USA), which
served as an antimicrobial agent.” The final solutions were
cooled to 40°C under constant stirring and introduced into
the phantom container sequentially. The base layer was first
introduced by pouring 8% gelatin solution through a 100 ym
sieve (BD Falcon™ Cell Strainer) until a 10 mm thick viscous
layer was formed a the bottom of the container. Depending
on the height of the vessels, between 1 and 5 mm of spacing
remained between the base layer and the vessels. Once the base
layer was fully gelled, the hypodermis solution was then added
to a total height of 20 mm, allowing the vessels to be fully
submerged. After the hypodermis layer was gelled, the dermis
solution was added to form a 1 mm layer. Finally, once the
dermis layer was gelled, the epidermis film was placed above
the dermis to form the topmost layer of the phantom.

2.A.3. Introduction of blood mimicking fluid

A commercial BMF (Model 046 Blood Mimicking Fluid,
CIRS, Inc., VA, USA) described by Ramnarine et al.'”'8 was
used here. The BMF consists of a (water/glycerol)/dextran
base and 10 ym polyamide microspheres that mimic the acous-
tic backscatter of RBCs. The BMF may be passed through the
vessels at controlled velocities during experiments, using, for
example, a syringe pump to simulate continuous blood flow in
the veins or a peristaltic pump to simulate pulsatile flow in the
arteries.

2.B. Modification of phantom optical properties

The main component materials that affect the optical prop-
erties of peripheral tissues include melanin in the epidermis,
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TasLe II. Percent concentrations of phantom components used for each tissue mimicking layer.

Tissue layer Gelatin (% v) Agar (% w/v) Melanin (% w/v)  Absorbing dyes (% w/v) Indiaink (% v/v) IL-20 (% v/v)  BSA (% w/v) Silica beads (% w/v) Other
Material E.G E.G Ha 1 Ha Ha Hear @ p’; (minor) B s (minor)
properties Mg (minor)
affected « (minor)
0.0003 (1% @mel)
0.0015 (5% @mel)
. . 0.0030 (10% ‘pmel)
Epid S — — — — — — .01 .1 lutaraldehyd
pidermis 5 0.0047 (15% @pner) 0.01%-0.1% glutaraldehyde
0.0102 30% @mel)
0.0216 (45% @mel)
Dermis 24 1 — 0.058 (552 nm) 0.0182 28.5 35 1.0 15.31% methanol
0.073 (552
Hypodermis 2 0.2 — 0047 E o 22; 0.0202 7.8 15 05 23.45% methanol
Vessels — — — — — — — — Commercial PDMS tubing
23.19 (552 nm) c ial blood mimicki
mmerci mimickin,
Blood (venous) — — — 1.373 (756 nm) 0.0301 — — — ommercia N 9;’ cxng
0.214 (935 nm) u
R 26.09 (552 nm) Commercial blood mimicking
Bl 1 - — — .0301 — — —
ood (arterial) 0.374 (935 nm) 0030 fluid
Notes Gelatin Calculated as  Calculated as weight Absorptivity at 552, 756,  Calculated as Calculated as  Calculated as  Calculated as weight

concentration for
epidermis layer

based on weight
% before drying

weight % of
Sigma-Aldrich
A1296 agar
powder

% of Sigma-Aldrich and 935 nm: 138, 52, and
MO0418 synthetic 1871g ' em™,
melanin powder, respectively

>97% purity

volume % of
undiluted
Higgins

waterproof black

ink

volume % of weight % of
undiluted Roche

Fresenius- Kabi  lyophilized

IL-20% BSA, >95%
purity

% of 40 pm diameter
MIN-U-SIL silica
microspheres

0cLe

swojueyd [assaA pue upjs Bupjoiwiw anssi patakeynp e 1@ usyn
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TasLe III. Relative composition of human tissues used to inform phantom
designs.

Volume percentages (¢) of tissue components

Melanin Collagen, elastin ~ Lipid Hemoglobin Water

Tissue layer (%) (%) (%) (%) (%)
Epidermis 0-45 40 0 <1 15-60
Dermis 0 50 0 <1 50
Hypodermis 0 0 80 <1 20
Vessel wall 0 25 0 <1 75
Whole blood 0 0 0 2 98

collagen, and elastin in the dermis, lipid in the hypodermis,
hemoglobin in blood, and water!>?° (Table III). Optical
absorption over the wavelength range of 400-1100 nm may
be estimated as the sum of the individual absorption profiles
u? of each component material m in the tissue and their
relative percent volumes ¢,,,, that is, u, = Y., em i [Eq. (1)].
Unlike with absorption, total optical scattering in the tissue is
not necessarily equal to the sum of the individual scattering
components. Rather, scattering in tissues may be approxi-
mated by a power law expression, s = u (4 /500)7"s, where
My, is the reduced scattering coeflicient at 1 nm and ny is
the power law constant describing the dependence on wave-
length."”

2.B.1. Controlling optical absorption and scattering
in the phantom epidermis

Absorption and scattering in the epidermis are primarily
due to melanin.?! In the phantom epidermis layer, synthetic
melanin powder (M0418, >97% purity, Sigma-Aldrich Cor-
poration, USA) was added at concentrations ranging from
0.0003% to 0.0216% to simulate different skin tones. The
optical properties of the brand of melanin used in this study
has been described in detail by Bashkatov et al.?> An advan-
tage of using synthetic melanin is that its index of refraction
(~1.65) is relatively similar to that of epidermis tissue (~1.44)
compared to other absorbers.?? Furthermore, because melanin
is a strong optical scatterer, additional scattering materials are
not needed.

