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Based on theoretical investigations of the light propagation within an integrating sphere, we developed an accurate method to determine the optical properties of scattering media using an integrating sphere-based setup. The
method takes into account the exact sphere geometry as well as the different angular distributions of the reflected
and transmitted light from the sample and the calibration standard. We tested our novelties successfully in theory
with Monte Carlo simulations and in practice using a 3D printed and professionally coated integrating sphere. As
a result, we were able to determine precisely the effective scattering coefficient, µ0s , and the absorption coefficient,
µa , between 400 nm and 1500 nm in a range of µa = 1e−3 mm−1 to 10 mm−1 and µ0s = 0.2 mm−1 to 100 mm−1 .
Usually, the accuracy was around 1% for µ0s and around 3% for µa for turbid phantom media with an optical
thickness τ = µ0s d > 1 and a transmittance signal > 0.1%. © 2020 Optical Society of America
https://doi.org/10.1364/AO.385939

1. INTRODUCTION
Integrating spheres are often used as measurement systems to
determine the optical properties of scattering media such as
the absorption and the effective scattering coefficients. Besides
different configurations for positioning a sample at the sphere’s
port (inside [1,2] or outside [3]) of a single sphere [4,5] as well
as between two spheres [6,7], different radiation or detection
configurations and two measurement modes, the substitution
and the comparison mode, were reported [3,8,9]. Double
integrating spheres are often used in the literature [10–12].
For the evaluation of the measurement signals of double as well
as single integrating sphere systems, often the semi-analytical
inverse adding doubling algorithm published by Prahl et al. [13]
is used. Other measurement systems use single sphere setups
in comparison mode, and the inverse problem is solved using a
numerical Monte Carlo model of light propagation in scattering
media [4,14].
In this paper, we investigate the advantages and disadvantages
of the proposed setups to develop an optimized measurement
system. Based on the theoretical investigations described in the
first of these two papers [15], we focus on experimental verifications resulting in a new approach for the precise determination
of the optical properties of turbid media using an integrating
1559-128X/20/103216-11 Journal © 2020 Optical Society of America

sphere. In the present paper, we explain our measurement system, especially the construction of the integrating sphere using
a commercial 3D printer similar to [16], the implementation of
our measurement method, determination of the hemispherical
reflectance coefficient of a mirror as calibration standard, determination of the effective sphere wall reflectance, investigation of
the system stability, and the manufacturing of our liquid phantom samples. Subsequently, the validation of the measurement
system is presented. We demonstrate the precise determination
of optical properties using polystyrene spheres and aluminum
oxide nanoparticles as scatterers and trypan blue as an absorber
diluted in pure water. In the last section, we point out the effect
of a rough sample surface on the determination of µ0s and µa .
2. MEASUREMENT SYSTEM
The integrating sphere setup is based on a 3D printed sphere,
a halogen light source, and two spectrometers: one for the
predominantly visual (VIS) spectral range from 200 nm
to 1100 nm with a spectral resolution of around 3 nm
(Maya2000Pro, Ocean Optics, USA) and one for the nearinfrared (NIR) spectral range (NIRQuest512-1.7, Ocean
Optics, USA) from 900 nm to 1700 nm with a spectral resolution of around 7 nm. The 100 W (Halostar Starlite, OSRAM,
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Germany) light source is supplied by an open-frame power
supply (MSP-200, Mean Well, Taiwan). The spiral-wound
filament of this light source is imaged to three “low-OH” optical
multimode fibers, each with a diameter of 1 mm and an NA
of 0.22. The three fibers are used for the normalization beam
(illumination of the sphere wall to account for assumptions
made in the analytical model used for the correction of the
sphere throughput; see the first part of the two papers [15]),
the reflection beam, and the transmission beam. At the end of
the fibers, apertures and lenses, latter shown in Fig. 1, are used
to image the fiber ends onto the sample, onto the calibration
standard surface, or towards the sphere wall. The use of the
coupled lens arrangements enables less light loss compared
to a magnified image using a single lens, as large optical paths
would be necessary. In our setup, a beam diameter of 5 mm and
a divergence of NA = 0.06 is applied. Apertures and shutters
are used to control the beam size, to minimize the beam divergence, to avoid external stray light, and to block the light. One
of the aims of our setup was to implement an accurate, defined
detection, which is necessary for the use of the analytical model
in combination with the Monte Carlo simulation regarding the
sphere geometry as described in the first part of the two papers
[15]. The use of detection fibers pointing directly on the sphere
wall did not satisfy this claim. Besides the aperture angle, which
is influenced by the detection fibers and spectrometers, also
the imaging spot of the detection is inhomogeneous and has
no clearly defined laterally resolved intensity distribution. For
detection, we therefore developed a new approach. In detail,
an achromatic lens with a focal length of 25 mm attached to
two low-OH glass fibers is applied to image the fiber ends on
the north pole of the sphere onto the sphere surface near the
south pole of the sphere. The detection fibers are identical to
the fibers applied for illumination and are connected to the two
mentioned spectrometers. The detection spots near the south
pole of the sphere, also called the fields of view (FOV), are well
defined as circular and homogeneous top-hat profiles with a
diameter of 6 mm for the VIS as well as for the NIR detection, as
shown in Ref. [15]. The light that hits the FOV of the detection
fibers, a small part of the Lambertian inner sphere surface, is
then detected, independent of the angle of the incident radiation. Therefore second-order angular dependencies within the
sphere become negligible.
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A. 3D Printed Sphere

