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Abstract. In order to reveal the driving psychological characteristics and influencing factors of drivers under the
hairpin curve section, 11 continuous hairpin curves on mountain roads were selected for natural driving test, and
the on-board instruments were used to collect the driver's ElectroCardioGraphy (ECG) under the natural driving
habits. Analyse the overall heart rate characteristics, Heart Rate Increase (HRI), Heart Rate Variability (HRV) char-
acteristics of drivers, as well as the relationship between heart rate change and the visual performance of curve
corner and slop and curve environment. And compared with the general curve. The results show that: with 180° as
the limit, the curve angle of the hairpin curve was divided into 3 types: greater, less or approximate. The 3 types
of curve angle have different effects on the driver's heart rate fluctuations. The overall heart rate distribution can
be divided into 2 regions, in which the average heart rate of each driver at the curve, which curve angle = 180°,
was higher than the other 2 types of curves. The overall fluctuation range of heart rate in the middle of the curve
is at the lowest level in the 3-stage curve segment area. Through the eigenvalue analysis of HRI, it can be seen
that the drivers were more susceptible to the external environment when going downhill. When going uphill, the
distribution range of the heart rate abnormality value was stable, but the sudden change was obvious. However,
during the downhill direction, the overall adjacent heart rate varies greatly, but the abrupt change was small. Take
the change trend of the HRI in the curve segment as an indicator, heart rate types were divided into 4 categories,
continuous tension, relax gradually, relaxation-tension, and tension-relaxation. The 4 modes have a significant re-
lationship with the difference of curve entrance environment. Compared with the modes shown in general curves,
they focus on the modes with greater volatility, while the general curves focus on a more single growth trend.

Keywords: traffic engineering, hairpin curve, mountain road, natural driving test, driving mental load, heart rate variability.
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Notations

Introduction

ECG - electrocardiography; The hairpin curve is a commonly used alignment unit that

HRI — heart rate increase;

HRV - heart rate variability;
RMSSD - root mean square value.

conforms to the terrain in a complex topographic environ-
ment. The curve deflection angle is large, the curve length
is short, the radius is small, and the roadside environment
is complicated. The large centrifugal force during curve
increases the driving risk factors and reduces the comfort.
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There are high requirements for driving skills, and the driv-
er is highly nervous when driving, which seriously affects
driving safety. At this stage, most researches on driving
behaviour in complex areas focus on driving speed and
other research (Russo et al. 2016; Eboli et al. 2017), and
heart rate is an intuitive reflection of the driver's mental-
ity changes and tension. Because of the simple collection
method, it is often used for driving load research. Through
analysis, it is also easy to make safety improvement sug-
gestions from the driver's perspective. The research on the
driver's heart rate mainly focuses on the following aspects:
= the 7Tst aspect is the driver's heart rate changes dur-
ing bridge and tunnel driving. Comparative study on the
heart rate changes in the transition section of the tun-
nel and the tunnel section was conducted (Miller, Boyle
2015). Driving simulator were used to study the driver's
heart rate under different conditions, in order to detect
the safety of the lowest point of urban river-crossing
tunnels (Feng et al. 2017). The influencing factors of the
driver's heart rate in the underpass tunnel were studied,
and found that the gradient has a greater influence on
the driver's heart rate than the speed. Heart rate chang-
es when going downhill is higher than when going uphill
(Feng et al. 2018). At the same time, research has ana-
lysed the influence of tunnel greening on the driver's
heart rate (Xiao et al. 2017). And according to the HRV
index to study the mental condition of the drivers in the
extra-long highway tunnel (Qin et al. 2021);
= the 2nd aspect is heart rate is correlated with road
alignment parameters, environment, etc. The influence
of the blue and white deceleration signs on the side
of the road on the driver's heart rate and speed were
studied (Wu et al. 2013). Also, driver's heart rate char-
acteristics were analysed and discussed when driving at
the spiral ram, and the heart rate values at the split and
merge points were significantly higher than the rest of
the spiral ramp (Xu et al. 2020). And then, the relation-
ship between the radius of the curve and the heart rate
has been analysed, and obtained a reasonable design
value for the radius of the curve, r > 900 m and 200 < r
< 300 m (Zhang et al. 2015). As well as the relationship
between the driver's heart rate and the road curve ratio
on the construction road (Qiao et al. 2020). At the same
time, some scholars conducted experiments on different
grades of roads to analyse the differences in heart rate
of drivers in different road environments (Zhao et al.
2016). And in order to strengthen the safety level of the
2-lane highway, the law of change between the hori-
zontal curve radius of the 2-lane mountain highway and
the driver's heart rate was analysed (Zhao, Zhang 2012);
= the 3d aspect is fatigue driving research. 2 methods
for detecting driver's fatigue driving were discussed,
including the measurement of driver's heart rate and
the method of driver behaviour (Wadhwa, Roy 2020).
Bracelet was used to measure the driver's heart rate to
detect fatigue driving (Wolkow et al. 2020). HRV was
used as a physiological indicator of the human body and
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an artificial intelligence-based early detection system for
driver fatigue was introduced (Patel et al. 2011). The ECG
sensor was used to obtain the heart rate variation co-
efficient to detect driving fatigue (Gromer et al. 2019).
And through the perception speed test of bus drivers
in Beijing (China) to study driver fatigue (Sang, Li 2012).
Through the calculation of HRV, the fatigue problems
of drivers of different genders were analysed, and the
relationship between HRV and the driver's autonomic
nervous system was obtained (Zeng et al. 2020). The
existing fatigue driving based on the heart rate criterion
has been reviewed, which can help to understand the
research system (Zhu 2020);