2.B.2. Controlling optical absorption in the phantom
dermis and hypodermis

Dermis tissue consists of weak absorbers (collagen, elastin,
and minor amounts of hemoglobin), and so absorption is rela-
tively low (<1 cm™).?* In hypodermis tissue, absorption is
highest at the fat absorption peaks (e.g., at 935 nm) and low
elsewhere.”> We used India ink (Higgins Waterproof Black,
Sanford, USA) as the broad-spectrum absorber in the phantom
dermis and hypodermis layers, and molecular absorbing dyes
(QCR Solutions Corp., FL, USA) to simulate local absorption
peaks. Specifically, 0.0182% of India ink and 0.058% of 552
nm dye were added to the dermis, while 0.0182% of India
ink 0.047% of 935 nm dye was added to the hypodermis. The
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552 and 935 nm dyes were added to simulate the increase
in absorption due to hemoglobin and lipid, respectively. The
India ink concentrations were determined based on absorp-
tion measurements reported by others using the same brand
of ink,2® while the dye concentrations were determined from
material data sheets.

2.B.3. Controlling optical scattering in the phantom
dermis and hypodermis

The presence of collagen and elastin fibers leads to strong
optical scattering in the dermis,?* while in the hypodermis
the main scatterers are the lipid droplets.”> To simulate the
scattering profile of human skin, 28.5% and 7.8% Intralipid-
20% (IL-20, Fresenius Kaby AB, Sweden) were added as
the optical scatterer in the dermis and hypodermis, respec-
tively. Cook et al. have characterized the scattering properties
of IL-20, noting that u/ is diminished in gelatin compared
to water and thus higher concentrations are needed;'” this
decrease in scattering was accounted for when determining IL-
20 concentrations for the phantom tissue components. Mean-
while other studies have shown that absorption of IL-20 is
negligible, that minimal variability (<2%) is exhibited be-
tween brands, batches, and over time, and that IL-20 does
not affect the absorption properties of India ink, nor vice
versa.?’-?

2.B.4. Controlling optical absorption in blood
mimicking fluid

To reproduce the optical absorption of venous and arterial
blood, molecular absorbing dyes (QCR Solutions Corp., FL,
USA) and India ink were added to the commercial BMF.
Specifically, dyes with absorption maxima at 552, 757, and
912 nm were used, while India ink provided the baseline
absorption. (Colored inks such as Congo Red and Evans Blue
may be used as low-cost alternatives to the molecular dyes.'”)

2.C. Modification of phantom acoustic properties

Acoustic attenuation in most human tissues is known to
increase with frequency following the power law function
@ =a;f" dB cm™', where @ is the attenuation coefficient
at 1 MHz, n,, is the power constant, and f is the frequency.”’
Similarly, acoustic backscatter may be modeled as 8 = B, "5
(sr™! em™), where S is the backscatter coefficient and ng is
the power constant. On the other hand, we assumed that speed
of sound and acoustic impedance were constants with respect
to frequency (valid for human tissues).

2.C.1. Controlling acoustic attenuation
and backscatter in phantom tissues

Gelatin, agar, and IL-20 are all weak acoustic attenua-
tors,” 1030 and thus the addition of a modifier with strong atten-
uating properties is needed. Unfortunately, most attenuators
affect the optical and/or mechanical properties of the materials
to some extent. An exception is bovine serum albumin (BSA),
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which is optically transparent when dissolved in aqueous solu-
tion. The attenuation coefficient a; of 1% BSA is ~0.02 dB
cm™! MHz™! and increases linearly with concentration.’!
Here we added 35% lyophilized BSA (>95% purity, Roche
Diagnostics, USA), which was expected to raise @ in the
dermis layer from ~0.5 to ~1.1 dB cm™! MHz"!. Similarly,
15% BSA was added to the hypodermis layer to raise «;
from ~0.3 to ~0.6 dB cm™' MHz"!. In both layers, BSA was
slowly dissolved into solution at 30 °C, which is well below its
denaturing temperature. BSA was not added to the epidermis
layer, vessels, or blood.

To modify the acoustic backscatter parameters in the dermis
and hypodermis, 40 yum diameter monodisperse silica micro-
spheres (MIN-U-SIL-4, Sigma-Alrich) were added at 0.5%
and 1%, respectively. At such concentrations, the backscatter
coeflicient 8; was expected to be on the order of 1073 sr! cm™!
MHz"!, which is in the range of human skin and fatty tissues.'
As with BSA, the silica spheres were chosen over alternative
materials due to their optical transparency.

0

2.C.2. Controlling speed of sound (and acoustic
impedance) in phantom tissues

Varying the gelatin concentration from 2% to 24% has been
shown to increase speed of sound linearly from 1490 to 1560
m s~! (increase of ~3.2 m s~! for each percent of gelatin
added).'? Similarly, increasing the agar concentration from
0.2% to 2% increases speed of sound linearly from 1482 to
1500 m s~ (~1 ms™!/0.1% agar).30 Likewise, BSA has been
observed to increase speed of sound by ~3 m s~! for each
percent added.*'*? In contrast to the above materials, IL-20
has minimal effect on sound speed,'® and the other modifiers
(India ink, absorbing dyes, and silica beads) were all present
in very low concentrations (<1%) and thus were not expected
to significantly affect speed of sound.

