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Abstract

Introduction: Slips, trips and loss of balance were the major causes of fall in older adult. The study aimed to compare the balance, temporal-spatial gait 
parameters and ground reaction forces of compliant, rubber and standard flooring.

Materials and Methods: Sixty-four healthy, elderly people were assessed between July 2016 and December 2017. Eight optoelectronic cameras were 
used to measure the centers of mass (COM) of the body during gait: the velocity, the lowest position, and medio-lateral and vertical COM displacements. 
We also compared the temporal-spatial gait parameters, vertical ground reaction force (GRF), and anterior-posterior GRF of the three flooring types.

Results: The step widths of the gait on the compliant and rubber floorings were significantly narrower than that of the standard flooring (p = 0.005 and 
0.032, respectively). The COM velocity of the compliant flooring was higher than that of the rubber flooring (p = 0.03). There were no differences in the 
lowest COM positions, or in the medio-lateral and vertical COM displacements. There were significant increases in the peak posterior and anterior GRFs 
for the standard flooring with comparison to the compliant and rubber floorings (p < 0.001).

Conclusion: Compared with the rubber and standard flooring, the compliant flooring displayed no differences in balance and stability for older adult 
people in both the vertical and antero-posterior planes. For both legs, there was less vertical GRF at the toe-off phase and less anterior-posterior GRF 
with the compliant flooring. The selected compliant flooring may be a safe instrument that can be used to adjust the environmental factor in order to 
prevent falls.

Trial registration number TCTR2018–0211001, approved for registration at TCTR since 2018-02-06; and retrospectively registered.
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Introduction

A fall is an unintentional loss of balance, causing unprepared 
contact with the ground or the floor. Approximately 28%–35% of 
people aged 65 or over fall each year [1–3], with the figure increasing 
to 32%–42% for those over 70 [4–6]. The frequency of falls increases 
with age and frailty level. Assantachai et al. found that the overall 
prevalence of falls among elderly Thais in urban areas was 19.8% 
over a six-month period [7]. Falls and their consequential injuries are 
major public health problems that often require medical attention. The 
fall fatality rate varies, depending on the country or the culture of the 
population.

Many factors are considered to increase the risk of falls. 
Environmental factors are one of the four major risks of falls 
(biological, behavioral, socioeconomic, and environmental) identified 

in a WHO global report [8]. Compliant flooring was introduced with 
the aim of reducing the risk of falls among the older adult. A recent 
scoping review protocol suggested that compliant flooring would 
reduce the incidence of fall-related injuries [9, 10]. Although some 
studies have demonstrated that compliant flooring may increase the 
risk of falls by older adults [11], other studies did not find evidence 
in support of that finding [12, 13]. From biomechanical efficacy 
records, compliant flooring may reduce the fall-related impact forces 
with a minimal effect on standing and walking balance [10]. However, 
the safety and balance effects when walking on compliant flooring 
compared with on rubber or standard flooring have not yet been 
documented. For this reason, it was decided to study the dynamics of 
balance, temporal-spatial gait parameters, and ground reaction forces 
of specific compliant flooring compared with rubber and standard 
flooring for healthy, older adult people.
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Materials and methods

Study design

An experimental design was conducted with the approval of 
the Institutional Review Board of our hospital. It was approved 
for registration at the Thai Clinical Trials Registry (http://www.
clinicaltrials.in.th; registration number TCTR20180211001). This 
experimental design followed the TIDieR checklist (Additional file 1) 
[14].

Participants

Sixty-four older adult people were recruited for this study. Prior 
to its commencement, all participants read an information sheet and 
signed an informed consent form that had been approved by the 
Human Research Protection Unit of our hospital. Patients who refused 
to participate or who had any discomfort during the study were able 
to withdraw. The inclusion criteria were participants aged 60 years 
or older between July 2016 and December 2017. The study included 
healthy, the older adult people who had not had any falls in the year 
preceding the study, and who did not have any walking problems. 
Excluded were patients who had bone disease, muscular disease, pain 
anywhere on their body that exceeded a score of 4 on a 10-point VAS 
(visual analogue scale) pain scale and affected their walking pattern, or 
a history of lower extremity surgery in the 6 months prior to the study. 