We constructed a sphere with an inner diameter of 150 mm and
a wall thickness of 3 mm using a commercial CAD software.
No baffle has been integrated to make the use of our analytical
formula possible as described by Foschum et al. [15]. According
to Fig. 1, three illumination ports for the reflection beam
(20 mm in diameter), transmission beam (sample port, 25 mm
in diameter), normalization beam (15 mm in diameter), and one
detection port (20 mm in diameter) are included. Two of the
three illumination ports, which are orientated at the equatorial
plane of the sphere, ensure illumination of the sample by 5◦
relative to its surface normal. The third illumination port is used
for the normalization beam, which hits the sphere surface. The
sample port has a diameter of 25 mm and an almost knife-edge
shape with a wall thickness of 200 µm at the edge. As was stated
by Tang et al., this small port aspect ratio has only a minor effect
on the determination of the reflectance and transmittance of the
sample [17]. The sphere itself was printed using a commercial
3D printer (Ultimaker 3.0, Ultimaker, The Netherlands), for
which a black polylactic acid filament was applied, and the filling factor was set to 0.7. For printing, the sphere was separated
into two half-spheres with an adjacent belt for mounting. The
half-spheres were printed analogously to an igloo with the dome
on top. The craning parts were filled with support material of the
same filament. After a period of two times 36 h, using a fine print
accuracy of 0.1 mm layer height, two half-spheres were obtained
having a shell of around 3 mm thickness. The lateral line width
was around 0.2 mm, given by the nozzle size of 0.2 mm. The
small gaps of the inner curvature, especially on support structure
junctions, were leveled out with epoxy resin, and subsequently,
the inner side of the half-sphere was ground with fine sandpaper
(ISO/FEPA Grit designation P600) glued to a spherical aluminum handpiece cap having the same radius as the sphere.
After this process, we coated the half-spheres in two steps. First,
we sprayed a white acrylate universal primer (Opus1 535558,
Eurobaustoff, Germany) to obtain perfect adhesion. After
approximately 10 repetitions, we obtained a total hemispherical
reflectance of around 80%–85% in the VIS and 70%–80% in
the NIR spectral ranges. Subsequently, a professional barium
sulfate coating was applied by Gigahertz-Optik, Germany. The
coating process was repeated until we received a saturation in
the effective wall reflectance. We estimate a thickness of around
100–150 µm for the overall coating layer and a thickness of
around 50–75 µm for each of the two coating layers. After the
coating process, the two half-spheres were screwed together at
their interfaces, leaving a small groove at the inner surface. The
complete setup (Fig. 2) excluding the light source was mounted
on an optical table and encapsulated from ambient light using a
black painted box. The sample was mounted with leaf springs,
usually used in microscopy.
B. Measurement Method

Fig. 1. Optical paths of the integrating sphere setup in the illumination plane (top view): normalization beam, reflection beam, and
transmission beam. Black lines with and without a gap, which can
be found perpendicular to the optical axes, symbolize shutters and
apertures, respectively. The detection is located at the north pole,
perpendicular to the illumination plane.

Ideal integrating spheres enable an angularly independent
measurement of the radiant power, but technically, the use of
ports for illumination, sample mounting, and detection disturbs
this unique character. Many attempts for the implementation
of nearly ideal integrating spheres can be found in literature,
e.g., [18] considering a minimization of the port to sphere area
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Fig. 2.
view.