Based on the material composition of the phantom skin
layers, the estimated speed of sound and acoustic impedance
in the dermis layer (¢ ~ 1642 m sl Z~1.7%x10° kg m~2
s~!) and hypodermis layer (¢ ~ 1522 m s~!, Z ~ 1.7x 10° kg
m~2 s~') were expected to be higher than measurements on
human dermis (¢ ~ 1595 ms™!, Z~1.7x10%kg m2 s~!) and
hypodermis (c ~ 1450 m s™!, Z ~ 1.7 x 10° kg m™2 s71),33:34
To compensate for this, methanol was introduced into the
dermis and hypodermis layers at concentrations of 15.31% and
23.45%, respectively. Methanol is known to decrease speed of
sound by 3.77 m s~! for each percent added, and like BSA
causes no measureable changes to the optical or mechanical
properties of the material >

Meanwhile, the estimated speed of sound and impedance in
the epidermis layer (c ~ 1625 ms™!, Z~1.7x10° kg m=2s71)
was expected to remain in range of measurements on human
epidermis (¢ ~ 1645 ms™!, Z ~ 1.7x10kg m~2s~").3* Finally,
in the phantom vessels, acoustic properties were determined
entirely by Sylgard 184 PDMS (¢ ~ 1030 m s~!, Z ~ 1.7 x
10% kg m~2 s71). These values are lower than measurements
on human vessel wall tissue (¢ ~ 1575 ms™!, Z~1.7x 106 kg
m~2 s71), and this disparity is a potential limitation of the
commercial vessel substitutes.
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In this study, the mass densities of the phantom tissue
components were not independently modified. To the best
of our knowledge, changes in mass density with respect to
gelatin, IL-20, and BSA concentration have not yet been fully
characterized in the literature.

2.D. Packaging and storage

The crosslinked epidermis layer helps to reduce drying
of the dermis and hypodermis layers below. The addition
of Germall-Plus further prolongs the shelf-life by mitigating
microbial or fungal infiltration. The phantoms, once fully
gelled in the 3D-printed containers, are wrapped in Saran Wrap
and packaged in vacuum-sealed bags (FoodSaver V2244 Seal-
ing System). The phantoms are then stored at room tempera-
ture (21 °C).

3. RESULTS
3.A. Phantom mechanical characterization

3.A.1. Elasticity of gelatin and agar gels at varying
concentrations

We first measured the true stress vs strain responses of
2%, 4%, 8%, 12%, 16%, 20%, and 24% gelatin [Fig. 2(a)]
and 0.1%, 0.5%, 1%, and 2% agar [Fig. 2(b)]. Measurements
were obtained from unconfined uniaxial compression tests
(ElectroForce 3200 Test Instrument, Bose Corp., MA, USA),
and the gels were assumed to be incompressible. The gels were
compressed to a strain of 0.5 at five strain rates (1073-107"
s71), and Young’s modulus was defined as the slope of the
stress response in the low strain regime (& < 0.2). For both
types of gels, Young’s modulus was seen to depend on both
gel concentration and strain rate.

3.A.2. Thickness and elasticity of phantom dermis
and hypodermis

Mean thickness values for the dermis and hypodermis
phantom layers were 1.4 and 2.1 mm, respectively (Table
IV). Measurements were made on four dermis samples and
four hypodermis samples from B-mode images acquired with
an 18 MHz ultrasound transducer (L1830, Telemed UAB,
Lithuania). Stress vs strain responses were then obtained for
the dermis and hypodermis samples [Figs. 2(c) and 2(d)].
At low strains (¢ < 0.2), the stiffness of the phantoms was
provided by the gelatin component, and the stretch behavior
was linearly elastic. Young’s modulus of the phantom dermis
was ~50 kPa for strains below 0.2 (Table V) and approximated
that of porcine dermis.*® Similarly, the hypodermis phantom
tissue was linearly elastic for strains below 0.2, and Young’s
modulus (~2 kPa) approximated that of porcine hypodermis
tissue.*® In contrast, for & > 0.2, rapid strain hardening was
observed in both the phantom and porcine skin tissues. In the
phantoms, this nonlinear behavior was predominantly due to
the agar component.

Following the addition of 28.5% IL-20% and 35% BSA, the
Young’s modulus of the dermis layer decreased by a mean of
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FiG. 2. Mechanical characterization of gelatin, agar, and skin phantoms. (a) Young’s moduli E for 2%-24% gelatin, measured during uniaxial compression
over five strain rates (& = 1073-101s71). (b) Young’s moduli E for 0.2%—-2% agar (& = 1073-10' s71) from uniaxial compression. (¢) Compressive true stress vs
strain curves for dermis mimicking phantom layer in comparison to ex vivo porcine dermis (Ref. 35). Phantom and human measurements were both obtained
from unconfined uniaxial compression tests at & = 10" s™!. Pure gelatin exhibited perfectly linear elasticity for £ < 0.5 (blue line), while pure agar exhibited a
highly nonlinear stress vs strain relationship (gray line). Phantoms combining 24% gelatin and 1% agar (black line) were found to most closely mimic porcine
dermis tissue (red dotted line). (d) Compressive true stress vs strain curves for phantom hypodermis compared to ex vivo porcine hypodermis tissue (Ref. 36).
Measurements were at & = 10! s~ Phantoms combining 2% gelatin and 0.2% agar most closely mimicked porcine hypodermis tissue. (See color online version.)

0.81 kPa over four samples. Similarly, the Young’s modulus of
the hypodermis phantom decreased by 0.22 kPa after adding
7.8% 1L-20% and 15% kPa. However, in both cases, the differ-
ences were smaller than the variability between samples and

thus were likely to be insignificant. The other modifiers were
present in very low concentrations (<1%) and were not ex-
pected to measurably alter the mechanical properties of the
phantoms.

