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Abstract— In areas with cold winters, snow worsens road 

surface conditions and causes icy roads that are likely to induce 

falls. Pedestrians need to use anti-slip products and observe the 

road surface to avoid falling. However, because it is unrealistic 

to constantly walk attentively, people exhibit only temporary 

alertness and cautiousness. Therefore, we developed smart 

shoes that aid in road surface perception. In this study, we 

manufactured a device to obtain necessary road surface 

information, in an effort to clarify whether the surface 

characteristics of a frozen road surface can be obtained when 

the device is incorporated into the shoes. In addition, we 

examined whether useful indicators had been obtained to 

determine the road surface.  

The participants were three healthy adult men without any 

difficulties in walking. The measurement was performed in the 

winter as the participants walked on an outdoor frozen road.  

The differences between the dry and frozen road surfaces 

tended to appear at the end of the swing phase, as seen in the 

road surface information results (reflected light and road 

surface temperature).  

After fabricating a device capable of obtaining road surface 

information and performing walking experiments on actual 

frozen surfaces, the results suggest that road surface 

information can be obtained, even during wintertime walking. 

This device also enables the acquisition of useful indicators for 

road surface determination.  

Index Terms—Frozen road surface, Prevention of falls,  

Infrared measurement.  

 

I. INTRODUCTION 

  During winter, the repeated melting and freezing of snow in 

areas with colder climates cause the road conditions to 

deteriorate, often forming a slippery frozen surface [1]. 

During this period, the frozen road surface exposes 

pedestrians to a higher risk of accidental falls [2]. Fall 

prevention is crucial, as even a single fall can lead to 

unexpected severe injuries. Particularly, at present, there has 

been an increase in reports of decreased movement function 

and balance ability experienced by the elderly population; 

thus, this can be considered an urgent problem [3-6].  

  Efforts have been made to devise shoes, canes, and walking 

methods that make slipping more difficult to prevent such a 
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problem [7]. However, as mentioned earlier, the number of 

falling accidents has not decreased. Therefore, this study 

focuses on the causes of falls during the winter period. 

According to previous studies, one of the leading causes of 

falls is the inability of pedestrians to evaluate the road surface 

properly [8]. Therefore, the expectation exists that the 

statistics would improve if the road conditions are 

identifiable while walking.  

  Nevertheless, an effective method to perform this evaluation 

has not yet been established. To detect freezing conditions, 

road surface measuring equipment, which emits infrared rays 

and reports temperature changes, mounted on a vehicle or at a 

fixed point has been previously employed [9]. However, 

devices that focus on the road used by cars are not optimized 

for measurement of the sidewalk where pedestrians mainly 

walk. Moreover, even if the application of existing 

technology to the sidewalk is considered, the environment, 

including the power source, space, and sustainability, 

presents a problem due to its differences from the path of the 

car.  

  Therefore, we devised a road surface assessment system that 

assumes pedestrian use. This system aims to solve the 

problem mentioned above by measuring road surface 

characteristics during walking, evaluating the surface using 

the acquired data, and communicating the determined result 

to the pedestrian. We previously manufactured a device that 

enables road surface measurement while walking and 

evaluated it on an indoor reproduction of a winter road 

surface [10]. However, the efficiency of the device in a real 

environment is unknown, as the device was not evaluated on 

an actual frozen road surface. Therefore, we conducted 

measurements on a newly frozen outdoor road surface and 

subsequently reported the obtained results and necessary 

considerations.  

 

II. METHOD 

A. Participant  Information & Informed Consent 

The participants were three healthy men in their 20s with 

no history of orthopedic disease. Participant information is 

provided in Table 1.  

The experiments conducted in this study were approved by 

the Ethics Committee of the Hokkaido University of Science 

(approval number 186). In this report, we are getting 

informed consent from them.  
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B. Measurement Parameters 

This experiment addresses the question of whether 

measuring road characteristics while walking outdoors in the 

winter is possible and whether the measurements obtained are 

useful in distinguishing between dry and frozen road surfaces. 

The measurement method used near-infrared light  

(wavelength 1450 nm) to measure the road surface 

temperature, as roads exhibit high absorption characteristics 

when covered with the ice layer and water film of the frozen 

surface [11-12]. The pressures at the toe and heel were 

measured simultaneously to identify the walking cycle.  

 

C. Measuring Device 

This study used a shoe-embedded measuring device (after 

this referred to as “the unit,” shown in Fig. 1) to obtain the 

measurements discussed above [10]. The sampling frequency 

was 100 Hz. The measurement unit included a light-emitting 

element (L10660 − 01, HAMAMATSU) that irradiated the 

road surface with near-infrared light, as well as an element 

(G12180-010A, HAMAMATSU) that received the reflected 

light from the road surface. In addition, a temperature sensor 

(D6T-1A-02, OMRON) was incorporated into the device to 

measure the surface temperature of the road. The control unit 

contained a small microcomputer board (Arduino Micro) that 

processed information from the pressure switches 

(TSHA_T_2.5B2_19E, Top_Up Industry) installed at the toe 

and heel, in addition to the amount of light and temperature 

data obtained by the measuring unit. The data were stored 

using an SD module (MM-TXS02, Sunhayato). Power was 

supplied to each component by a mobile battery (A1104011, 

Anker) attached to the side of the lower leg by a band. The 

unit was placed on only one side (right foot).  

