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1. Introduction

Most mechanical systems use lubrication to increase efficiency 
and decrease wear damage caused by tribological contact 
between moving parts. A main research challenge in tribology 
today is to advance design procedures beyond costly empirical 
trial-and-error methods by theoretical studies [1–3]. A signifi-
cant challenge in this regard is the experimental techniques 
at the engineer’s disposal for validation of virtual prototypes. 
Experimental measurement methods, which are non-invasive 
with respect to the tribodynamics, for the determination of 

lubricating film thickness are of great interest for this purpose. 
In addition, such methods are useful in condition monitoring, 
diagnosis, prognostics and predictive maintenance. It is espe-
cially useful at locations with high repair costs, such as off-
shore systems, where it is reasonable to monitor tribological 
performance. In this regard it would be of great potential to 
use non-invasive tribological measurement methods, with 
capabilities to provide sufficiently accurate measurements, 
while being robust in varying environmental conditions.

Ultrasound-based thin-layer thickness measurements is 
a very appealing non-invasive method for determination of 
lubrication film thicknesses. It has been proven to work in a 
range of applications, such as journal bearings, liner-piston 
skirts and internal combustion engine piston rings [4–6]. 
For estimation of ultrasound time of flight in a thin layer the 
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Abstract
Adaptive ultrasound reflectometry methods for lubrication film thickness measurements is of 
great use for condition monitoring and prognostics of systems which have high repair costs 
and are remotely located, such as off-shore systems, as they recursively calibrate the incident 
ultrasound wave. Typical manual calibration requires a constant incident wave over the 
life-cycle of the system, or until new manual calibration can be conducted. Auto-calibration 
accounts for the changes in the incident ultrasound wave caused by changing environmental 
conditions, occurring over longer periods of time. The vision of adaptive ultrasound 
reflectometry methods is therefore increased robustness of lubrication film thickness 
measurements in a range of applications. In this article an adaptive scheme is proposed. The 
scheme is based on a thin-layer time-of-flight method for thickness determination, and an 
extended Kalman filter for estimation of the incident wave spectrum. The adaptive scheme 
is experimentally tested, and the feasibility of the algorithm is established, but serious issues 
regarding the robustness and reliability of the method are revealed by a disturbance analysis. 
However, the experiments and a theoretical layer phase-lag sensitivity analysis reveal that 
the estimation of the incident wave phase is of high importance for layer thicknesses above 
20 µm, and for very thin layers below 1 µm the estimation of the magnitude dominates the 
measurement accuracy. This entails that the research in adaptive schemes should be directed 
towards phase- or magnitude-tracking performance, depending on the working range of the 
layer thickness, such that sufficient robustness and reliability of the algorithms can be assured.
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challenge is to extract the thickness information from the 
reflections that are overlapping in the time domain. Currently, 
there are two dominant approaches for detection, either by 
interpretation via a continuum model or by a lumped param-
eter approach using a spring interface model.

Pialucha and Cawley [7] consider the continuum model of 
a three-layered system response. With this model, they ana-
lyze the resonating frequency to estimate the time of flight 
and thereby the thickness. For particular matching ranges of 
the transducer bandwidth and the film thickness a resonance 
phenomenon is identifiable in the frequency spectrum of the 
reflected wave, which allows for estimation of the film thick-
ness. However, a large range of applications does not render 
this method useful.

Zhang et  al [8] and Dwyer-Joyce et  al [9] discussed a 
simplified spring model, which approximates the fluid layer 
as a spring. They used this to estimate the thickness of very 
thin layers. The spring model is only accurate at a small 
range of thickness, where Zhang et al gives the rule of thumb 
that the method can be used for thickness measurements 
0.1 � |Rs| � 0.95, with Rs being the spring model reflection 
coefficient. Dwyer-Joyce et al performs a model-bias analysis 
to investigate the estimation range of the spring model, and 
indicate that this rule of thumb is a best-case scenario.