TasLe IV. Thickness, 6 (in mm) of human and phantom skin, vessel wall, and blood.

Body location

0.28-0.51 (wall thickness)

0.31 + 0.07 (6 vein)
0.40 £ 0.08 (oartery)

Tissue layer Phantom (mm) Human (mm) (measurement technique) Reference
0.075 £ 0.016 Forearm 39
Epidermis 0.117 +0.022 0.095 + 0.005 Forearm 40
0.138 +£ 0.013 Forearm 41
0.92 +0.12 Forearm 43
1.14 £ 0.20 Forearm 44
Dermi 1.385 £ 0.167
ermis * 116 £ 0.16 Forearm 45
1.35+0.10 Forearm 46
. 1.21 £0.32 Forearm 45
Hypodermis 2.093 £0.514 215 0.64 Forearm 47
1.19-3.18 (diameter) 2.1 £ 1.1 (dvein)
3.0 + 0.8 (dart
Vessel wall * (dartery) Forearm 48
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TaBLE V. Young’s modulus, E (in kPa) of human and phantom skin, vessel wall, and blood.

Body location (measurement

Tissue layer Phantom (kPa) Human (kPa) technique) Reference
Epidermis 0.997 + 0.138 x103 (6 < 0.2, =107 s71) 1-2x103 Abdomen (indentation) 40
35 Forearm (indentation) 49
Dermis 50.71 +2.982 (£ < 0.1, £=10""s71) 56 Forearm (suction) 41
~50 (g >0.1) Buttock, porcine (compression) 35
2 Forearm (indentation) 49
Hypodermis 1.76 £ 0.375 (£ > 0.1, £=10""s71) 1.6 (£ <0.1) Abdomen (tensile) 47
1-2.5(<0.1) Abdomen, porcine (compression) 45

0.5 x 103 (vein, &£ > 0.4

Vessel wall 912,58 + 1132 (£ < 0.5, £ = 10~ 51 (vein, & > 0.4) Porcine (tensile) 48

1.0 x 103 (artery, £ < 0.4)

3.A.3. Dynamic shear properties of phantom dermis
and hypodermis

Figure 3 shows the frequency dependence of shear modulus
in the dermis and hypodermis mimicking phantoms. Measure-
ments were obtained from rheometry experiments (Ares G2
Rheometer, TA Instruments, USA) at a shear strain of 0.5 and
shear rates ranging from 1072 to 10? s~!. The shear modulus
of the phantoms were comparable to measurements on human
skin tissues?”8 (Table VI).

3.A.4. Thickness and elasticity of phantom epidermis

The mean thickness of the epidermis films over four sam-
ples was measured by ultrasound to be 0.12 mm, which is
comparable to the thickness of the human epidermis.®*!
Each film contained 0.0102% melanin, which corresponds to a
melanin volume fraction ¢ of 30% (see Table III). Figure 4
shows the Young’s modulus of epidermis films crosslinked
with 0.01%, 0.025%, 0.05%, 0.075%, or 0.1% glutaraldehyde.
All films exhibited linearly elastic behavior under tensile
stress until fracture at a strain of 0.2. The addition of 0.025%

102
- == Phantom dermis == Phantom hypodermis
[ ===== Human dermis  ===== Human hypodermis
a P YT EE L ..
%_/ 10" b -.““"____.
100 | co el Ll sl TR |
102 10 100 101 102
v (s7)

FiG. 3. Shear modulus G of phantom dermis (black) and hypodermis (blue).
Measurements were obtained from rheological frequency sweep at a shear
strain of 0.5. Shear strain rates were increased from 1072to 10?s~!. The
magnitude and strain rate dependence of the phantoms are comparable to
those of human skin tissues (dotted lines) (Refs. 37 and 38). (See color online
version.)
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glutaraldehyde produced films with Young’s modulus of ~1
MPa, which is comparable to indentation results on ex vivo
human epidermis.*’

3.A.5. Diameter, wall thickness, and elasticity
of phantom blood vessels

Figure 5 shows the results of uniaxial tension experiments
performed over varying strain rates on the phantom vessels.
Results were compared to tensile measurements on ex vivo
human venous and arterial wall*? (Fig. 5). At strains below 0.5,
the vessels were linearly elastic and Young’s modulus was ~1
MPa. At strains above 0.5, strain hardening was observed.

3.B. Phantom optical characterization

Measurements of transmittance and diffuse reflectance
were obtained for the epidermis, dermis, and hypodermis
mimicking phantom layers in the 400-1100 nm wavelength
range using a commercial spectrophotometer (HR4000 UV-
NIR, Ocean Optics, Inc., FL, USA) coupled to an integrating
sphere (IS200-4 2,” Thorlabs, Inc., NJ, USA). The inverse
adding-doubling method®' was applied to determine absorp-
tion and reduced scattering coeflicients (u, and uj, respec-
tively) (Table VII) from the transmittance and reflectance data.

3.B.1. Optical absorption and scattering
in the phantom skin layers

Figure 6(a) shows the absorption profiles of six different
epidermis mimicking films in comparison to human epidermis
measurements.”! The absorption profiles were observed to
follow a power law function, ti, (1) = @er1.2(1/ 500)_0'7, with
©mel Tanging from 1% (very light-toned skin) to 45% (very
dark-toned skin). The absorption profiles for the dermis and
hypodermis mimicking layers are shown in Figs. 6(b) and
6(c) in comparison to results for human skin.?*? The baseline
absorption due to India ink can be seen, as can the absorption
peaks of the 552 nm dye in the dermis layer and the 935 nm
dye in the hypodermis layer. Figures 6(d)—6(f) show scattering
curves for the three skin mimicking layers in comparison to
measurements on ex vivo human tissues.”*?>
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TasLe VI. Shear modulus, G (in kPa) of human and phantom skin, vessel wall, and blood.