Vol. 59, No. 10 / 1 April 2020 / Applied Optics

Integrating sphere setup with the 3D printed sphere in side

[19,20]. However, for precise determination of the optical
properties, it is necessary to consider the different angular distributions of the light reflection and transmission from the sample
and the calibration standards. In terms of metrology, it is not
accurate to correct the influence of different angular distributions of the light exiting the sample and the calibration standards
using only the comparison method or a baffle between sample
port and FOV. Rather, the influence of the angular distribution
of the light exiting the sample and the calibration standards has
to be regarded. For the sample, the angular distribution measured indirectly by the affected total hemispherical reflectance
(consisting of volume and surface reflectance) and the affected
total hemispherical transmittance signal can be calculated with
the radiative transfer equation using, for example, a Monte
Carlo method [15]. On the other side, the angular distribution
of the reflected light from the calibration standard used in this
study is less complex. In the case of a mirror, the distribution is
specular contrarily to the commonly used optical polytetrafluoroethylene (OPTFE), e.g., Spectralon or ODM, which has a
Lambertian-like distribution.
We decided to use a modification of the substitution method,
which corrects, additionally, the change of the sphere throughput applying a normalization beam. Further, with the use
of a normalization beam, minor deviations from the ideal
Lambertian angular distribution of the sphere wall as well as
small changes in the stability of the electrical devices after the
initializing and warm-up period are no longer relevant. We
tested the dependence of the normalization beam position
within the sphere experimentally and found that there is almost
no dependence as long as the spot is not too close to any port.
Therefore, the normalization beam is orientated so that it hits
the sphere wall far away from the ports. The main advantage
relative to the comparison method is the separation of sample
and calibration standard measurement. Thus, measurements
of different samples without a de novo calibration procedure
are possible. In our case, complete measurements are usually
performed in a time span of 2 min. In principle, this allows
investigations of dynamic processes such as heating [19,21] or
dehydration [22]. Figure 3 depicts the measurement procedure
of the used integrating sphere setup, which is implemented in an
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automated C++ software routine. The shutter of beam B is on:
1 or off: 0 for the B [reflection, transmission, or normalization]
case. The capital letters S, C R , C T , and D indicate the measurement object of the measurement sequence. This is the
sample S, the reflectance calibration standard C R , air as the
transmittance calibration standard C T , as well as the dark D.
The lowered indices clarify the illumination configuration: RB
for reflection beam, TB for transmission beam, and NB for normalization beam, represented in Fig. 1. Our measurement setup
is shielded from ambient light. Thus, the measurement procedure is optimized such that only one dark measurement is
needed. Due to possible external stray light in the reflection
beam illumination, we recommend using a separate dark measurement for the reflection measurement. For this, the light
that passes through the open sample port is absorbed by a light
trap. The measurement procedure has to be extended if no
shielding of the setup is used. For the start of the integrating
sphere measurement, the light source is switched on and the
spectrometers are connected and initialized. After a duration of
about 30 min, which ensures a constant temperature of the light
source and the spectrometers, the measuring procedure starts
with the calibration procedure. First, the reflectance calibration
standard C R , e.g., a mirror, is attached to the sample port, the
optimized integrating time used for all measurements is deterR
mined, and the sphere throughput C NB
is measured using the
normalization beam B[0,0,1]. Subsequently, the beam changes
to B[0,0,1], and the setup performs the measurement of the
R
reflectance calibration standard C RB
. Then, the sample port
is emptied and the dark signal, DRB , is measured in reflection
B[0,0,1] using the sample beam switched on. As mentioned
before, this additional dark measurement is used to correct for
possible external stray light due to the reflection beam, which
penetrates through the sphere. After the dark measurement,
T
D, with B[0,0,0], the transmittance calibration standards C TB
T
and C NB
are measured using the transmission B[0,0,1] and the
normalization beam B[0,0,1], both with an opened sample
port. For the measurements on the sample, one has to align the
sample at the sample port, and the signals SRB , STB , and SNB
are measured for the reflection B[0,0,1], transmission B[0,0,1],
and normalization B[0,0,1] illumination, respectively. With
regard to the hemispherical reflectance coefficient ρcal of the
calibration standard, the total hemispherical reflectance R and
the total hemispherical transmittance T measurements, which
are influenced by the port openings and the angular distribution
of the calibration standard, can be obtained. As explained in
Ref. [15], the optical properties are subsequently determined by
a two-dimensional interpolation algorithm comparing R and T
of an analytical corrected and inverted look-up table (LUT) with
the measurement. The LUT has to be calculated in a previous
step by a Monte Carlo model using an appropriate refractive
index, asymmetry factor, sample thickness, and a suitable subdivision in the optical properties µ0s and µa . Subsequent to the
simulation of the reflected and transmitted signal, we corrected
the obtained values with an analytical model of the integrating
sphere considering the effective sphere wall reflectance, port
losses, and the part of the signal that directly illuminates the
detector resulting in an effective reflected and transmitted
signal, as explained in Ref. [15].
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(b)

Fig. 3. Measuring procedure flowchart (a) with a detailed description (b). Beam B in state 1: on and 0: off for [reflection, transmission, normalization beam].

C. Calibration Standard

In our case, besides the hemispherical reflectance coefficient ρcal
of the calibration standard, also the angular distribution of the
reflected light is important. OPTFE has a nearly Lambertian
radiation characteristic, but the exact angular distribution of
the reflected light is usually unknown. Further drawbacks are
that the hemispherical reflectance coefficients of the standard
are affected due to aging and damaging of its soft surface. A
minor drawback is the non-infinitely large volume scattering,
which causes side losses, especially for small port diameters.
Therefore, we used a high reflective mirror (68-333, Edmund
Optics, USA) as the reflectance calibration standard. Due to
the defined specular reflection of the mirror, one can easily
determine the hemispherical reflectance coefficient using an
intensity measurement of the surface reflectance relative to the
incident intensity, illustrated in Fig. 4. The mentioned conventional mirror is surface coated. We added a cover glass layer of
finest optical grade glued with epoxy resin to ensure a protective
layer to prevent possible surface scratches. The mirror is illuminated under 5◦ with a diameter of around 5 mm having a small
numerical aperture of NA ≈ 0.06 according to the illumination
beam of our integrating sphere measurement setup, described in
Section 2. The surface reflectance is detected via an integrating
sphere having a small port diameter. To enable an absolute
measurement of the hemispherical reflectance coefficient of
the sample (mirror), a reference (air) and a dark measurement
are necessary (compare Fig. 4). For both measurements, the
same sample or reference to a detector distance of 150 mm was
used. Figure 5 depicts the obtained hemispherical reflectance
coefficient versus wavelength of the prepared mirror. We used