Praher and Steinbichler [10] propose a time-domain solu-
tion strategy, which determines the time of flight by deter-
mining the maximum cross-correlation between the waves. 
Kaeseler et al [11] presents a layer phase-lag method, which 
uses the phase of the layer spectrum to estimate the thickness. 
They further discuss the advantages and disadvantages of the 
spring method, the resonance, the cross-correlation method 
and lastly the layer phase-lag method. In conclusion, the res-
onance method is preferred if a resonating frequency exist 
in the reflected wave spectrum, and its resonating period is 
known. The cross-correlation method is otherwise preferred 
if the thickness is above the first resonating frequency, while 
the layer phase-lag method is preferred if the thickness is 
below it. The spring method is thus deemed obsolete.

These thickness estimation methods use the transmitted 
and received ultrasound wave to determine the film thick-
ness, where knowledge of the transmitted wave is required, 
and thereby necessitates calibration. The most general method 
for calibration is manually conducted upon installation of the 
system. This calibration requires the oil layer to be replaced 
by air, which is the case when disassembling the tribological 
joint. The reflection coefficient between a solid member of 
the tribological joint and air is close to unity, whereby the 
transmitted wave is measured directly by the reflection. The 
use of manual calibration entails a problematic aspect. The 
disassembling procedure can be quite problematic in some 
systems, and for estimation of the reflection coefficient spec-
trum in such systems the transmitted wave is assumed to be 
constant over the entire test of the component. This cause a 
lack of robustness to the effect of changing variables, such as 
temperature and other environmental disturbances, which can 
cause change in the transmitted wave.

Reddyhoff et al [12] proposes auto-calibration, rather than 
the traditional manual calibration performed at installation. 
The advantage of such an algorithm is that small changes in 
the transmitted wave, occurring over a longer period of time, 
is adjusted recursively. The algorithm is based on the simple 
spring model and considers only the case wherein the two 
solid bodies are of the same material.

Kaeseler and Johansen [13] continued the work of Reddyhoff 
et al by deriving a new regression model from the continuum 
model, rather than the less exact spring model. The model 
furthermore includes the case of material difference in the 
bounding solids, which results in a non-linear regression model. 
This non-linear equation  was however linearized, yielding a 
similar equation to that presented by Reddyhoff et al [12].

In this article an adaptive ultrasound reflectometry algorithm 
is presented. This algorithm is based on the layer phase-lag 
method for thickness determination and an extended Kalman 
filter (EKF) for incident wave estimation. The fundamentals of 
the approach are firstly introduced, followed by the introduc-
tion of the experimental test setup. A series of test results are 
subsequently presented, and the influence of relative phase and 
magnitude error is revealed by a sensitivity analysis. Finally, 
the results of a disturbance test is shown, and the challenges of 
adaptive ultrasound reflectometry are discussed.

2. Time-of-flight estimation in thin layers

When an ultrasound wave hits a boundary between two mate-
rials, some energy is reflected back from the boundary in the 
form of a reflected ultrasound wave, while the remaining 
energy is transmitted to the second medium. In figure  1 a 
layered medium model is illustrated. Assuming only longi-
tudinal waves, an ultrasound wave can be described as trans-
mitting waves Ti going in the positive direction of x, and 
reflective waves Ri going in the negative direction. The tribo-
logical system can thus be modeled as a series of pulses being 
reflected from boundary to boundary as seen in figure 1. Each 
boundary has a reflection constant, which can be calculated 
from the acoustic impedances of the mediums.

R1 =
za − zb

za + zb
R2 =

zb − zc

zb + zc
 (1)

where za, zb and zc is the acoustic impedances.
The problem of measuring the layer thickness can actu-

ally be reduced to the problem of finding the time of flight 
for waves traveling through the thin layer. Considering the 
transmission Tb0(t) into medium b of the incident wave Ta(t), 
continuity require that

Tb0(t)|x=0 = Ta(t)|x=0 + Ra1(t)|x=0 (2)

which can be rewritten as

Tb0(t)|x=0 = (1 + R1)Ta(t)|x=0. (3)

Note that the evaluation of waves at |x=0 is consistent in 
this article, and the explicit notation of spatial evaluation is 
omitted in the following.