Body location (measurement

Tissue layer Phantom (kPa) Human (kPa) technique) Reference
Epidermis — ~10 Abdomen (rheometry) 37
Dermis 14.43 +2.88 (y=0.5,7 =157 ~10 Forearm (rheometry) 38
Hypodermis 3254091 (y=0.5 =157 ~5 Abdomen, porcine (theometry) 38
Vessel wall — ~75 Aorta, porcine (torsion test) 50

3.B.2. Optical properties of phantom vessels

The optical properties of the vessel wall are similar to those
of dermis tissue, since the constituent materials for both tissues
are similar.”” The Sylgard 184 PDMS material in the commer-
cial vessel tubing absorbs and scatters light minimally (u, ~
W, ~0 cm™).5 The refractive index of Sylgard 184 PDMS
is 1.40, which is comparable to that soft tissue (1.36-1.44).%
Thus it can be assumed that the vessels are optically trans-
parent within the phantoms.

3.B.3. Optical properties of blood mimicking fluid

The absorption spectra of venous and arterial BMF are
shown in Fig. 7 in comparison to human whole blood.>* Before
the addition of the molecular dyes, absorption was substan-
tially lower in the BMF (<1 cm™) than in human blood. After
adding the dyes, the absorption peaks at 552 and 756 nm due
to hemoglobin, as well as the absorption peak at 935 nm due to
adipose tissue in the hypodermis, could be observed. Optical
scattering in the BMF was not characterized here and will be
a focus of future studies.

3.C. Phantom acoustic characterization

Speed of sound and attenuation were measured from 2
to 9 MHz. Backscatter measurements were made at 3 MHz.

6 -
-=— 10" s
5 1 100 s
- 101 s
41 = 102s
©
o - 103 g1
S 31
w
2 Human epidermis
(E ~1to 2 MPa)
1 :IIIIIIII L AR RRRRERRRRRRRRRRRRRERRREN]
0 - T T T T
0 0.025 0.05 0.075 0.1

Crosslinker % (w/v)

Fig. 4. Young’s modulus E of epidermis mimicking gelatin sheets. The
epidermis phantoms were crosslinked 0.01%-0.1% glutaraldehyde. Young’s
modulus was measured from tensile experiments over five strain rates. For, E
was closest to that of human epidermis (~1.2 MPa, red dotted line) (Ref. 40)
using 0.025% glutaraldehyde.
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The specific methods used to calculate sound speeds, atten-
uation coefficients, and backscatter coefficients from cali-
brated radiofrequency pulse-echo signals have been previously
described in detail.*>° Two single-element transducers were
used for these studies. The first had a diameter of 13 mm, a
center frequency of 3.8 MHz, and bandwidth of 50% (-6 dB)
from 2 to 6 MHz. The second transducer had a diameter of
10 mm, a center frequency of 7.2 MHz, and bandwidth of 50%
(=6 dB) from 4.5 to 9 MHz. The transducers were mounted in a
water filled tank at 20.3 °C and positioned 12.75 mm (the focal
distance of the transducers) above a quartz block that served as
a reference reflector. For each sample, 400 pulse-echo signals
were generated over a 2 X2 cm area using an XYZ scanning
stage. The signals were controlled by a Panametrics 5800
pulser/receiver and read by a Tektronix TDS 320 oscilloscope.
The mass density of each sample was also measured. For this,
a calibrated pycnometer with 0.1 mg resolution (DIN 12797,
Tamson, Zoetermeer, NL) was used.

3.C.1. Acoustic properties of gelatin, IL-20, BSA,
and silica microspheres

The acoustic properties of 4%, 8%, 16%, and 24% gelatin
were first measured without the addition of any modifiers. 8%

J
Human o
°1 vena cava o
I
— 4 ] 0.
g
S 34
S
21 Phantom vessel o
- = -3 _ 1e-1 .
. (¢=103-10"s") R
,e® Human
0 e e anannnnn®® carotid artery
0 0.2 0.4 0.6 0.8 1
£

Fig. 5. Tensile stress vs strain curves for phantom vessels (solid black and
grey lines) compared to ex vivo human adult vena cava (red dotted line)
and carotid artery (blue dotted line) (Ref. 42). The lightest-colored grey
line corresponds to the slowest strain rate (&= 1073s71) while the black
line corresponds to the fastest strain rate (£ = 10! s™). The diameter of the
vessels was 2 mm. Inset plot shows the linear region of stretch (& <0.5)
for phantom and human vessels at comparable strain rates (£ = 1.0x 1073 s™!
for phantom vessels, while £ =1.6% 1073 s7! for human vessels). (See color
online version.)
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TasLe VII. Summary of optical properties of human and phantom skin, vessel wall, and blood.

Absorption (u4), cm™!

Scatter (u%), cm™!