= the 4th aspect is research on roads with special terrain,
such as research on plateau roads, the effect of the an-
gle of the horizontal curve on the physiological load of
the driver by defining the heart rate growth rate and the
pulse blood volume distribution coefficient (Wang, Alli
2020). And prairie highway research, by collecting data
on the driving behaviour, reaction time and electrocar-
diogram results of drivers while driving on the prairie
highway, study the driving fatigue of prairie highways
(Peng et al. 2021). And for the study of the forest zone,
analysed the psychological load of drivers on icy and
snowy roads in forest areas and the calculation of heart
rate growth rates resulted in greater heart rate indica-
tors for drivers driving at high speeds on snow and ice
roads (Li et al. 2015).

In summary, the research on heart rate mainly con-
centrated on grasslands, plateaus, icy and snowy areas,
bridges and tunnels or general mountain roads. The line
shape is a road with a larger curve angle and a larger
radius value. There is no research on the driver's heart
rate at the hairpin curve under the extreme conditions of
road design. Therefore, in order to clarify the psychological
characteristics and influencing factors of drivers when driv-
ing at the hairpin curve, the heart rate indicators collected
in the actual vehicle test of the driver were used to evalu-
ate the psychological load of the complex and high-risk
driving environment at the hairpin curve in the mountain-
ous area. The research results can provide a reasonable
reference standard for driving safety, driving comfort and
road warning signs and markings at the hairpin curve.

1. Methods

1.1. Test road

A low-grade road in Pengshui County, Chongqing (China)
was selected as the test object, and the design speed of
the road section (Class IV mountain road) is 20 km/h, the
road surface is in good condition, and the road markings
are clear. The experimental section has a total length of
8.7 km and contains multiple hairpin curves. According to
the measured data and terrain conditions, the specific pa-
rameters are shown in Table 1. The test road is shown in
Figure 1.
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Table 1. Geometric parameters of the hairpin curves
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Figure 2. Test instruments:
@ Prince 180D rapid electrocardiograph;
@ SV-MDOQ9HD driving recorder