Fig. 4. Determination of the hemispherical reflectance coefficient
ρcal of a mirror. Left, measurement of the incident intensity (1. air) and,
right, measurement of the surface reflectance (2. mirror) are shown.
SM, spectrometer.

a 20th-degree polynomial fit for smoothing our determined
hemispherical reflectance coefficient. The reflectance of the
mirror is in the VIS at 500 nm around 98.5% and decreases to
97.5% in the NIR at 1500 nm.
D. Determination of the Effective Sphere Wall
Reflectance

Several approaches to determine the sphere wall reflectance
using an integrating sphere measurement, for example, with
(1) a plate coated identically as the sphere wall (removable
cap method) [23] or (2) the swiveling of the reflection beam
between calibration standard and sphere wall, similar to [10],
are conceivable but in case 1, the plate is often not available,
and in case 2, the location of the direct radiation may affect the
measurement due to inhomogeneities in the coating, as was the
case for our setup. Alternatively, one can determine the ratio of
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Fig. 5. Measurement of the hemispherical reflectance coefficient
ρcal as a function of the wavelength for the “68-333” mirror with glass
cover of finest optical grade and a 20th-degree polynomial fit of the
measurement.

Fig. 6. Measurement of the effective sphere wall reflectance versus
wavelength. We obtain similar results for the effective sphere wall
reflectance using both a Lambertian and a specular surface.

E. System Stability

the sphere throughput for an open sample port to a covered one
using a calibration standard of known hemispherical reflectance
coefficient by illuminating an arbitrary position of the sphere
wall. For this, the illumination position remains the same for
both configurations. The procedure was performed using the
mirror as well as a SRS-99-010 Spectralon. Comparing the ratio
of the sphere throughput to our analytical theory gives us the
effective sphere wall reflectance, which is similar for both calibration standards (see Fig. 6). Furthermore, we tested a second
OPTFE (OPTFE 2) which originates from the same manufacturing batch as the first one (OPTFE 1) but was processed
abrasively with a silicon carbide waterproof grinding paper
(P240, Buehler, USA) due to surface irregularities from previous improper handling. Nevertheless, the effective sphere wall
reflectance is not affected by this. Minor deviations for wavelengths shorter than 500 nm and longer than 1100 nm between
the mirror and the OPTFEs can be found. This is possibly
caused by the very poor spectral resolution of the hemispherical
reflectance coefficient of the Spectralons, given by Labsphere.
In the analytical model, the calibration standard was illuminated diffusely, but the hemispherical reflectance coefficient of
the mirror was measured under 5◦ . To investigate the impact
of this issue, we analytically estimated, using Fresnel’s equations, the deviation of the hemispherical reflectance coefficient
for silver (complex refractive index from [24]), illuminated
at 5◦ relative to its surface normal compared to a diffuse illumination integrating over the half-space. We found a relative
deviation of around 0.05% in the spectral range from 400 nm
to 1500 nm. The hemispherical reflectance coefficient of the
mirror measured using a 5◦ illumination therefore does not have
a relevant effect on the determination of the effective sphere
wall reflectance. Thus, the measured sphere wall reflectance,
obtained in this way, is an effective value, which takes inhomogeneities caused by the sphere coating, e.g., at the connection of
the two half-spheres, and imperfections such as impurities or the
real angular sphere wall distribution into account.

We implemented six experimental corrections to obtain precise
experimental R and T values. First, we used a warm-up of the
electrical devices to stabilize the system so that only slow, in a
time span of several minutes, and small relative changes < 0.1%
in the measured signal arose. Using a normalization beam for the
measurement of the sphere throughput enables the correction
of remaining slow changes (implicitly). Second, to correct for
the dark current of the spectrometers as well as the ambient
light, we subtracted the dark signal from the associated measurements. Third, the internal stray light in the spectrometers
was regarded as an offset. We used different long-pass filters as
well as filters with small wavelength bands in the VIS to examine
the internal stray light in the spectrometer quantitatively. As a
first approximation, we assume that the internal stray light is
constant over the entire pixel array. Therefore, we subtract the
internal stray light intensity from each spectrum, measured at
the spectral border of each spectrometer (VIS: from 220 nm
to 300 nm, NIR: from 1500 nm to 1585 nm) for the whole
spectral range. In more detail, we used a wavelength range from
220 nm to 300 nm, at which the radiation of the used halogen
lamp is negligible, to measure the internal stray light for the
VIS spectrometer. For the NIR, we blocked the detection from
1500 nm to 1585 nm using a short-pass filter (84-654, Edmund
Optics, USA) between the NIR spectrometer and the detection
fiber. For a more precise correction, the internal stray light could
be measured in advance for each wavelength. Further on, the
high readout noise of the NIR spectrometer prompted us to use
fewer repeating measurements. Instead, a longer integrating
time was used. The dynamic range of 15000:1 coupled to a
16-bit A/D converter of the InGaAs detector enables the use
of measurement with N times, usually 150, higher integration
time than for the VIS spectrometer, whereas for the VIS spectrometer, an averaging over N spectra is applied at the same time.
This keeps the measurement time-synchronous for the parallel
use of both spectrometers. Finally, we found a higher deviation
from linearity measuring the intensities for different integrating
times compared to using the same acquisition time (both using
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Fig. 7. Empty sample cuvette is shown on the left, whereas the
almost closed cuvette filled with a liquid phantom is shown on the
right.

