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ABSTRACT 

Human tissue is one of the most complex optical media since it is turbid and 
nonhomogeneous. In our poster, we suggest a new type of skin phantom and an optical 
method for sensing physiological tissue condition, basing on the collection of the ejected light 
at all exit angles, to receive the full scattering profile. Conducted experiments were carried out 
on an unique set-up for noninvasive encircled measurement. Set-up consisted of a laser, a 
photodetector and new tissues-like phantoms made with a polyvinyl chloride-plastisol 
(PVCP), silicone elastomer polydimethylsiloxane (PDMS) and PDMS with glycerol mixture. 
Our method reveals an isobaric point, which is independent of the optical properties. 
Furthermore, we present the angular distribution of cylindrical phantoms, in order to sense 
physiological tissue state.  

Keywords: light propagation in tissues, scattering, absorption, scattering measurement, turbid 
media, phantoms experiments. 

1. INTRODUCTION 

Human tissue is one of the most complex optical media since it is turbid and 
nonhomogeneous. Optical methods of sensing physiological tissue state based on light-tissue 
interactions are non-invasive, inexpensive and simplistic and therefore are very useful. Most 
of the optical methods focus on the reflected light from the tissue [1-6], which is described as 
a semi-infinite medium, while very few use the transmitted light [7-9]. 

We suggest a new optical method for sensing the physiological state of circular tissues. 
This method is based on the collection of the ejected light at all exit angles, to receive the full 
scattering profile (FSP), which is the angular distribution of light intensity. The scattered light 
from circular tissues such as the fingertip, earlobe or any pinched tissue is a signature of the 
whole tissue. 

Extracting optical properties of tissue is very important for diagnosis and therapy [10]. It is 
assumed that the absorption and scattering characteristics of tissue change during the 
progression of disease [11]. The main phenomenon that we present here is the isobaric point 
that we reveal by the FSP [12,13]. This point is a common point for different profiles of 
circular tissues which are characterized by different optical properties. In other words, a single 
central angle where we can predict the light intensity value, which is independent of the 
optical properties and linearly-depends on the exact tissue geometry. In addition to the 
discovery of this point, the isobaric point can be useful as a reference point in optical 
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measurement methods of sensing physiological tissue state [14]. Hence, the FSP method 
allows measuring in a single wavelength, so that calibration is not required. 

In our poster we are presenting experimental results, that published recently [15], from 
finger tissue-like phantoms made from a silicone elastomer polydimethylsiloxane (PDMS) 
and glycerol mixture, what gives us the possibility to obtain phantoms mimicking biological 
tissue without using any nanoparticles. In many cases, the sedimentation or clustering of 
nanoparticles causes uncontrolled inhomogeneity of phantom properties due to uneven 
distribution of scattering centers. Methods which solve these problems require additional 
equipment, increase the time, cost, and difficulty of phantom fabrication. The particle-free 
phantoms, with intrinsic scattering, are perfectly homogeneous and usually easier to produce. 
However, a drawback of phantoms with intrinsic scattering lies in their short lifetime and 
reduced possibilities for introducing structures and creating multiple layers. 

We fabricated particle-free optical phantoms with intrinsic scattering arising from the 
matrix material itself. This phantom has effective optical properties ( = homogeneous 
phantom), has a long lifetime of months, stable at room temperature, flexible, inexpensive 
easy to produce and easy to control scattering properties during the manufacturing process.  
The phantom comprises a PDMS mixed with glycerol. Both composing materials are 
transparent in the VIS-NIR wavelength range. This mixture creates an emulsion which is 
stable after curing. 
Altering the optical properties of phantoms was achieved during the manufacture procedure 
by changing the content of glycerol in the mixture. The phantoms are designed as stable, 
flexible phantoms with the possible introduction of structural inhomogeneities. The procedure 
of producing as well as optical properties of phantoms with intrinsic scattering was described 
in details in a previous paper [16]. 