Number Radius [m] Curve angle [°] Curve length [m] Slope [%] Lane width [m] Road width [m]
1 20.156 192.73 92.975 3.0 4.25/4.25 10
2 20.233 186.19 90.797 3.0 4.25/4.25 10
3 20.079 180.09 88.138 3.0 4.25/4.25 10
4 20.029 169.51 84.381 3.0 4.25/4.25 10
5 20.425 159.43 87.519 2.7 4.25/4.25 10
6 20.861 190.62 94.561 2.8 4.25/4.25 10
7 22315 150.60 83.815 3.0 4.75/3.55 10
8 20.260 172.64 86.202 3.0 4.25/4.25 10
9 20.304 186.58 91.257 3.0 4.25/4.25 10
10 20.327 180.54 89.188 3.0 4.25/4.25 10
11 20.347 194.54 94.259 3.0 4.25/4.25 10

1.2. Subjects and equipment

The trial recruited 20 drivers from the society, ranging in
age from 22 to 48 years old, with an average age of 29.95
years. The driving age is 4...30 years, the average driving
age is 11.93 years. The driving mileage is 1.8-10* km to
20-10* km, and the average mileage is 8.4-10% km. It was
required that there was no emergency on the day of the
test to reduce the influence of external factors on the heart
rate value of the driving process.

The test vehicle is a small passenger car. The 7-seat
commercial vehicle Buick GL8 is specifically selected with
a large internal space, in order to facilitate the installation
of test equipment and the test personnel to operate the
data collection instrument on the car. In order to collect
dynamic ECG signals, the Prince 180D rapid electrocardio-
graph was used to collect the heart rate (Figure 2) and use
the on-board SV-MDOO9HD driving recorder to record
the driving video of the vehicle for later data processing
and verification.

1.3. Test conditions and requirements

In order to ensure the normal rhythm of the human body
(the heart rate of a normal adult is 50 to 100 bpm, and
the maximum is not more than 160 bpm), the test time
was from 9:00 am to 5:00 pm during the day, and there

was no severe weather such as heavy rain. After the driver
gets in the car, the tester wears a heart rate monitor. The 3
ports were attached to the left and right chest and right
lower abdomen. A new driver was created in the heart rate
monitor. After the heart rate fluctuations were normal, the
time was recorded and the vehicle was started. The start-
ing point of the test was a distance before the hairpin
curve, in order to stabilize the driver’'s condition. The driver
performs natural driving (Hu 2019). After passing the test
curve, the original road returns to the starting point of the
test and then stops, stops recording and saves the heart
rate data, and the tester records the stop time of various
instruments. The test procedure is shown in Figure 3.

1.4. Processing method of test data

Figure 4 shows the overall heart rate collection range. The
red part is the heart rate collection range of the curve
segment (easement curve and circular curve). In order to
ensure the continuity of the heart rate collection, the in-
terval point { is the range of the heart rate taken before
and after the curve is entered.

According to the output frequency of the Prince 180D
rapid electrocardiograph, the original heart rate values
were extracted one by one with a time interval of 5 s.
According to the size of the curve angle, the hairpin curve
was divided into 3 types: 1st one is the curve angle > 180°



(as shown in Figure 4, named curve 1, 6, 9, and 11); 2nd
one is the curve angle =~ 180° (as shown in Figure 4, named
curve 2, 3, and 10); 3rd one is the 150° < curve angle < 180°
(as shown in Figure 4, named curve 4, 5, 7, and 8). Data
was collected at each curve. The heart rate data of 20 driv-
ers who conducted natural driving tests were collected,
and finally the specific data of 7 drivers were extracted for
processing. Figure 5 shows the overall heart rate fluctua-
tion of the driver D3 uphill. The same process was per-
formed on each driver, and the heart rate value of driving
under each curve was extracted.