The results of this study will be released to the healthcare community. 
Datasets or statistical codes will not be made public. The results of the 
study will be disseminated to study participants by means of lectures 
given by the investigators.

Intervention

Compliant flooring

This study used a multilayered flooring (10 m long, 2 m wide, and 
0.003 m deep), with a stiffness of 19.17 kN/m. After studying the test 
methods used to measure the shock absorption properties of indoor-
sports flooring materials, we designed our own protocol (the “ball 
bounce method”) to compare the relative shock absorption of the 
tested materials. With that method, a solid metal ball (stainless steel; 
5 cm diameter) weighing 258 g is dropped from a height of 200 cm 
onto a 20 cm × 20 cm piece of tested material that has been securely 
installed on a concrete floor. The rebound height is simultaneously 
recorded using a video camera (10 MP, 60 fps), and 3 repetitions are 
averaged.

The selected compliant flooring (Figure 1), the Unix Ultimate 
Oak (SCG Cement-Building Materials, BK, THA), http://www.
sjsourcing.com/products?id=4, can absorb a force of around 30% with 
a coefficient of restitution (COR) of 0.83 [15, 16]. The comparison 
flooring in this study was rubber flooring (Figure 1) with a COR of 
0.92 and standard flooring (a rigid force plate) (Figure 2).

Figure 1. (A) Front view of the 29 reflective markers that were applied on the body. Patients was standing on the compliant flooring. (B) Back view of the patients with the reflective markers. 
Patients was standing on the rubber flooring. 
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Figure 2. The rigid force plate and the standard flooring type

Protocol

Eight optoelectronic cameras (Motion Analysis Corp., Santa Rosa, 
CA, USA) were used to record three-dimensional kinematic data at a 
sampling rate of 200 Hz. Twenty-nine reflective markers were placed 
bilaterally on anatomical landmarks, as illustrated at Figure 1. This 
enabled the construction of 12 segments to fully estimate the body 
center of mass (COM) [17]. Two force platforms (ATMI, Watertown, 
MA, USA), used to measure the ground reaction force at a sampling 
rate of 1600 Hz, were synchronized with the motion analysis cameras. 
Data relating to the participants walking on the three types of flooring 
were collected. All participants were conducted at our motion analysis 
laboratory facility. 

Participants walked on a 10-meter walkway of each flooring at a 
self-comfortable speed; the walk was repeated 5 times for each flooring 
type. A successful trial was defined as one in which all parts of the foot 
contacted the force platform surface during each step, and in which 
no marker fell off during data collection. The study measurement was 
conducted by PG who was the sports medicine orthopedics doctor 
and PK who was specialized in motion gait analysis.

Data analysis

Kinematic data were filtered using a Butterworth low-pass filter 
with a cut-off frequency of 6 Hz [18]. Orthotrak software, version 6.6 
(Motion Analysis Corp., Santa Rosa, CA, USA) was used to analyze 
the temporal-spatial gait parameters of gait velocity, step width, and 
step length. The gait velocity was defined as the speed of the center 
of mass in a forward direction. Step width was determined by the 
distance between the ankles’ joint centers in a medio-lateral line. Step 
length was defined as the heel-marker distance between one foot as it 
contacted the ground, and the other foot as it touched the ground at 
the same instant of time.

Cortex software, version 3.1 (Motion Analysis Corp., Santa Rosa, 
CA, USA) was used to analyze the dynamic balance while walking, as 
indicated by the displacement of the COM in the vertical and medio-
lateral directions. The vertical COM displacement was represented 
by the difference between the maximum COM position and the 
minimum, or lowest, COM position in the vertical direction. The 
medio-lateral COM displacement was the maximum COM position 
minus the minimum COM position in the medio-lateral direction [19]. 

The ground reaction forces (GRF) in the vertical and antero-
posterior directions were analyzed using the Orthotrak software. The 
characteristics of the following gait events were examined: 1) when the 
foot contacted the ground in the loading response phase (vertical GRF 
exceeded 30 N); 2) when the vertical GRF was at its first peak in the 
loading response phase; 3) when the vertical GRF was at its second 
peak in the terminal stance phase; and 4) at the toe-off phase. Leg 
dominance was determined using this self-reported question: “If you 
kicked a ball at a target, which leg would you use to kick the ball?” [20]. 