Tissue layer 556 nm 758 nm 914 nm 556 nm 758 nm 914 nm Hs, ny  Reference

Epidermis (15% gy FUman 5364 23.41 14.25 60.73 4238 34.10 6870 1.16 )
P ©%mel) phantom 4973 £5.14 25.02+293 1506+ 1.62 5199+ 1228 29.86+ 1045 17.98+6.78 67.01 2.11

erm Human 1.56 0.58 0.48 39.55 25.46 19.52 460 142 9

Trmi

ermis Phantom  143+0.19 0.50+0.14 038+0.16 38.09+3.00 22.12+233 1801212 4032 13l

Hemodermi Human 1.67 0.57 0.89 17.13 13.92 12.27 184 067 s
ypodefms Phantom 1914026 0.66+0.18 105+022 2344+2.14 13.87+188  946+1.05 2001 087
Human  12.0 051 031 36.1 23.1 17.6 421 145

Vessel wall 52
Phantom — — — — — — — —

Blood ( | Human  294.52 8.43 420 205 16.7 14.8 20 066 o
ood lvenous Phantom 31037 +4.98 932+193 447 +0.76 — — — -

Blood (arerial) Human  286.17 3.10 6.58 20.5 16.7 14.8 20 066 o
Phantom 352.99 +3.45 245+0.87 628 +0.51 — — — -

gelatin phantoms were then modified with the addition of IL-
20, BSA, or silica at three different concentrations. Attenua-
tion, backscatter, and speed of sound were observed to change
linearly with concentration (Fig. 8). The attenuation coefficient
@, of gelatin increased by 0.010 dB cm™' MHz™! for each
percent of gelatin added. The increase in « for each percent of
IL-20, BSA, and silica was 0.003, 0.018, and 0.021 dB cm™!
MHz"!, respectively [Figs. 8(a) and 8(b)]. Backscatter coeffi-
cients 8, were low for gelatin, IL-20, and BSA (~107-107°

sr'em™ MHz 1), whereas the addition of silica beads resulted

b 25

200 1% Prmetanin 2
P 5 —~
= 150 . ‘e 1.5
L 400 600 800 1000 £
100 o 1

1-45% Pmelanin

in a substantially higher B; of ~1073 sr™! cm™' MHz™!. The
backscatter power constant ng for all four materials was ~1
[Fig. 8(c)]. The speed of sound of 8% gelatin was measured to
be 1538.2 m s~!. Relative to this baseline measurement, speed
of sound increased by 3.57 m s~! for each added percent of
gelatin and 2.96 m s~! for each added percent of BSA. Con-
versely, changes due to IL-20 and silica beads were negligible
[Fig. 8(d)]. Finally, mass density increased with gelatin and
BSA concentration, but did not change with IL-20 or silica
bead concentration [Fig. 8(e)].

[}
.
.

)
)
Y
Y
0

600
A (nm)

0
800 1000 400 600 800 1000

0 0
400 600 800 1000 400 600 800 1000 400 600 800 1000
A (hm) A (nm) A (nm)
—— Phantom s Ex vivo human —— Model calculations (based on Eqn. 1 using ¢ values from Table 3)

Fic. 6. Optical absorption (u, top row) and reduced scattering (u’, bottom row) of phantom and human skin layers. (a) Absorption profiles of phantom
epidermis (black lines) from 400 to 1100 nm at 1%, 5%, 10%, 15%, 30%, and 45% @mel. Absorption profiles were compared to desired model calculations
(blue lines), derived using Eq. (1) with values ¢ taken from Table III. Also shown is the absorption curve for ex vivo Caucasian human epidermis (Ref. 21) (red
dotted lines). Inset plot shows absorption profiles for phantom and human epidermis having 1% @melanin- [(b) and (c)] Absorption profiles of phantom dermis and
hypodermis compared to model calculations and ex vivo human dermis (Ref. 24) and hypodermis results (Ref. 25). (d) Scattering profiles of phantom epidermis
in comparison to model calculations and ex vivo human epidermis (Ref. 21). ¢ for the phantom shown here was 15%. [(e) and (f)] Scattering profiles of
phantom dermis and hypodermis compared to model calculations and ex vivo human measurements (Refs. 24 and 25). (See color online version.)
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a 4
10 ==== Human venous blood
3 o 552 nm Commercial BMF
10 = \odified venous BMF
< 2 .
] 10 .
g ., 756 nm 935 nm
o 10"

10°

10»1 E | | | | | |
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A (nm)

==== Human arterial blood

Commercial BMF
= Modified arterial BMF

935 nm

107 E | | | | | | |

400 500 600 700 800 900 1000 1100
A (nm)

Fig. 7. Absorption of (a) venous and (b) arterial BMFs in comparison to
human blood (Ref. 54). Hemoglobin absorption peaks were observed in the
phantoms after the addition 552 and 756 nm dyes (black arrows). Baseline
absorption provided by India ink (dotted gray lines). Four samples of venous
BMF and arterial BMF were tested. The absorption of the BMF, before
addition of dyes, was negligible.

3.C.2. Acoustic properties of the phantom skin layers
and vessel wall

The acoustic properties of the phantoms are summarized in
Table VIII and compared to the acoustic properties of human
peripheral tissues. The mass densities of the phantom tissue
components were comparable to the densities of the human
tissues, with the largest deviation observed in the hypodermis
layer. Similarly, the speed of sound in the three phantom skin
layers was all within 20 m s~! of the human reference data. On
the other hand, the speed of sound in the PDMS material mak-
ing up the vessel wall was significantly lower than the speed of
sound in human vessel wall tissue, leading to a lower acoustic
impedance, as discussed earlier. Attenuation in the phantom
dermis, hypodermis, and vessel wall increased linearly with
frequency (n, = 1) (Fig. 9), and the attenuation coeflicients
(respectively, 1.08, 0.58, and 1.14 dB cm™' MHz™!) closely
approximated those of the human tissues. Attenuation in the
epidermis layer was not measured. Backscatter coefficients of
the dermis and hypodermis layers, measured at 3 MHz, ranged
from 1 to 2x 1073 sr™! em™! MHz ™! and were due almost
entirely to the presence of silica beads. Backscatter in the
epidermis was not measured, and backscatter from the PDMS
material in the vessel wall was lower than the sensitivity of the
instrument.
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3.C.3. Acoustic properties of blood mimicking fluid