2. MATERIALS AND METHODS 

Our suggested method measures the light from all possible angles by placing a photodiode 
detector on a rotation stage adjacent to an irradiated circular tissue in order to measure the 
reemitted light, as shown in Fig. 1. The experimental set-up includes a He-Ne gas laser 
(Thorlabs, Newton, USA) with an excitation wavelength of λ=632.8nm and maximum power 
of 5mW. The waist of the laser beam is ω଴=0.63mm. We use a portable fixed gain silicon 
detector as a photo detector (PD). The PD has an active area of 0.8mm2. The voltage is 
measured every 5 degrees, the scattered light between 1450 and 2150 cannot be measured due 
to the PD's size, which blocks the light source. 

 
  

Figure 1. Scheme of the experimental system, where ߠ is the detector's angle. 

 
We prepared a new type of phantoms made from PDMS and glycerol mixture. Typically, 

to obtain dedicated optical properties of phantoms a special set of nanoparticles are used 
during phantom preparation [17,18]. The uniqueness of the described phantoms is that we 

Proc. of SPIE Vol. 10077  1007718-2

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10/12/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


obtain a phantom, without using nanoparticles, with intrinsic scattering centers consisting of 
micron-sized cavities formed by a silicone-glycerol mixture. Such phantoms are comprising of 
two materials: the PDMS (Sylgard® 184, Dow Corning, USA) and glycerol (1,2,3-
propanetriol) (≥ 99.5% Sigma-Aldrich). The PDMS is a two-component organic silicone 
which cures at room temperature over 48 hours.  We have prepared three finger-shaped 
phantoms with different optical properties (µs'=1.626±0.015 mm–1, and 2.535±0.014 mm–1; 
g=0.975 at 630 nm wavelength, for the third phantom we have no data about its optical 
properties) without any absorbers to focus solely on the scattering profile. The phantoms were 
fabricated in molds with a 14mm diameter. The measurements for the optical properties of the 
new phantoms were conducted on thin reference samples made during the same fabrication 
process from the same batch of materials, as described in previous works [16,18]. We 
prepared different types of phantoms in order to simulate tissues with different optical 
properties. The new phantoms and the optical system are presented in Fig. 2. As a control, we 
compared the new phantoms to liquid phantoms with different reduced scattering coefficients 
[19-21]. Those phantoms were prepared using varying concentrations of Intralipid (IL, 
Lipofundin MCT/LCT 20%, B. Braun Melsungen AG, Germany), as a scattering component. 
The IL was diluted with water. The values of the reduced scattering coefficient for four 
different phantoms that we choose (µs'=0.8, 1, 1.6, 2.6 mm−1) represent the range of the human 
tissue values [10,22]. The phantoms are placed in test tubes with different diameters. 

Figure 2.  An irradiated finger phantom placed in the full scattering profile system. 

A portable photodetector collects the light intensity from all scattering directions.  

3. RESULTS
3.1 The full scattering profile and the isobaric point phenomenon 

We report, an experimental observation of a typical reflected light intensity behavior of a 
circular structure characterized by the isobaric point, in accordance to our previous works that 
simulated this phenomenon [12,25]. Our method allows measuring in a single wavelength 
with no calibration. For examining the influence of optical properties on the full scattering 
profile, we measured the full scattering profile of liquid phantoms with different reduced 
scattering coefficients between 0.8mm-1 to 1.6mm-1. The experimental results for a 10mm 
diameter phantom are presented in Fig. 3(a). We found a constant light intensity at one angle, 
even though the tissue optical properties are different, and we named it the isobaric point. This 
isobaric point is common for various reduced scattering coefficients at 1100. Furthermore, a 
linear dependence (99% fit) between the phantom diameter and the isobaric point angle was 
found (Fig. 3(b)). 

Proc. of SPIE Vol. 10077  1007718-3

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10/12/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Figure 3.(a
of light at e
different re
1, and 0.8m
(b) Influen
presented b