Sample size estimation

G* Power, version 3.1, [21] was used to determine the adequate 
sample size. The estimated sample size was calculated based on the 
primary outcome, the COM displacement, using a one-way repeated 
measures ANOVA. It was decided to arbitrarily select a moderate 
treatment effect. To detect the effect size (Cohen f = 0.175) with an 0.7 
correlation among 3 repeated measures, 90% power of test and a 5% 
type I error, a minimum of 42 participants were needed for this study.

Statistical analysis

All Statistical analysis were performed using SPSS Statistics for 
Windows, version 18.0 (SPSS Inc., Chicago, IL, USA). Firstly, data were 
evaluated for normality using Shapiro–Wilk’s test and a histogram plot 
with a normal curve. Descriptive statistics were used to summarize 
the demographic data and motion analysis measurements, including 
the temporal-spatial gait parameters. The mean and standard 
deviation (mean ± SD) were calculated for the quantitative variables, 
while absolute frequency and percentage were determined for the 
categorical variables. One-way repeated measures ANOVA was used 
to establish the differences in the gait characteristics and GRFs of the 
three flooring conditions. Bonferroni’s test was employed for a post-
hoc analysis. The dominant and non-dominant legs were analyzed 
separately to avoid producing a bimodal distribution influencing 
normality. The statistically significant level was set at 0.05.

Results

There were 64 elderly people (38 females and 26 males), with a 
mean age of 67.2 ± 4.4 years, a mean weight of 56.0 ± 9.6 kg, and a 
mean height of 158.0 ± 8.0 cm.

Temporal-spatial parameters

The temporal-spatial parameters during walking on the three 
flooring types are in Table 1. The step width of the compliant and 
rubber flooring were significantly narrower than that of the standard 
flooring (p = 0.005 and 0.032, respectively; Figure 3A). The step 
length (non-dominant leg) while walking on the rubber flooring was 
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significantly shorter than that for the compliant and standard flooring 
(p < 0.001 and 0.035, respectively; Figure. 3B). The gait velocity and 

step length of the dominant leg were not significantly different for the 
three flooring types.

Figure 3. Comparison between flooring types of step width and length (non-dominant leg): 

Comparison between flooring types using Bonferroni’s test. (A) for step width and (B) for step length of the non-dominant leg (error bar = 95% CI for mean). (cm) The blue bar is for compliant 
flooring, the red bar for rubber flooring and the green bar for standard flooring. The statistically significant level was set at 0.05.

Center of mass movement

The center of mass movement defined the dynamic balance of 
the patients. The movement of the COM variables during walking on 
the three flooring types are in Table 2. Although the COM velocity 
of the compliant flooring was significantly higher than that for the 
rubber flooring, with 108.64 and 106.74 cm/s, respectively (p = 0.03;  
Figure 4), it was not significantly different to that for the standard 
flooring. There were no differences in the minimum positions of 
the COM, the medio-lateral displacements, and the COM vertical 
displacements of the three flooring types.

Table 1. Temporal-spatial parameters of walking on the compliant, rubber and standard 
flooring.

Variable

Compliant 
flooring

(Mean ± 
SD)

Rubber 
flooring

(Mean ± 
SD)

Standard 
flooring

(Mean ± 
SD)

P-value

Step width (cm) 9.65 ± 
3.09#1

9.89 ± 
2.98#2

10.22 ± 
3.09#1,#2 0.002

Velocity of dominant 
leg (cm/s)

108.74 ± 
11.78

107.18 ± 
12.72

108.68 ± 
14.31 0.207

Velocity of non-
dominant leg (cm/s)

108.63 ± 
11.61

106.93 ± 
12.61

108.51 ± 
14.38 0.145

Step length of 
dominant leg (cm)

57.82 ± 
4.96

57.16 ± 
5.12

56.99 ± 
5.29 0.100

Step length of non-
dominant leg (cm)

58.54 ± 
5.14#3

57.47 ± 
5.41#2

58.32 ± 
5.65#2, #3 <0.001

#1 Standard flooring VS Compliant flooring

#2 Standard flooring VS Rubber flooring

#3 Compliant flooring VS Rubber flooring

Table 2. Movement of the center of mass variables.