the nonlinearity correction from Ocean Optics). Thus, we
performed all measurements at equal integrating times.
F. Sample Preparation

The ideal sample geometry for our integrating sphere measurement is a cylindrical slab with plano-parallel end faces and
high surface quality. Furthermore, the lateral dimension of the
sample should be larger than the sample port diameter. As for
powders and fluid samples, cuvettes are necessary; the exact
thickness of the bonding glass, thickness of the sample, as well
as the refractive index of the glass slides are required and have
to be considered spectrally resolved. We used 3D printed and,
subsequently, polished plano-parallel hollow rings made of
polylactic acid filament having an inner diameter of 35 mm
and different thicknesses as a spacer between two N-BK7 glass
slides (34-427, Edmund Optics, USA) (see Fig. 7). Due to the
manufacturing process of the N-BK7 glass slides, different
batches have different thicknesses and slightly different refractive indices. We measured the thickness of the glass slides as
well as of the sample for each configuration with a micrometer
gauge. For the spectrally resolved refractive index of the glass
slides, the dispersion of the N-BK7 glass given by SCHOTT was
used. To fill the cuvette, the spacer was placed on one glass layer,
and after the filling of the sample, one can slide the second glass
sideways over the chamber to prevent air bubbles in the case of
liquid samples. The adhesion between media and glass slides was
strong enough to prevent separation for samples having a low
vapor pressure.
3. VALIDATION
The experimental validation of the integrating sphere setup
was done with liquid phantoms based on water (Aampuwa,
Fresenius Kabi, Germany), molecular absorbers, and highly
scattering aluminum oxide nanoparticles with a mean diameter
of 200 nm as well as polystyrene spheres with a mean diameter of
2.74 µm. The advantage of using liquid phantoms in cuvettes

Fig. 8.
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is the high surface quality of the samples through the use of
glass slides and the homogeneity of the samples. To prevent
agglomeration and adhesion of the scattering particles, we used
transparent detergent (Zitrone & Aloe Vera Hand-Spülmittel,
Ecover, Belgium) including 5%–15% anionic surfactants with
a concentration of about 0.1 vol%. The samples were treated
for 20 min with ultrasound before each measurement and in
the case of the polystyrene spheres also before the fabrication of
certain dilutions. For the evaluation of the integrating sphere
measurement, we used the Henyey–Greenstein scattering phase
function with appropriate asymmetry factor, specified in the
following section.
A. Validation with Polystyrene Particles Using Mie’s
Theory

The use of polystyrene spheres has advantages compared to the
use of non-spherically shaped aluminum oxide nanoparticles.
Besides the spherical shape that can be used for theoretical
verification applying Mie’s theory, the refractive index of the
particles is known from different publications [25–27]. For our
first validation, we used polystyrene spheres with a diameter
of 2.74 µm ± 0.05 µm having a concentration of 10 vol% in
water (PS-F-B1267, microParticles GmbH, Germany). Besides
integrating sphere measurements, also collimated transmittance measurements using a separate setup were performed for
a comparison of the scattering coefficients (µs and µ0s ) with
Mie’s theory. The applied collimated transmittance setup is an
improved version of the setup described by Michels et al. [28]
and Stocker et al. [29]. A small portion of the divergent radiation
of the broadband light source (HL 2000 FHSA, Ocean Optics,
USA) is coupled into a 100 µm diameter low-OH multimode
fiber having an NA = 0.22 (see Fig. 8). The light that passes
through the fiber is collimated using an 80 mm achromatic lens
positioned at a distance of the focal distance. Two apertures are
used before and after the collimation lens. The first aperture is
used to reduce the numerical aperture of the fiber in order to
prevent illumination of the lens mounting to avoid external
stray light. The second aperture reduces the beam size of the
collimated beam to about 5 mm in diameter. The light that is
not scattered in the sample is detected in the Fourier plane of the
achromatic detection lens ( f = 50 mm) with a multimode fiber
having an NA = 0.39 and a diameter of 200 µm. The detection
fiber is mounted on an x − y stage to correct a possible displacement of the beam induced by a nonparallel sample or reference
surface. The 200 µm detection fiber is used for an easier adjustment. Before coupling in the spectrometer, we used a coupling
of the 200 µm detection fiber into a 1000 µm spectrometer fiber
with diffusing paper in between. The advantage compared to
the previous collimated transmittance setup is the reduced path