2. Results

2.1. The overall change characteristics
of heart rate

Taking the curve angle as the classification point, the heart
rate fluctuation curves under the same curve were sum-
marized, and then the overall change characteristics of
the driver's heart rate were observed. The time-heart rate
curves of all drivers at the same type of curve are shown
in Figures 6 and 7.

| Test design and road selection |
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| Subjects wear ECG detector |
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Create a new sample and
calibrate the ECG detector

| |

Calibration of other on-
board test equipment

Instrument data fluctuates
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curves in turn of hairpin curve 11-1
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Save ECG and other driving data

v

Figure 3. Test procedure
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Due to individual differences and different adaptability
to the driving environment, there were differences in the
driver's heart rate fluctuation amplitude and the interval
of the heart rate value. However, as a whole, it can be
classified into 2 types: the 1st is that the heart rate value
is stable at a higher level; the 2nd category is fluctuations
within a lower level. The higher heart rate in the heart rate
fluctuation chart was driver D5. At around 115 time/min,
the maximum and minimum difference in the uphill were
7 time/min, appearing on the curve, which 150° < curve
angle < 180°, and the difference in the downhill were 7
time/min, appears in the curve, which curve angle ~ 180°,
because D5 is a male, and has been driving for 10 years,
but driving was only a means of transportation for daily
commuting, so driving at the complex linear hairpin curve
has been in a relatively tight state. The lower level fluctua-
tion value is in the range of 65 to 95 time/min, and the
maximum fluctuation value was 51 time/min in the up-
hill direction, which appears in the driver D1 at the curve,
which curve angle =~ 180°. 42 time/min downhill was the
D1 driver at the curve, which 150° < curve angle < 180°.

Table 2 shows the mean values of the 2 types of heart
rate fluctuations and their difference ratios under different
curve angles of the hairpin curve: 1st type of heart rate
shows that the uphill was greater than the downhill, the
mean maximum heart rate was 115 bpm, which appears
on the curve, which curve angle ~ 180°, while the 2nd type
of heart rate shows the opposite trend, the downbhill was
greater than the uphill, the mean maximum heart rate of
87 bpm also appears at the curve, which curve angle =
180°. That is, although the driver's heart rate distribution
range was quite different, when the curve angle ~ 180°, the
mean value of heart rate will reach a higher level. From
the growth rate of the mean value of the 1st type of heart
rate relative to the mean value of the 2nd type, it can be
seen that the difference in the mean value of the 2 types
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Figure 5. Overall heart rate fluctuation and curve position
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Figure 4. Schematic diagram of the location of heart rate collection
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Table 2. Mean and variation of heart rate under different curve angles

curve angle > 180°

uphill downhill
1st-type mean [bpm] 113.3415 110.7297
2nd-type mean [bpm] 83.58553 85.71614
Mean growth rate [%] 35.59939 29.18189

of heart rate was more significant when going uphill, the
highest was 37.6%, which appears at the curve, which an-
gle is less than 180°, and the maximum in the downhill was
29.18%, which appears on the curve, which angle is more
than 180°. On the whole, the mean value of heart rate at
the curve, which curve angle ~ 180° was the largest, but
the fluctuation range was smaller compared to the other
2 type of curves.

The heart rate fluctuation trends of different drivers at
the same type of curve angle and different types of curve
angle of the same driver show multiple trends, indicating
that the heart rate changes at the hairpin curve are not
only related to the driver, but also closely related to the
shape of the curve and the external environment, etc.

Therefore, by dividing the curve area, as shown in
Figure 8a. The heart rate at the straight segment be-
fore entering the curve (defined as in to the curve), the
curve segment composed of the transition curve and
the circular curve (defined as middle of the curve), and
the straight segment exiting the curve (defined as out of

curve angle ~ 180° 150° < curve angle < 180°

uphill downhill uphill downhill
115.2093 110.4545 113.6061 110.1944
85.15657 86.64071 82.5496 85.70253
35.29115 27.48574 37.62157 28.57783

the curve) were classified. The extracted heart rate value
area is shown in Figure 8b, which shows the heart rate
fluctuation value of the driver D1 in the uphill direction
of curve 2 (position of the curve is shown in Figure 4).
In order to further study the characteristics of heart rate
changes in different areas of the curve.