Variable

Compliant 
flooring

(Mean ± 
SD)

Rubber 
flooring

(Mean ± 
SD)

Standard 
flooring

(Mean ± 
SD)

P-value

COM velocity (cm/s) 108.64 ± 
11.65 #3

106.74 ± 
12.65 #3

108.36 ± 
14.33 0.040

COM minimum 
position (cm)

79.76 ± 
11.30

79.97 ± 
11.14

74.74 ± 
22.34 0.066

COM medio–lateral 
displacement (cm) 3.38 ± 1.30 3.43 ± 1.23 3.18 ± 1.68 0.132

COM vertical 
displacement (cm) 2.45 ± 0.59 2.37 ± 0.57 2.34 ± 0.89 0.212

COM = center of mass
#1 Standard flooring VS Compliant flooring
#2 Standard flooring VS Rubber flooring
#3 Compliant flooring VS Rubber flooring

Vertical ground reaction force

The vertical ground reaction force (VGRF) of both the dominant 
and non-dominant legs walking on the three flooring types are in 
Table 3. There was a reduction in the VGRF at the toe-off phase to the 
compliant and rubber flooring compared to the standard flooring for 
both the dominant and non-dominant legs (p = 0.005 and < 0.001, 
respectively; Figure 5). There were no differences in the VGRFs at 
the initial contact, loading response (first peak) and the second peak 
VGRF while walking on the three flooring types (Figure 6).
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Figure 4. Comparison between flooring types of COM velocity.

Comparison between flooring types using Bonferroni’s test for center of mass (COM) 
velocity (error bar = 95% CI for mean). (cm/s) The blue bar is for compliant flooring, 
the red bar for rubber flooring and the green bar for standard flooring. The statistically 
significant level was set at 0.05.

Figure 5. Comparison between flooring types of VGRF (toe-off phase).

Comparison between flooring types using Bonferroni’s test for vertical ground reaction 
force (GRF) at toe-off phase (error bar = 95% CI for mean). (N/kg) The blue bar is for 
compliant flooring, the red bar for rubber flooring and the green bar for standard flooring. 
The statistically significant level was set at 0.05.

Figure 6. VGRF of the three flooring types: 

Vertical ground reaction force (GRF) of the gait cycle for the three flooring types for the non-dominant leg (A) and the dominant leg (B). (N/kg) The blue line is for compliant flooring, the red 
line for rubber flooring and the green line for standard flooring.

Anterior-posterior ground reaction force

The anterior-posterior ground reaction force (APGRF) of both 
legs while walking on the three flooring types are in Table 4. There 
was a significant increase in the peak posterior GRF for the standard 

flooring compared with the compliant and the rubber flooring, with p 
< 0.001 for both the dominant and non-dominant legs. As for the peak 
anterior GRF, there was also a significant increase for the standard 
flooring compared with that for the rubber and compliant flooring 
(Figure 7).
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Figure 7. Anterior and posterior GRFs of the three flooring types: 

Anterior and posterior ground reaction forces (GRFs) of the gait cycle for the three flooring types for the non-dominant leg (A) and the dominant leg (B). (N/kg) The blue line is for compliant 
flooring, the red line for rubber flooring and the green line for standard flooring. 

Table 3 Vertical ground reaction force of both legs.