Meas. Sci. Technol. 31 (2020) 025108
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The transmitted and reflected waves inside the thin layer 
are expressed as a superposition of multiple reflections from 
the bounding solids.

Tb(t) =
N∑

n=1

Tbn Rb(t) =
N∑

n=1

Rbn. (4)

The terms in these sums are essentially the transmission of the 
incident wave Tb0(t), which is time-shifted and multiplied by 
the reflection constants R1 and R2.

Evaluating the waves traveling from boundary 2 to 
boundary 1 in medium b yields

Rb(t) =R2Tb0(t − τ)− R1R2
2Tb0(t − 2τ)

+ ... + (−R1)
N−1RN

2 Tb0(t − Nτ)
 (5)

where τ  is the time of flight from boundary 1 to boundary 2 
and back. As the length between boundaries is defined as the 
layer thickness h the time of flight τ  can be calculated using 
the speed of sound cb through medium b, such that

τ =
2h
cb

. (6)

Exploiting the continuity condition in equation  (16) the 
superposition in equation  (5) can be expressed in terms of 
Ta(t), such that

Rb(t) = (1 + R1)

N∑
n=1

Rn
2(−R1)

n−1Ta(t − nτ) (7)

where N depends on the duration of the incident wave Ta(t).
Using a similar approach for the waves traveling from 

boundary 1 to boundary 2 then yields

Tb(t) = (1 + R1)Ta(t) 

(8)+(1 + R1)

N∑
n=1

Rn
2(−R1)

nTa(t − nτ). 

Equation (7) is advantageously rewritten as

Rb(t) = − (1 + R1)

R1

N∑
n=1

Rn
2(−R1)

nTa(t − nτ) (9)

whereby it is directly clear that the last term in equation (8) 
can be substituted by −R1Rb(t). Combining equations (7) and 
(8) leads to a relation between the incident wave and the layer 
waves, which is expressed as

Tb(t) = (1 + R1)Ta(t)− R1 Rb(t). (10)

Using the continuity condition at boundary 1 given as

Ta(t) + Ra(t) = Tb(t) + Rb(t) (11)

then yields a linear mapping between waves transmitted Ta(t) 
and received Ra(t), by the transducer, and the layer waves Tb(t) 
and Rb(t).

[
Tb(t)
Rb(t)

]
=

1
1 − R1

[
1 −R1

−R1 1

] [
Ta(t)
Ra(t)

]
. (12)

This relation provides the foundation for using time-of-flight 
methods in thin-layer thickness measurements, because the 
time lag between Tb(t) and Rb(t) is the time of flight τ , which 
is expressed by the speed of the sound cb in medium b and 
twice the thickness 2h of medium b, such that

τ =
2h
cb

. (13)

Consequently, the thin-layer thickness estimation problem is 
reduced to a classical delay estimation problem.

3. Layer phase-lag method

The adaptive scheme presented in this article is based on the 
layer phase-lag method, which essentially is delay estimation 
using the Fourier transform. This is performed by calculating 
the layer spectrum J(ω), given as

J(ω) =
F {Rb(t)}
F {Tb(t)}

=
R(ω)− R1

1 − R1R(ω) (14)

where the reflection coefficient spectrum R(ω) is expressed as

R(ω) =
F {Ra(t)}
F {Ta(t)}

. (15)

The layer spectrum J(ω) is the transfer function between 
the layer wave transmitted from boundary 1 to 2 and the layer 

Ta(t)

Tb0(t)

Rb1 Rb2 Rb3 RbN

Tb1 Tb2 Tb3 TbN

Boundary 1

Boundary 2

Medium a

Medium b

Medium c

x

x=h

Ra1
Ra2

Ra3
Ra4

RaN

Tc1
Tc2

Tc3

TcN

Figure 1. The layered system model of the transmitting and reflective waves acting in the oil film and on the medium boundaries.
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waves reflected back from boundary 2 to 1, and this transfer 
function is given as

J(ω) = R2 e−iωτ . (16)

Consequently, the layer phase-lag method is as follows:

 •  measure the reflection to the transducer Ra(t); 
 •  calculate the reflection coefficient R(ω) (equation (15)); 
 •  calculate the layer spectrum J(ω) (equation (14)); 
 •  calculate the layer spectrum phase ωτ ; 

 •  determine the layer thickness h = 2τ
cb

.