Collimated transmittance setup applying a Fourier plane detection arrangement.
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length and the smaller influence of strong forwarded scattered
light by using a smaller angle of acceptance of around 0.23◦ .
For the collimated transmittance measurement of the polystyrene spheres, adequate samples were prepared. We used three
concentrations between c = 0.01 and 0.03 vol%, each in water
containing detergent. The samples were filled in a commercial
cuvette (QS 10 mm, Hellma, Germany) with a sample thickness
of 10 mm, and each measurement was repeated three times by
refilling the cuvette. For the integrating sphere measurement,
we used a polystyrene sphere concentration of c = 0.89 vol%
diluted in water with 0.1 vol% detergent. The exact volume
concentration was determined by dehydration of the polystyrene sphere sample achieving a relative accuracy better than
0.1%. The sample was filled in a cuvette of N-BK7 glass slides
as described in Section 2.F with a sample thickness of around
4 mm. Three repetitions of the measurements at different sample positions were performed. The results were also compared
to three measurements of identical sample refilling the cuvette
between each measurement (not shown here). We found that for
homogeneous samples, the uncertainties of measurements on
different positions or with refilled cuvettes were comparable.

The evaluation of the collimated transmittance measurement
was performed with the Beer–Lambert law. Water mixed with
0.1 vol% detergent was used as a reference. The resulting single
scattering coefficient µs can be found in Fig. 9(a) showing the
characteristic Mie oscillations, which are caused by constructive
and destructive interferences of light scattered by the beads.
Compared to Mie’s theory using the diameter of the scattered
particles given by the manufacturer and the refractive index
reported by Ref. [25], we found a shift of the small oscillations in
the measurement to smaller wavelengths as well as a 1.5% higher
amplitude. The obtained standard deviation was about 0.5%.
For the evaluation of the integrating sphere measurements,
we used the refractive index of water given by Kedenburg et al.
[30] and an asymmetry factor of g = 0.9, which is the mean
asymmetry factor (g = 0.904 ± 0.038) of the whole wavelength
range for the polystyrene spheres calculated with Mie theory.
Due to the relatively large optical thickness of the used samples, we expect errors of below 1%. The obtained µ0s and µa
values are also shown in Fig. 9. Similar to the single scattering
coefficient, we found a wavelength shift as well as an absolute
deviation in µ0s compared to Mie theory, as described above.

(a)

(b)

(c)

(d)

Fig. 9. Optical properties of the polystyrene spheres having a diameter of nominal 2.74 µm ± 0.05 µm, which were mixed in water containing
around 0.1 vol% detergent. Besides the integrating sphere setup, also the collimated transmittance setup was used for the measurements. Mie’s theory was applied by using the size distribution of the manufacturer and the refractive index (d) by Tribastone and Peck [25]. Fitting the sphere diameter
(d = 2.696 ± 0.03 µm) as well as the refractive index of Mie theory enabled an excellent agreement of the optical properties µs (a) and µ0s (b) at the
same time. The absorption coefficient (c) was compared to the literature from Pope et al. [32] and Kou et al. [31].
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The standard deviation between the different measurements for
µ0s is below 0.5% and for most µa values below 2% in the VIS
and NIR ranges. Relative high standard deviations occur for
µa < 1e − 3 mm−1 , which is the measurement limitation of
our setup for the used cuvette thickness due to measurement and
numerical uncertainties. The spectral range between 1300 nm
and 1500 nm is not shown because of the small transmittance
due to the high water absorption in combination with the
used sample thickness. A small discrepancy in µa between
800 nm and 950 nm and between 1050 nm and 1150 nm compared with the water absorption of Kou et al. [31] (700 nm to
1300 nm) at room temperature was found. Unfortunately, the
literature for water absorption determined by various authors
gives different values. Nevertheless, comparing possible µa
values from the literature, we found the best match with the
absorption coefficient given by Pope et al. [32] (400–700 nm)
in the VIS and Kou et al. in the NIR. We found an excellent
agreement between Mie’s theory and the experimental values
of the two independent scattering coefficients by fitting the
refractive index and the size distribution of the beads at the same
time. The fitted size distribution is d = 2.696 ± 0.03 µm, and
the refractive index is 0.14% higher at 600 nm compared to the
literature [25]. The dispersion for λ = 400 nm to 1300 nm is
given with the first term of Sellmeier’s equation as
s
B1 · λ2
,
n= 1+ 2
(λ − C 1 )
with λ in µm and the coefficients B1 = 1.4482367e + 00 and
C 1 = 1.9929888e − 02. The slight change in the size distribution and the refractive index of the beads yields an excellent
agreement of measurement and theory (see Fig. 9).
B. Validation of the Dynamic Range Using
Nanoparticles and Trypan Blue