Leg side Event Compliant flooring
(Mean ± SD)

Rubber flooring
(Mean ± SD)

Standard flooring
(Mean ± SD) P-value

Non-dominant leg Initial contact (N/kg) 0.033 ± 0.008 0.034 ± 0.008 0.033 ± 0.009 0.339

Loading response (N/kg)
(First peak VGRF)

1.079 ± 0.075 1.070 ± 0.075 1.077 ± 0.081 0.091

Terminal stance (N/kg)
(Second peak VGRF)

1.100 ± 0.062 1.098 ± 0.067 1.103 ± 0.066 0.546

Toe off (N/kg) 0.083 ± 0.036 #1 0.080 ± 0.039 0.114 ± 0.059 #1 <0.001

Dominant leg Initial contact (N/kg) 0.033 ± 0.008 0.034 ± 0.008 0.034 ± 0.008 0.802

Loading response (N/kg)
(First peak VGRF)

1.064 ± 0.066 1.058 ± 0.066 1.065 ± 0.067 0.237

Terminal stance (N/kg)
(Second peak VGRF)

1.102 ± 0.058 1.101 ± 0.062 1.102 ± 0.062 0.774

Toe off (N/kg) 0.085 ± 0.047 #1 0.092 ± 0.051 #1 0.108 ± 0.055 #1,#2 0.005

VGRF = vertical ground reaction force  #2 Standard flooring VS Rubber flooring 
#1 Standard flooring VS Compliant flooring #3 Compliant flooring VS Rubber flooring

Table 4. Anterior-posterior ground reaction force of both legs.

Leg side Event Compliant flooring
(Mean ± SD)

Rubber flooring
(Mean ± SD)

Standard flooring
(Mean ± SD) P-value

Non-dominant leg Peak posterior (N/kg)
(Loading response)

-0.13 ± 0.02 #1,#3 -0.12 ± 0.02 #2,#3 -0.15 ± 0.03 #1,#2,#3 <0.001

Peak anterior (N/kg)
(Terminal stance)

0.17 ± 0.02 #1 0.16 ± 0.02 #2 0.17 ± 0.02 #1,#2 <0.001

Dominant leg Peak posterior (N/kg)
(Loading response)

-0.13 ± 0.02 #1 -0.12 ± 0.02 #2 -0.16 ± 0.03 #1,#2 <0.001

Peak anterior (N/kg) (Terminal 
stance)

0.16 ± 0.02 #3 0.16 ± 0.02 #2,#3 0.17 ± 0.03 #2 <0.001

#1 Standard flooring VS Compliant flooring
#2 Standard flooring VS Rubber flooring
#3 Compliant flooring VS Rubber flooring
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Discussion

Dynamic stability can be threatened by various travel surface 
changes, especially in the case of compliant surfaces. Adapting 
locomotor movements to the different types of surface encountered 
in daily life is essential. Many elderly people experience balance 
impairment, which is one of the major risks of falls [22–24]. With 
advancing age, there is a generalized reduction in visual function, 
which has been associated with impaired postural stability and an 
increased risk of falls.

Lord and Menz demonstrated that walking on a compliant surface 
increases the risk of falls by the elderly [25]. The vertical COM is 
decreased when stepping onto a compliant surface [26]. This adaptation 
of lowering the vertical COM peak provides a more stable posture. 
The lowering of the COM can also be seen in response to locomotion 
on a slippery surface in order to prevent a threat to instability [27]. 
However, the medio-lateral COM does not change when walking on a 
compliant surface [28]. The dynamic stability margin in the anterior–
posterior direction demonstrates a constant overcompensation 
and subsequent correction of COM control. A scoping review of 
biomechanical efficacy found that the overall participants were able 
to maintain static and dynamic balance on carpet and on purpose-
designed, novel compliant flooring (NCF) [10]. The present study also 
showed no statistically significant differences in the COM minimum 
positions, COM medio-lateral displacements, and COM vertical 
displacements of the three flooring types (p > 0.05). This may suggest 
good active regulation of the COM in both the frontal and sagittal 
plane while walking on both the compliant and the rubber flooring. 
Thus, the selected compliant flooring may not influence the balance 
and stability of elderly people in the vertical and horizontal planes.

There are 4 categories of compliant flooring: 1) thick vinyl; 2) 
carpet with no underlay; 3) NCF with no underlay or overlay; and 
4) combination flooring [10]. In our study, the selected compliant 
flooring was categorized as a combination flooring with some shock-
absorption properties. The rubber flooring was categorized as an NCF 
with no underlay or overlay. Consequently, the authors chose a rigid 
force for the standard flooring as the control group and aimed to 
compare it with different compliant flooring categories (categories 3 
and 4). The authors found that there was more COM velocity with the 
compliant flooring than with the rubber flooring, but those velocities 
were not significantly different to that of the standard flooring. The 
results of this study indicate that there were no differences in the COM 
medio-lateral and vertical displacements of the three flooring types.