In total, the layer spectrum phase is used to determine the time 
of flight, and the layer thickness is subsequently determined. 
However, it should be noted that the Fourier transform of the 
incident wave F{Ta(t)} is assumed to be known. This infor-
mation is estimated by the adaptive scheme presented in the 
following.

4. Regression model

In this section the regression model, which provides the basis 
for estimation of the incident wave Ta(t), is presented. This 
regression model is used in the extended Kalman filter (EKF) 
to develop an adaptive algorithm for ultrasound reflectometry 
measurement of the thin-layer thickness.

By definition the magnitude of the layer spectrum J(ω) is 
equal to the reflection constant at boundary 2. Consequently, 
equation (14) can be rewritten as

R2
2|1 − R(ω)R1|2 = |R(ω)− R1|2. (17)

The reflection coefficient spectrum can advantageously be 
expressed, in terms of an amplitude A(ω), and phase θ(ω), 
such that

R(ω) = A(ω) (cos (θ (ω)) + i sin (θ (ω))) . (18)

Using this formulation of the reflection coefficient spectrum 
in equation (17) yields

A2Ka + Kb = 2AKc cos(θ) (19)

where the constants Ka, Kb and Kc are given as

Ka = 1 − R2
1R2

2 (20)

Kb = R2
1 − R2

2 (21)

Kc = R1
(
1 − R2

2

)
. (22)

Evaluation of both the incident wave Ta and received wave 
Ra in the frequency domain at frequency ωi  is for the pur-
pose of adaptive filtering development reformulated in the real 
numbers R2, such that

y =

[
Re (F {Ra(t)})
Im (F {Ra(t)})

] ∣∣∣∣
ω=ωi

 (23)

u =

[
Re (F {Ta(t)})
Im (F {Ta(t)})

] ∣∣∣∣
ω=ωi

. (24)

The magnitude of the reflection coefficient spectrum, evalu-
ated at a given frequency, is thereby given as

A(ωi) = |R(ωi)| =
|y|
|u|

∣∣∣∣
ω=ωi

. (25)

The cosine of the phase shift can be expressed as
[
cos (θ) =

yTu
|u||y|

]

ω=ωi

. (26)

Finally, substitution of equations  (26) and (25) into equa-
tion (19) leads to

[
Ka|y|2 + Kb|u|2 − 2KcyTu

]
ω=ωi

= 0 (27)

which is a non-linear regression model, where the knowledge 
of the constants Ka, Kb and Kc, together with measurements 
of the reflected wave y, can be used to estimate the incident 
wave u.

5. EKF based incident wave estimation

To apply the regression model for incident wave estimation an 
extended Kalman filter (EKF) is used. The non-linear regres-
sion model can be rewritten as

|y(t)|2 =

(
2Kc

Ka
y(t)T − Kb

Ka
u(t)T

)
u(t). (28)

This formulation can be applied to a simple form of an 
EKF algorithm given in equations (29)–(32).

v(t) = v(t − 1)

+ K(t)
(
|y|2 −

(
2Kc

Ka
yT − Kb

Ka
v(t − 1)T

)
v(t − 1)

)
 

(29)

K(t) =
P(t − 1)C(t)T

C(t)P(t − 1)C(t)T + 1
 (30)

P(t) = (I − K(t)C(t))P(t − 1) (31)

where

C(t) =
2Kc

Ka
y(t)T − 2 Kb

Ka
v(t − 1)T . (32)

The incident wave is then determined as

F{Ta(t)} =
[
1 i

]
v(t). (33)

The estimated incident wave is used in the layer phase-lag 
method to estimate the layer thickness, whereby an algorithm 
which omits the need for manual calibration procedure for 
incident wave determination is obtained.