The mass density and speed of sound measurements ob-
tained on the commercial BMF (Table VIII) were in agree-
ment with the results reported in Ramnarine et al.'”'® and are
comparable to measurements on human whole blood.**’ The
addition of molecular absorbing dyes did not cause any observ-
able changes in the mass density or the speed of sound of the
fluid. Attenuation and backscatter were below the sensitivity
of the instrument.

3.D. Phantom material properties after 30 days
of storage

In phantoms that were not stored under vacuum-seal,
Young’s modulus increased substantially after 30 days due to
water loss. For phantoms stored under vacuum-seal at room
temperature, no measureable changes in mechanical properties
were observed after 30 days. Differences in the dermis phan-
toms before and after were within 1.15 kPa, which was less
than the variability between samples. Similarly, differences in
the hypodermis phantoms were within 0.64 kPa, which was
also less than the sample variability. No measureable changes
in the optical or acoustic parameters of the phantoms were
observed.

3.E. Quantitative comparison of phantom and human
tissue material properties

Young’s modulus, optical absorption, optical scattering,
and acoustic attenuation measurements obtained from the
phantoms were quantitatively compared to human tissue liter-
ature data using the root mean square error (RMSE) and the
normalized RMSE percent error (NRMSE%),% respectively,
defined as

NRMSE% = 100% x RMSE/m, @8

where 71 is the measured material property in the phantom, m
is the desired material property from the human tissue data, m
is the mean value for the human tissue data, and » is the number
of data points. RMSE is expressed in the same units as the
material property, while NRMSE% is expressed as a unitless
percentage. The results are provided in Table IX.

4. DISCUSSION

While a number of previous studies have described the
design of peripheral tissue phantoms, there have been rela-
tively few reports that simultaneously consider the mechan-
ical, optical, and acoustic properties of the skin, vessels, and
blood. Invariably, multimodal phantoms containing multiple
tissue types are more complicated to develop than simpler,
homogenous phantoms. Challenges observed during our
studies are discussed below, and future directions are outlined.
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Fig. 8. Acoustic properties of gelatin, IL-20, BSA, and silica microspheres. (a) Acoustic attenuation « increased linearly with increasing concentrations of
attenuating materials. Dotted lines show linear fits. Error bars show standard deviations over four replicate samples. For the plots of IL-20, BSA, and silica
microspheres, black dots show attenuation of 8% gelatin phantoms without any additional modifiers, while the blue, red, and gray lines show 8% gelatin with
the addition of increasing concentrations of each modifier. (b) Change in the attenuation coefficient @ of each material calculated from the slopes of the linear
fit lines in (a). For IL-20, BSA, and silica beads, a1 was determined after subtracting the attenuation due to 8% gelatin (black dotted lines). (c) Change in
backscatter coefficients 8 of each material from the baseline backscatter of 8% gelatin. Backascatter measurements were made at 3 MHz. (d) Change in the
speed of sound ¢ with respect to the baseline speed of sound of 8% gelatin (1538.2 m s™!). (e) Change in mass density p. For gelatin, the change in density
is shown with respect to the density of water (1000 kg m~3). For IL-20, BSA, and silica beads, the changes in density are shown with respect to the baseline
density of 8% gelatin (1030 kg m~3). (See color online version.)

4.A. Developing custom vessel tubing reflections at the phantom vessel wall. An alternative to using
commercial tubing is to fabricate customized vessels, which

In the commercial PDMS vessel tubing, speed of sound would greatly increase the material choices and allow for
and thus acoustic impedance were both reduced compared the addition of modifiers. Some fabrication approaches have
to human vessel tissue, leading to uncharacteristic acoustic been reported. For example, the mechanical properties of
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TasLe VIII. Summary of acoustic properties of human and phantom skin, vessel wall, and blood.

Tissue layer p kg m‘3) c (m s‘]) VA (106 kg m2 s") a1 (dB cm™! MHZ_I) ng Pi (10‘4 sr™!em™! MHZ_I) ng References
Eoderme | Human 1233 1645 1.99 0.44 1.6 ~50 38,
PICETTIS  phantom  1250.8 + 14.1 16253 +9.71 2.03 + 0.035 — — — —
A Human 1151 1595 18 0.26 17 ~20 2.8
Dermis 34
Phantom 10642 +42  1593.1 + 6.32 170 + 0.013 1.08 + 0.23 1.0 19.7 + 42 1.0
Hvodene Human 928 1450 138 0.60 1.0 ~5 O
Tmi:
YOGS by ntom 10351 6.3 1443.0 + 5.55 1.49 +0.015 0.58 + 0.19 1.0 8.1+25 1.0
Human 1065 1600 1.70 150 0.9 ~20 1.6
Vessel wall 58 and 59
CSEWAL bhantom  1030.1+35  1089.2 + 2.24 1.12 + 0.006 1.14 £ 0.16 1.0 — _ e
Blood Human 1050 1584 1.66 0.15 12 ~0.1 35 s
1
00 Phantom 1037.4 +4.8  1578.4 +5.15 1.64 + 0.010 — — — '

PDMS may be controlled by varying the ratio of elastomer
and curing agent, or by curing at different temperatures.'?
Materials other than PDMS, including polyvinyl alcohol and
hydrogels, may also be used.'>'>!® Of particular interest
are vessel substitutes fabricated from gelatin or agar, since
these materials can accommodate the modifiers discussed
in this paper as well as many others. Our group is look-
ing into developing gelatin-based vessels using 3D-printed
molds that define the vessel diameter and wall thickness.
Such vessels, if fabricated in a convenient manner, would
greatly increase the customizability of the phantoms as a
whole.