We validated the dynamic range of the measurement system
with different concentrations of the molecular absorber trypan
blue (L6323, Biochrom AG, Germany), which is available in
0.5 vol% saline, aluminum oxide nanoparticles (NO-0050, ioli-tec, Germany) with an average diameter of 200 nm in water,
in which the transparent detergent was added. The nanoparticles were used as scatterers having excellent homogeneity after
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a 20 min ultrasonic treatment. Long-term measurements of
the nanoparticle samples without stirring showed a systematic
decrease of around 0.5% in µ0s in the VIS range, 40 min after
the treatment. We note that the nanoparticles are cheaper than
the often-used polystyrene spheres, and thus they are especially
appropriate for making samples with large scattering coefficients and large volumes. We prepared different concentrations
of trypan blue between 1.3e-5 vol% (P2) and 0.013 vol% (P6)
with a similar amount of nanoparticles (1e-3 vol.%) having an
0
effective scattering coefficient of around µ = 1s mm−1 at 600
nm. For P1, no absorber was added. As described above, we
used a self-made cuvette applying N-BK7 glass slides with a sample thickness of around 4 mm and performed three repetitive
measurements at different sample positions. For the evaluation
of the integrating sphere, the refractive index of water given by
Kedenburg et al. [30] and an approximated asymmetry factor of
g = 0.95 were used. The high asymmetry factor was obtained
0
by use of the equation g = 1 − µs /µs and results from further
investigations using aluminum oxide in water samples measured
with the integrating sphere and the collimated transmittance
setup. In Fig. 10, the absorption coefficients of the six phantoms
containing different amounts of trypan blue are shown. The
absorption of trypan blue dominates in the VIS spectral range,
and the increase in absorption according to the used increasing
concentrations of the absorbers can be seen. In the NIR spectral
range, the water absorption dominates and remains unchanged,
as its concentration does not change significantly. The absorption of the pure (0.5 vol% saline) trypan blue was measured
in advance with the collimated transmittance setup and then
compared with the results of the integrating sphere method. The
results were divided therefore by the volume concentration of
trypan blue. For all phantoms, a good agreement with errors less
than 3% was achieved. Only the sample P2 with the smallest
trypan blue concentration differed more for lambda > 700 nm.
Note that we could not find any crosstalk between µ a and µ 0s
despite the relatively high absorption coefficient. This indicates
a good separation of µ0s and µa . Indeed, the effective scattering
coefficient calculated for the stock is consistent for all samples,
and the standard deviation is around 1%. To calculate the
effective scattering of the stock sample, the volume concentration of the scatterers of each sample was used as the divisor.
Again, a good agreement of the determined effective scattering
coefficient was found.

Fig. 10. Investigation of the dynamic range of the integrating sphere system using trypan blue as a molecular absorber and the aluminum oxide
nanoparticles as scatterers. The absorption coefficient is depicted on the left as well as in the middle, whereas the reduced scattering coefficient is
depicted on the right.
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(a)

(b)

Fig. 11. Total hemispherical reflectance (a) and total hemispherical transmittance (b) of the three different concentrations c, measured with three
different sample thicknesses t using three repetitions at different positions.

Fig. 12. Optical properties of the liquid phantoms based on water and aluminum oxide nanoparticles using different concentrations and different
sample thicknesses.

C. Validation Using Different Sample Thicknesses
and Nanoparticle Concentrations

Another important verification was done by using an identical
homogeneous sample with different sample thicknesses as well
as for a constant sample thickness using different concentrations
of scatterers. This examines the precise determination of the
optical properties using our method for different thicknesses
and different concentrations. We again applied the aluminum
oxide nanoparticles suspended in water and filled in cuvettes.
The different sample thicknesses were around 1 mm, 2 mm,
and 4 mm, whereby the thickness could change slightly by
sliding the cover glass plate over the sample compartment, and
therefore, the thickness was measured after each sample preparation. Different volume concentrations of c 1 = 1.1e −3 vol%,
c 2 = 2.1e −3 vol%, and c 3 = 4.5e −3 vol% resulted in an effective scattering coefficient of about µ0s = 1, 2.5, and 5 mm−1
at 600 nm. All samples were prepared using an ultrasonic bath
for 20 min, and each sample was measured three times at different positions. The measured total hemispherical reflectance