6. Experimental testing

To test the functionality of the adaptive scheme an exper-
imental test is conducted. Figure  2 shows the test setup. It 
consists of a transducer/receiver glued to a steel transducer 
fixture. This fixture is adjustable and constitutes medium a 

Meas. Sci. Technol. 31 (2020) 025108
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in figure 1. The fixture is lowered into a tub filled with ISO 
VG 46 oil, and in the bottom of the tub a steel back piece 
constitutes medium c in figure  1. The tub is placed upon a 
manual vertical micrometer positioning stage, whereby the 
thin-layer thickness is adjustable. A laser displacement sensor 
is placed below the tub to provide reference measurements of 
the variations in the thin-layer thickness. Note that the laser is 
not used for absolute position measurements, but for thickness 
dynamics.

Before the experiments are conducted a manual calibration 
is performed to obtain the incident wave reference. This is 
done by raising the transducer fixture out of the tub and care-
fully removing oil and cleaning the steel boundary, which is 
equivalent to boundary 1 in figure 1. As the acoustic imped-
ance of air is near zero, and indeed a lot smaller than the 
acoustic impedance of steel, the steel/air boundary entails a 
near complete reflection of the incident wave. The received 
wave is thus approximately the incident wave.

In figures 3–5 three different dynamic test cases are pre-
sented. The adaptive algorithm is initiated at v(0) = 0. From 
each test case the lubrication thickness is presented from the 
manual calibrated ultrasound measurements using the layer 
phase-lag method, the adaptive ultrasound reflectometry 
method based on extended Kalman filtering and the laser dis-
placement sensor. Note that the laser displacement results are 
offset to fit the manual calibrated results, because the laser 
only measures the variations in the thin-layer thickness.

From the results it is immediately clear that the layer 
phase-lag method is applicable to measurement of thin film 
dynamics in the entire range of thicknesses in the test, which 
spans 20 µm to 80 µm. In figure 3 the lowest layer thickness 

is obtained. The test setup entails a lower bound of approxi-
mately 20 µm, because the forces needed to squeeze the film 
further cause elastic deflections that can be detected by a devi-
ation between the variations measured by the laser sensor and 
the manually calibrated ultrasound reflectometry technique.

All tests reveal that the residual, which is given as

Res = |y(t)|2 −
(

2Kc

Ka
y(t)T +

Kb

Ka
u(t)T

)
u(t) (34)

is converging towards zero for the adaptive scheme as 
expected. The residual essentially measures how well the 
incident wave and reflection measurement fits the regression 
model, and the residual for the manual calibration shows a 
consistent offset, which may be explained by possible inacc-
uracy of the fundamental model assumptions, such as the lon-
gitudinal wave assumption, or a lack of accuracy in the used 
material parameters.

The deviations shown in the results are the percentage 
deviation between the manually calibrated measurements and 
the adaptive reflectometry measurements. The deviation is 
observed to vary significantly with time in all test cases. In 
figure 3 there is a significant deviation throughout the entire 
test, whereas in figure 5 the deviation is nearly eliminated for 
a period of time. However, the deviation increases when the 
dynamics of the thickness is changing.

The relative magnitude and phase error is also shown in the 
test results. These are calculated as the difference in magni-
tude and phase between the manually calibrated and adaptive 
estimated incident wave spectra, which is normalized with 
respect to the manually calibrated spectrum. An interesting 
aspect which is revealed by these tests is that the relative error 

Ultrasound Transducer

Manual Vertical Micrometer 
Positioning Stage 

(Standa 7VT174-5)

Laser Displacement Sensor 
(Keyence LK-G82 )

Transducer fixture

Laser Reflection Plate

Thin Oil layer

Figure 2. Laboratory test setup for ultrasound reflectometry testing with manual micrometer thin-layer thickness adjustment and laser 
displacement sensor.
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Figure 3. Dynamic thin-layer thickness testing case.
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Figure 4. Dynamic thin-layer thickness testing case.
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of the phase is well correlated with the deviation. It is seen 
that when the adaptive scheme performs well in terms of esti-
mating the phase of the incident wave spectrum, the manually 
calibrated and adaptive scheme provides the same thickness 
results, regardless of the error in the magnitude. In order to 
further analyze this aspect a sensitivity analysis is performed.