D. Measuring Method 

The measurement procedure was initiated by first attaching 

the device to the participant and activating the power supply. 

After boot-up, 10 s elapsed before data acquisition 

commenced in a stable transfer mode. Subsequently, the 

participants were moved to an asphalt walking street (Fig. 2) 

to obtain the measurements described above. The participant 

stopped walking, and the power supply was cut after the time 

specified by the control unit had elapsed. The above 

procedure was performed for a single measurement, and 15 

measurements were collected per person. During the 

measurement, each participant was directed to step on to the 

walking path, starting with the right foot, and to adjust their 

stride and cadence to 100 steps/min. [13-17].  

One of two conditions existed on the walking path—a dry 

road surface and a frozen road surface. The dry road surface 

was defined as the section where no ice layer was present, 

visually appearing as a wet road surface, in which an adequate 

walking distance was secured. The frozen road surface was 

defined as the range covered by snow and ice layers with a 

density of 0.75 g/cm3 or greater [18]. The total length of the 

walking path was 10.00 m, and an additional support distance 

(3.25 m) and follow-up distance (3.50 m) were secured 

[19-20]. The entrance of a medium-sized facility was used for 

the measurement. The measurements were carried out after 

sunset (18:00), when accidental falls frequently occur. The 

outside temperature was approximately −4 °C, with humidity 

near 80%. A thermal-transmission type measuring device 

(EDX-10B, EDX-13A, sampling frequency: 1 kHz, KYOWA) 

was used to provide temperature control of the freezing 

conditions.  

Table 1 Participant  information 

Fig. 1 Device configuration 

Fig. 2 Configuration of walking path (road condition) 
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E. Analytical Method 

The acquired data were processed in Excel (Microsoft 

Company, ver. 2016) and analyzed using the statistical 

analysis software R (ver.3.5.0). A comparison was made 

between the data obtained on the dry surface of the walking 

path and the frozen surface. The data parameters were 

associated with the swing phase of the unit-mounting side. 

The purpose of this study is to provide a more effective fall 

prevention technique by detecting the road condition before 

the participant steps on the road surface. Because the position 

of the target road surface on the walking road and the stride of 

the participant were fixed, the expectation exists that the 

measurement of the target road surface would be performed 

simultaneously with the statistical processing. Therefore, 

because the detection of the target road surface was 

performed between the middle and second half of the swing 

phase, statistical processing was also performed at this time. 

The data were used to perform multiple comparison tests 

using the Steel-Dwass method to consider normality. 

 

III. RESULTS  

A. Measurement Result of Reflected Light 

The resulting amount of light reflected from the road 

surface between the swing and the stance phase is shown in 

Fig. 3. The vertical axis of the graph depicts the acquired 

value (in arbitrary units: a.u.), representing the amount of 

light. The horizontal axis denotes the gait cycle (0% to 40% 

indicates the swing phase, 60% to 100% indicates the stance 

phase). The graph in Fig. 3 demonstrates the differing trends 

in the output values between the dry and frozen road surfaces 

from approximately 20% of the gait cycle (depicted with a 

dotted arrow in the figure). From the 40% walk phase 

onwards, the light value obtained for the dry road surface 

increased rapidly, while the corresponding value for the 

frozen road surface was confirmed to be moderate. This trend 

continued until 60% of the gait cycle (mid-stance). After this, 

until the 100% walk phase, a decreasing tendency in this 

value was observed.  

The statistical processing described above indicated a 

significant difference in the results between the dry and 

frozen surfaces during the 25% to 40% walk phases, as 

reported in Table 2. Hence, each road surface exhibited 

different tendencies during the swing phase, which can be 

observed in the measurement scan.  

 

B. Measurement Result of Road Surface Temperature 

The results of the road surface temperature are displayed in 

Fig. 4. The vertical axis of the graph shows the road surface 

temperature (°C), and the horizontal axis depicts the gait 

cycle (%). The graph in Fig. 4 shows that different trends 

appeared in the temperature between the dry and frozen road 

surfaces beginning at approximately 20% walk phase 

(depicted by a dotted arrow in the figure). Based on the 

statistical analysis described above, significant differences 

were observed between the dry and frozen surfaces during the 

30% to 40% walk phase, as listed in Table 2. The road surface 

Fig. 3 Measurement result of reflected light 

Fig. 4 Measurement result of road surface temperature 

Table 2 Result of amount of reflected light and road surface temperature 

(only mid swing - terminal swing phase) 
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temperature results also tended to reach different 

measurement values during the swing phase on each road 

surface.  