4.B. Rationale for characterizing each phantom tissue
component independently rather than as a composite

To allow direct comparisons to literature data on human tis-
sues, the five phantom tissue components were assessed inde-
pendently. Because the individual components were homog-
enous, each could be tested using conventional experimental
approaches. In contrast, evaluating the behavior of the multi-
layered composite phantom would likely have required more
complex material models and techniques.®’%® In future
studies, such approaches may be implemented to allow the

12 === Human dermis, a(f) = 0.26 169 .
=== Phantom dermis, a(f) = 1.08 1.0 R
=== Human vessel wall, a(f) = 1.57094
10 = Phantom vessel wall, a(f) = 1.14 f1-00
=== Human hypodermis, a(f) = 0.6f100
8 === Phantom hypodermis, a(f) = 0.58f1-00 B

a (dB cm™)

o N B~ O

f (MHz)

FiG. 9. Acoustic attenuation @ of phantom dermis, hypodermis, and vessel
wall (solid lines) in the frequency range of 2-9 MHz compared to human
data from the literature (dotted lines) (Refs. 33, 34, and 58). The power law
parameters | and n,, are also shown for each tissue.
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composite material properties of the phantoms to be charac-
terized.

4.C. Reliability of reference data obtained
from ex vivo tissues

A combination of in vivo and ex vivo human tissue refer-
ence values were used in this study. For some properties
(e.g., Young’s modulus, optical absorption, and optical scatter-
ing), in vivo measurements obtained with conventional testing
methods were not easily found. Here, ex vivo data were used
because the same testing methods could be implemented on
the phantoms, thereby allowing direct comparisons between
the phantom and human tissue results. For example, the uni-
axial stress vs strain results on the phantom skin layers and
vessels could be directly compared only to ex vivo data, since
conventional stress vs strain tests are difficult or impossible
to implement in vivo. The ex vivo measurements used here
for reference were obtained under well-controlled experi-
mental conditions, and detailed descriptions were provided
of the steps taken to minimize changes in the tissue samples
after excision. In most of the referenced studies, samples
were maintained in saline at either physiological or room
temperature for no more than a few hours before testing, and

TasLe IX. RMSEs and normalized RMSE % errors (parentheses) for Young’s
modulus, optical absorption, optical scattering, and acoustic attenuation mea-
surements in comparison to human tissue data.

E (kPa) g (em™  pg(em™) @ (@Bem™)
Epidermis 0.11 x 103 3.73 6.60 N/A
(7.75%) (4.23%) (6.16%)
Dermis 1.02 0.13 2.68 1.94
(2.21%) (8.11%) (6.80%) (5.79%)
Hypodermis 0.07 0.17 1.73 1.05
(3.95%) (9.82%) (9.73%) (9.04%)
0.04 x 103 1.54
Vessel wall (1.06%) N/A N/A (6.14%)
Blood N/A 17.75 N/A N/A
(7.88%)
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measurements were found to be in agreement with prior in vivo
results.

4.D. Evaluating phantom stability and longevity over
several months

Germall-Plus was used as the antimicrobial in our phan-
toms, all of which were packaged and stored in vacuum-sealed
bags. No measureable changes in mechanical properties were
observed after 30 days at room temperature. The stability of
the phantoms after 30 days was not assessed. Madsen et al.
have previously shown that, in properly stored gelatin and
agar phantoms incorporating Germall-Plus, mechanical prop-
erties remain stable over a 7-10 month period.” In follow-up
studies, the phantoms’ material properties will be evaluated
over similar time durations.

5. CONCLUSION

In this paper, we have described the design, fabrication, and
characterization of tissue mimicking phantoms that reproduce
the mechanical, optical, and acoustic properties of five periph-
eral tissues, namely, the epidermis, dermis, hypodermis, blood
vessels, and blood. The mechanical properties included the
tissue thickness or diameter, Young’s modulus, and dynamic
shear modulus at strains below 0.5. The optical properties
included the optical absorption and scattering at wavelengths
of 400-1100 nm. Finally the acoustic properties included the
acoustic attenuation and backscatter at frequencies of 2-9
MHz. The phantoms are uniquely suited to serve as test models
for multimodal skin and vascular imaging techniques and
image-guided interventions.

NOMENCLATURE

thickness (mm)

diameter (mm)

Young’s modulus (kPa)

shear modulus (kPa)

uniaxial stress (kPa)

uniaxial strain (unitless)

uniaxial strain rate (s~')

shear stress (kPa)

shear strain (unitless)

shear strain rate (s™')

viscosity (kg m~! s71)

optical absorption coefficient (cm™")
optical scattering coefficient (cm™")
optical reduced scattering coefficient (cm™")
wavelength (nm)

percent volume fraction (%)

mass density (kg m~3)

velocity of sound (m s7h

acoustic impedance (10° kg m™2s~")
acoustic attenuation (dB cm™")
acoustic backscatter (sr™' cm™!)
frequency (MHz)
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