7. Sensitivity analysis

To obtain further insights on the influence of relative error in 
magnitude and phase on the thickness measurements a sensi-
tivity analysis is performed. This analysis is conducted by cal-
culating how the change in the reflection coefficient spectrum 
phase shift, given as

θ = ∠F {Ra(t)} − ∠F {Ta(t)} (35)
affects the layer phase lag ∠J(ω) relative to how the change in 
the reflection coefficient spectrum magnitude, given as

A =
|F {Ra(t)} |
|F {Ta(t)} |

 (36)

affects the layer phase lag. The layer phase-lag sensitivity is 
thereby expressed as

S = log

(
∂
∂θ∠J(ω)
∂
∂A∠J(ω)

)
. (37)

In figure 6 the layer phase-lag sensitivity is shown. Note 
that it is plotted as function of the layer thickness by using the 
constraint constituted by equation (19) and the corresponding 

layer spectrum in equation  (14). The layer phase-lag sensi-
tivity reveals that in the ranges of layer thickness used in the 
test cases the phase information dominates the phase lag and 
thereby the thickness measurements. However, in a very thin 
layer  <1 µm the magnitude becomes dominant.

8. Robustness analysis

To further investigate the robustness of the adaptive ultra-
sound reflectometry scheme a disturbance test is performed. 
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Figure 5. Dynamic thin-layer thickness testing case.
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Figure 6. Layer phase-lag sensitivity as function of thin-layer 
thickness for a steel-oil-steel interface.
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The test case is similar to the test in figures 3–5; however in 
order to emulate a temporary external disturbance the magni-
tude of the measured reflection F {Ra(t)} is reduced by 2% 
after 2 s and restored to 100% at 3 s. This could potentially 

occur if changes to the bonding of the transducer or oil con-
tamination entailed a decrease in the energy transmitted by 
the transducer. The disturbance test results are shown in  
figures  7–9. The analysis reveal significant problems with 
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Figure 7. Dynamic thin-layer thickness testing case with a disturbance applied between 2 s and 3 s.
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Figure 8. Dynamic thin-layer thickness testing case with a disturbance applied between 2 s and 3 s.
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the robustness of the adaptive scheme. The temporary dis-
turbance produces above 100% deviation in the test shown in 
figure 8, and the adaptive scheme does not seem to be able to 
recover. However, in the test shown in figure 9 the adaptive 
scheme actually recovers to decent accuracy, but the after 4 s 
the deviation increases yet again. In all tests it is clearly seen 
that the relative phase error dominates the accuracy of the 
thickness measurements.

9. Conclusion

An adaptive ultrasound reflectometry method for lubrication 
film thickness measurements based on the layer phase-lag 
method and an extended Kalman filter is proposed, and exper-
imental tests reveal the ability to provide the same accuracy 
in the measurement of the layer thickness variations as with 
the conventional manual calibration techniques. However, the 
tests also reveal significant problems regarding robustness and 
reliability of the method. Furthermore, it is shown, both in 
experimental testing and by a theoretical layer phase-lag sen-
sitivity analysis, that the estimation of the incident wave phase 
is of high importance in the range of layer thickness present in 
the tests. The theoretical analysis further shows that for very 
thin layers below 1 µm the estimation of the magnitude domi-
nates the measurement accuracy.

The ultrasound methods for measurement of lubrication 
film thickness is a proven technology through studies on a 
range of applications, such as journal bearings, liner-piston 
skirts and internal combustion engine piston rings, and the fur-
ther improvement of adaptive algorithms for auto-calibration 

is an opportunity to expand the area of application for this 
technology. It is clear from the analysis in this work that the 
improvements of adaptive schemes should be directed towards 
phase- or magnitude-tracking performance, depending on 
the working range of the layer thickness, such that sufficient 
robustness and reliability of the algorithms can be assured.
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