Moreover, the temperature value obtained for the frozen 

road surface by the unit was compared with the calibration 

value of the measuring device used for temperature control. 

The unit value and the calibration value matched after heel 

contact (40% walk phase or later), and consequently, the 

measurement of the actual frozen surface temperature was 

timed after the heel contacted the road surface. Unlike the 

calibration value, the value obtained by the unit was variable, 

tending to rise after a period of descent.  

 

IV. DISCUSSION 

A. Attenuation of Reflected Light 

The output values representing the amount of reflected 

light for the dry and frozen surfaces exhibit significant 

differences. These differences are due to the absorbance 

characteristics of the infrared sensor in the manufactured unit 

and the presumed influence of the distance (height) between 

the shoe and the road surface. The light emitted from the 

measuring device diffuses; however, when the distance 

(height) between the shoe and the road surface is small, the 

light reflected on the road surface tends to enter the detection 

range of the unit (Fig. 5).  

In the results obtained for the dry road surface (Fig. 3), the 

amount of reflected light increased as the shoe gradually 

approached the road surface from the swing phase until heel 

contact (40%). Furthermore, from the mid-stance to the 

terminal stance (60%–100%), the amount of light decreased 

as the heel moved away. Therefore, the tendency observed in 

the results presumably appeared owing to the differences in 

the distance (height) between the shoe and the road surface.  

In contrast, in the results for the frozen road surface (Fig. 

3), this type of tendency was minor. This is presumably due to 

the influence of the absorbance characteristic of the 

wavelength used in the unit. The light irradiated by the light 

source of the unit is easily absorbed by water and ice. 

Therefore, when there was ice or water film on the road 

surface, the measured amount of light most likely did not 

reach the value obtained for the dry road surface owing to 

attenuation (Fig. 5). This tendency was also noticeable even 

after heel contact (40% to 100%). Therefore, the amount of 

light acquired increased from the middle of the swing phase 

to the end of the stance phase during walking on the dry road 

surface. In contrast, the amount of light in these phases 

increased only slightly during the walking cycles on the 

frozen road surface. The trends observed between each trial 

and between participants confirmed that variation exists in 

the amount of light obtained based on the differences in the 

direction of the shoe approach, from the toe-off stance during 

walking to the initial swing stance.  

 

B. Temperature Measurement on Frozen Road  (while 

walking) 

The results of the road surface temperature (Fig. 4) 

demonstrate that a significant difference exists in the value 

acquired for the dry and frozen road surfaces (p < 0.01). A 

conceivable explanation is that the measurement range of the 

temperature sensor in the measuring device corresponds to 

the set road surface temperature. Naturally, the set 

temperature range under experimental conditions is fully 

covered, even when compared to the standard of the sensor 

used for the measurement device. Therefore, the employed 

sensor was presumably able to acquire the road surface 

temperature, even under irregular conditions such as walking. 

Moreover, the tendency shown in Fig. 4 was confirmed, 

despite the visualization of the results of each participant.  

 

C. Variations of Acquisition Temperature 

The temperature value obtained by the unit for the frozen 

road surface matches the calibration value after heel contact 

(40% or later); however, this value is not constant. This result 

could be due to the irregular measurement conditions 

influencing the data collection during the walking action. 

Under normal conditions, a radiation temperature sensor 

measures the temperature while the sensor or object remains 

at a fixed location, and the measurement is performed at a 

constant distance and interval. However, in this study, the 

measurements were carried out during the course of walking; 

thus, the measurement distance and orientation of the sensor 

Fig. 6 Measurement range during walking 

Fig. 5 Attenuation mechanism of reflected light 
Fig. 7 Measurement result of road surface temperature 

(sensor fixed) 
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were constantly changing (Fig. 6). Therefore, it is presumed 

that the observed variations in the acquisition temperature 

appeared because of the increased likelihood of a larger error 

than that given by the measurement accuracy, guaranteed by 

the standard of the sensor.  

In addition, the measured temperature using the 

temperature sensor was confirmed at a fixed point in a 

preliminary experiment; however, the variation in the 

acquisition temperature was confirmed to be small compared 

with the measurements conducted in this study (Fig. 7). 

Therefore, in the walking measurements, it is presumed that 

the acquired temperature varied greatly, relative to the 

calibration value, even when considering the tolerance about 

the standard.  

 

V. CONCLUSIONS 

In conclusion, this study devised a road surface perception 

system for pedestrians with the aim of preventing falls during 

the winter period. A previously manufactured unit capable of 

obtaining road surface information on sidewalks was 

evaluated on an actual frozen road surface in the current 

study. The results indicate that measuring the amount of light 

and road surface temperature under average walking 

conditions is possible. Moreover, results suggest that the 

measurements acquired by the unit might be effective for 

assessing the road surface during walking, as differences 

were observed between the acquired values for each road 

surface. In the future, we would like to increase the number of 

units and samples, and further demonstrate the measurement 

accuracy and its usefulness. Moreover, we wish to examine 

the results obtained under different walking and road surface 

conditions.  
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