With increasing age, adults typically take shorter and wider steps 
[29]. Older people usually have more difficulty than younger adults 
maintaining balance while walking on irregular or uneven surfaces. 
Older people tend to adopt a more conservative walking pattern, 
characterized by a slower walking velocity and shorter steps to 
ensure trunk stability and maintain a stable gaze [30–32]. MacLellan 
and Patla found that step width and length increased on a medium-
density foam surface [28]. These adaptations increase the base of 
support and provide better control of the COM. The results of the 
present study demonstrated that the step widths on the compliant and 
rubber flooring were significantly narrower than that on the standard 

flooring. However, there were no statistically significant differences 
in the step lengths of the dominant leg on the three flooring types. 
The step length of the non-dominant leg on the rubber flooring was 
shorter than that on the selected compliant flooring and the standard 
flooring. The gait velocity and the COM velocity of the compliant 
flooring were also not significantly different to those of the standard 
flooring. It can therefore be concluded that no conservative walking 
pattern was demonstrated on the rubber flooring and the compliant 
flooring.

Walking on an uneven terrain is more energetically costly than 
walking on smooth ground. Voloshina et al. found an increase in 
the hip- and knee-joint muscle activities and work performance on 
an uneven surface relative to a smooth surface [33]. MacLellan and 
Patla also found an increase in gastrocnemius and soleus activity 
during push-off, accounting for the increases in step length seen 
on the compliant surface in the current study [28]. The present 
study found that the vertical GRFs for the three flooring types were 
not statistically different for both legs for the three events of initial 
contact, loading response and terminal stance. However, in the toe 
off phase, there were lower vertical GRFs on the compliant flooring 
and rubber flooring than on the standard flooring, which may be the 
result of their superior shock-absorption properties. The horizontal 
force had a negative phase during the first half of the stance, indicating 
the presence of a backward, horizontal, frictional force acting between 
the ground and the foot. This force may prevent an individual from 
slipping while walking on a slippery floor [34]. In addition, this study 
found that there were higher peak posterior and anterior GRFs on the 
standard flooring than on the compliant and rubber flooring for both 
legs. The lower the posterior GRF, the more slippery an event may be. 
However, the differences in the values were very small (0.01–0.04 N/
kg), which would not have a significant clinical impact.

The major strength of this study is that it included a large number 
of participants to detect statistically significant levels of difference. 
The authors studied the selected compliant flooring and compared the 
results with those of the rubber and the standard flooring (the rigid 
force plate, which represented the common residential flooring type).

However, the study also had several limitations. Firstly, the 
gait speed was not controlled as we considered that doing so might 
influence gait parameters such as step width, step length, or velocity. 
However, with a self-comfortable speed, patients could walk with a 
more natural pattern without needing to be concerned about their 
pace. Secondly, all participants were healthy, older people who did not 
have any walking problems. Therefore, we do not know the effect of 
the compliant or the rubber flooring on the balance and other gait 
parameters of younger people or on patients who have some walking 
difficulties. There was some gender difference of the data (38 females 
and 26 males). A gender population controlled should be considered 
in our future study. Thirdly, there was a limitation in the arrangement 
of the force plate during the walking tests. Having a number of force 
plates placed consecutively over the full length of the walking route 
instead of having only 2 plates placed centrally would have allowed us 
to collect force data during consecutive steps and therefore to analyze 
simultaneous work. Finally, we selected one popular compliant 
flooring, however, it may not represent all other compliant floorings.
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Conclusion

In conclusion, the compliant flooring demonstrated no differences 
from the rubber and standard flooring in terms of balance and stability 
for elderly people in both the vertical and antero-posterior axes. For 
both legs, there were lower vertical GRFs at the toe-off phase and 
lower anterior-posterior GRFs for the compliant and rubber flooring 
than for the standard flooring. The selected compliant flooring may be 
a safe flooring that can be used to adjust the environmental factor in 
order to reduce the risk of falls by the elderly.
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