and total hemispherical transmittance are depicted in Fig. 11
and show values between almost zero and 0.9 for the different
concentrations and different thicknesses. For the evaluation of
the measurements again the refractive index of water, given by
Kedenburg, and an approximated asymmetry factor of 0.95
were applied. In Fig. 12, the optical properties of the samples of different thicknesses and identical concentrations are
averaged and the effective scattering is divided by the volume
concentration of the scatterers. The effective scattering of the
stock solution is the same as obtained from the measurement
including trypan blue. Furthermore, we found that the effective
scattering and absorption coefficients of one concentration
using different thicknesses agree well. The relative standard
deviation is around 0.5% in µ0s and around 2% in µa for the VIS
range, except for µa < 1e −3 mm−1 . Note that the samples with
a thickness of 1 mm are not suitable to determine absorption values of µa < 5e −2 mm−1 for µ0s ≈ 1 mm−1 , as the optical path
length is too short to give information about the absorption,
and so the evaluation was ignored in the range of 400–700 nm.
The small optical path length of the 1 mm sample is also the
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reason for the larger relative standard deviation compared to the
samples having a larger thickness or a larger effective scattering.
Comparing µa to our previous validation using polystyrene
spheres, we found the same characteristics. Especially, a small
discrepancy similar to the literature of Pope et al. and Kou et al.
was obtained. We neglect the evaluation results of the samples
having a 4 mm thickness for wavelengths longer than 1315 nm
due to the too low transmittance signal. Nevertheless, the overall
results are consistent for different thicknesses and different
concentrations, and we can conclude that our integrating sphere
system delivers trustworthy results and is well verified.
4. ERROR ANALYSIS
Due to an unprecise knowledge of the refractive index n or the
scattering phase function of the investigated turbid media, the
obtained scattering and absorption coefficients may be wrongly
determined as stated in the first of these two papers [15]. A
possible approach is to conduct additional experiments to overcome these limitations such as measurements with a spectrally
resolved Abbe refractometer [33] (n), with a goniometer [34],
or with a collimated transmittance setup (the latter two for
characterizing the scattering phase function). Another uncertainty for solving the inverse problem is the surface roughness of
solid samples. The influence of the surface roughness was tested
experimentally using smooth solid phantoms with thicknesses
of 1 mm, 2 mm, and 4 mm based on the epoxy system described
by Krauter et al. [35] having a µ0s of 3 mm−1 at 600 nm due
to the aluminum oxide nanoparticles mentioned before. The
phantoms were sequentially roughened with silicon carbide
grinding paper (P180/P320/P600/P1200, Buehler, USA,
and P2500/P4000, ATM GmbH, Germany) reaching from
macro grits to micro grits by the use of ISO/FEPA grit sizes.
After each grinding step, the samples were measured three times
with the integrating sphere illuminated at both sides to ensure
comparability. The mean thicknesses of the sample slabs were
measured at the center to enable a consistent determination
of the optical properties. The relative increase in the effective
scattering for the sample with 1 mm thickness, when evaluated
with the assumption of flat surfaces, was around 10% using
the P2500 grid with 8 µm particle diameter and 65% using
the P180 grid with 82 µm particle diameter compared to the
sample processed with the polishing paste (Acryl und Plexiglas
Polierpaste, ROTWEISS, Germany). In Fig. 13, one can see the
discrepancy in the optical properties µ0s and µa depending on
the grid sizes of the sandpapers. The smoother the surface, the
lower the discrepancy in the optical properties between different
thicknesses of the sample. The relative errors in µ0s and µa due
to surface roughness change systematically, comparing different
sample thicknesses. Higher optical thicknesses will result in a
lower influence due to the lower surface-to-volume scattering
fraction. The evaluation was done at two wavelength ranges,
1200 ± 5 nm and 1300 ± 5 nm, to enable the comparison of
different absolute µa . For µa = 0.1 and 0.01 mm−1 , we found
almost comparable deviations in the optical properties. We note
that measuring the geometrical sample thickness is a challenge,
especially for large surface roughnesses. In order to study the
influence of the surface roughness quantitatively, one could
perform additional measurements. For example, illuminating

Fig. 13. Investigation of the roughness of phantoms based on
epoxy resin using sandpapers of different grits and polishing paste (here
designated with fine). Two wavelength ranges of the whole spectra
were evaluated to enable the comparison of different µa = 0.1 and
0.01 mm−1 . For rough surfaces, the relative error in µ0s is positive and
in µa negative compared to the sample processed with the polishing
paste.

beams having different incident angles, or measurements on
identical samples having different thicknesses could be applied.
The additional measurements allow to characterize the surface roughness using theoretical surface models such as the
generalized Harvey–Shack model [36], which has two surface
parameters. Furthermore, a refractive index matching procedure
can reduce the surface roughness effects. For this, the sample is
placed between two glass slides, and a liquid having a refractive
index as close as possible to that of the sample is applied between
the sample and the glass slides.
5. SUMMARY
Based on the theoretical integrating sphere considerations
discussed in the first paper of this work [15], we showed the
results for the determination of the absorption and effective
scattering coefficient using the self-made 3D printed integrating
sphere. The sphere was covered with a white acrylate universal
primer and subsequently coated with BaSO4 . For validation
of the system, we applied commonly used polystyrene spheres,
trypan blue, as well as aluminum nanoparticles to enable the
fabrication of homogeneously scattering and absorbing phantoms. We showed consistent results in comparison with Mie’s
theory and to the stock solution, using different thicknesses of
the phantoms. Furthermore, the absorption coefficient of our
samples agreed well with the literature. With our method, we
can determine precisely the optical properties of turbid media
usually with an accuracy for µ0s of around 1% and for µa of
around 3%, for an appropriate optical thickness τ = µ0s d > 1
and an appropriate transmittance signal of T > 0.1% in a spectral range of 400 nm to 1500 nm. Furthermore, we performed
an experimental error analysis investigating the change of µ0s
and µa due to surface roughness, which may be helpful for many
applications.
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