3.2 The full s

Next, we mea
results are pre
and µs'=2.535
there is no op

80

90

100

110

120

130

140

5

Is
ob

ar
ic

 a
ng

le
 (d

eg
re

es
)

a) Influence of re
each measured a
educed scattering
mm−1), where ph
nce of phantom d
between the cent

cattering prof

asured the new 
esented in Fig.
±0.014mm–1) c
ptical informat

24

255

270

285

30

educed scattering
angle, starts at th
g coefficients (d

hantom diameter
diameter on the i
tral angle of the 

file of finger ti

finger tissue-li
. 4. The FSPs 
cross and their
tion about the 

1
210

225

40

00

315

330
3

10

g coefficient on 
he center of the c
diamond, square,
r is 10mm. The i
isobaric point an
isobaric point an

issue-like pha

ike phantoms i
of the known 

r isobaric point
third finger-ph

0
1
2
3
4
5
6
7
8
9

0

180
195

345

(b)

the full scatterin
chart and ends on
, triangle and x in
sobaric point ap

ngle. A linear dep
nd the phantom 

antoms 

in the unique o
phantoms (µs'

t is at 1150. Fur
hantom, which

15
30

45

13

150
165

y =

15

ng profile; Intens
n the outer ring, 
n respect to 2.6, 

ppears at 110 deg
pendency is 
diameter. 

optical setup an
'=1.626±0.015
rthermore, alth
h operates as a

5

60

75

90

105

120

35

= 2.2301x + 88.5
R² = 0.9894

sity 
for 
 1.6, 

grees. 

nd the 
mm-1

hough 
a test 

531

20

(a)

Proc. of SPIE Vol. 10077  1007718-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10/12/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


phantom, it ha
the FSPs of th
the reduced sc
2.535mm–1. 

     Moreover, 
is according to
(transmission 
(reflected ligh

 

Figure 4. M
different re
scattering c
1,testing ph

While com
isobaric poin
contained Ag
shown in Fig
isobaric point 

as a common i
he two others. H
cattering coeff

the gradation 
o the FSP simu
light) the ligh

ht) the opposite

Measurements of
educed scattering
coefficients (squ
hantom and µs'=

mparing the re
t fit to diame
arose powder 

g. 5, at 1150. A
of this diamet

24

255

270

285

30

sobaric point, 
Hence, by usin
ficient of the te

of the reduced
ulation and exp

ht intensity is lo
e is true, so the

f the full scatteri
g coefficients; In
uares circles and 
=2.535 ± 0.014m

sults to the IL
eter of 13mm
in order to co

At the linear f
er range is 117

1

195
210

225

40

00

315
330

345

and its FSP wa
ng the comparis
esting phantom

d scattering coe
periments of IL
ower for the hi
 higher light in

ing profile of fin
ntensity of light 

d diamonds in res
mm–1). 

 phantoms in a
m. This phanto
onvert the solu
fit equation of
70. 

0
2
4
6
8
0

0
15

30

15
165

180

as measured in
son between th

m is in the rang

efficients of th
L phantoms; at
igher µs', and a
ntensity is for t

nger tissue-like p
at each angle fo
spect to µs'= 1.6

a glass test tub
om characteriz
ution into gel.
f the liquid ph

0
45

60

75

90

105

120

135
50

n the range bet
hem we can say
ge of 1.626mm

he PDMS phan
t the smaller an
at the higher an
the higher µs'. 

  
phantoms with 
r different reduc
26 ± 0.015 mm–

be, one can se
zed by µs'=1m
 The common

hantom experim

 

 

tween 
y that 
m-1 to 

ntoms 
ngles 
ngles 

ced 
–

e that the 
mm-1 and 
n angle is 
ment, the 

Proc. of SPIE Vol. 10077  1007718-5

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10/12/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Figure 5. C
and IL pha
phantoms: 

Most of the op
few of them u
a medium wit
more scatterin
been discusse
reflection regi
same tendency
higher µs’. Th
region a highe
in accordance
scattering eve
we use the fu
direction. Hen
region, above
circular phant
by different o
order to simpl
represents the
layers of a re
can further stu
more like real
on the mater
properties in r

Comparison betw
antoms (triangles

µs'= 1.626 ± 0.0

ptical methods
use the light tra
th higher reduc
ng events and 
ed in the litera
ion is defined 
y between the 

he transmission
er intensity is m

e with the litera
ents decreases 
ull scattering p
nce, we can us
e and below th
toms. The hum
optical properti
lify the experim
e effective opt
al tissue on av
udy, a more c
l tissue. Hence
rials of the ph
relation to their

ween the full sca
s, squares, circle
015 mm–1, testin

4. D
s for extracting
ansmission.  At
ced scattering c
has a high pr

ature, for exam
from the isoba
profiles of dif

n region is defin
measured in ca
ature, since in a
and more pho
profile for circ
se the isobaric 
he isobaric poin
man tissue inclu

ies. The homo
ment in its earl
tical properties
verage. Having
omplex model
, it is importan
hantom. Howe
r absolute valu

1
210

225

240

255

270

285

300

315
330

3

attering profiles o
es and diamonds 
ng phantom and µ

 

 

DISCUSSION
g optical proper
t the reflection
coefficient, du
robability to ba
mple in diffus
aric point to 18
fferent optical p
ned between 0
ase of a lower 
a lower reduce
otons succeed i
cular tissue, w
point to defin
nt, in accordan
udes different l
ogeneous phan
ly stages. This
s that the pho
g presented the
l, i.e. non-hom
nt to notice that
ever, we shou
ues in reflection

0
2
4
6
8

10
12

0
15

16
180

195

345

of PDMS finger 
represent IL ph

µs'=2.535 ± 0.01

N 
rties deal with 
 region the ligh

ue to the fact th
ack-scattering.
sion reflection
800 in the FSP
properties; ligh
 degrees and th
reduced scatte
d scattering co
in crossing the

we can collect 
e the tendency
nce with the o
layers and area

ntom is unlike 
s phantom has 
tons experienc
e results for th

mogeneous mod
t the isobaric p

uld investigate
n and transmiss

30
45

60

75

90

105

120

135
150

5

 
tissue-like phan
antom, PDMS 
4mm–1). 

the light reflec
ht intensity is h
hat the light ex
. This phenom

n articles [20, 
P system, becau
ht intensity is h
he isobaric poi
ering coefficien
oefficient the qu
e medium [1,2

the photons a
y of the profile
optical properti
as that are char
the natural str
a uniform stru
ce through all 
his simple stru
del, which clai
point has no de
e the different
sion.  

 

 

ntom 

ction, and 
higher for 

xperiences 
menon has 

23]. The 
use of the 
higher for 
nt. In this 
nt. This is 
uantity of 
4]. When 
at all exit 
es in each 
ies of the 
racterized 
ructure in 

ucture that 
different 

ucture, we 
ims to be 

ependence 
t material 

Proc. of SPIE Vol. 10077  1007718-6

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 10/12/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 

5. CONCLUSION 

In this work we presented experimental results of our unique set up for noninvasive simple 
encircled optical measurements of the angular distributions of the emitted light from circular 
tissues. In the experimental field, using one low power CW laser and a simple detector we 
measured the angular distributions of the emitted light from an irradiated phantom. We 
present the full scattering profile of circular homogenous phantoms that mimic finger-shaped 
tissues. By using phantoms made from a silicone elastomer polydimethylsiloxane with 
different reduced scattering coefficients, we simulate different physiological states of tissues. 
The comparison between the angular distributions of tissues with different optical properties 
reveals the isobaric point, which has no dependence on the optical properties of the finger 
tissue-like phantom. Moreover, this isobaric point is common for phantoms that have the same 
diameter yet composed of different materials. These experimental results verify what we 
proposed in our previous work, in the simulation model of full scattering profiles and the 
isobaric point [12, 25].  

Furthermore, it enables to obtain unknown optical properties of our phantoms which will 
allow us to improve their structures so that they will mimic biological tissues more precisely 
in the future [26]. The findings of the experimental results that we presented are relevant to 
circular tissues such as the fingertip, earlobe, lips or any pinched tissue. It can be useful for 
detecting physiological states using the different optical properties in the different states, like 
changes in the blood vessel diameters or the changes in skin scattering upon laser treatment 
[27, 28] that influences the full scattering profile. This new technique can be implemented in 
various optical methods such as NIR spectroscopy [23, 30, 31] PPG experiments, and 
improves analyzing of oxygen saturation values, blood perfusion and blood pressure [32]. The 
measurement of the full scattering profile during respiration, for example, will produce a 
range of profiles that are affected by the blood vessel diameters that change during inhalation 
and exhalation. 
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