After summarizing, as shown in Figure 9. From the
overall heart rate distribution and growth trend, the driv-
er's heart rate in the middle of the curve was lower than
other 2 parts, which was different from the general driver's
perception of tight cornering. In this way, the character-
istics of the driver's heart rate load index change and the
change characteristics of each mode were explored.

2.2. Overall HRI characteristics

The HRI is the growth rate of the heart rate value at a
certain moment (HR)) relative to the minimum heart rate
(HR;) When turning. The heart rate value and the mini-
mum heart rate as shown in Figure 8b. It reflects the driv-
er's heart rate fluctuation amplitude range when turning.
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Figure 9. Heart rate distribution in different areas of the curve: @ uphill; @ downhill

That is, the smaller the heart rate growth rate, the smaller
the influence of the outside world on the driver when turn-
ing. The specific calculation method is as follows:

HRI:HRi_HRmi”, ™

HRmin
where: HR; is the heart rate value at time i; HRi, is the
minimum value of the heart rate.

Calculate the heart rate of all drivers to obtain the HRI
of each curve. Figure 10a shows the HRI curve of the driver
D3 driving uphill on curve 2, and Figure 10b shows the
heart rate growth curve of D3 in all uphill curves. Figure 11
shows the cumulative frequency of the overall HRI of the
hairpin curve, and the 15th, 50th, 85th, and 95th quan-
tiles were extracted. The overall growth trend shows that
there were 2 obvious inflection points in the cumulative
frequency curve, inflection point 1 was 50th, the cumula-
tive frequency increase slope before this inflection point
was large, and the HRI was generally low. Inflection point
2 was 95th, and the cumulative frequency curve after this
inflection point tend to be flush. From the cumulative fre-
quency Figure 11 of the HRI and the specific percentile
Table 3, it can be seen that the maximum value and the
percentile of the maximum HRI in the curve show that the
uphill direction was greater than the downhill direction.
However, the total average of all maximum HRI shows a
phenomenon that the downhill was greater than the up-
hill. Indicating that the heart rate fluctuates more when

downhill than uphill. For the mean value of the HRI, the
maximum value still shows that the uphill was greater than
the downhill, and the total mean downhill value still shows
a situation that was greater than the uphill. This again veri-
fies the large fluctuation of the driver's heart rate when
going downhill, and the mean value corresponds to the
percentile of the specific position, the HRI of the downhill
curve has changed to a state greater than that of the uphill
curve from the 85th. It can also be seen from the intensity
of the cumulative frequency curve that the increase inter-
val of the mean value was mainly distributed in the 0% to
5%, and the increase interval of the max value was mainly
distributed in the 5...15%.

2.3. The overall change characteristics of HRV

HRV refers to the subtle changes in the heartbeat interval,
which can better reflect the driver's workload status, so it
is an effective indicator for detecting and evaluating the
driver's mental load. The time domain analysis method
was adopted, and the RMSSD of the differentials between
adjacent R-R intervals was used as the analysis index. The
specific calculation method is as follows:

N-1

N1 1 > (R4 —RR,) )

I

RMSSD =

where: N is the total number of R waves in the analysis
time, and the time interval is 5 s.
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Figure 11. Cumulative frequency distribution of HRI in the uphill and downbhill of the hairpin curves: @ uphill; @ downhill

Table 3. Statistical value and characteristic quantile value of HRI

Max Mean 15th 50th g5th 95th
Mean (uphill) 65.52381 11.89307 2.706630 5611111 20.81772 40.98478
Mean (downhill) 58.15385 13.02930 2.460086 5.251442 26.97267 35.14330
Max (uphill) 84.00000 22.50786 5407161 13.27035 4436906 65.01502
Max (downhill) 82.00000 23.30727 5.118553 12.18971 4339827 64.57272

Figure 12 shows the uphill heart rate variation curve of
the driver D3. The max value and mean value of each curve
were extracted respectively, and the mean value and max
value of the heart rate variation of all drivers at the curve
were accumulated in frequency. So, the overall heart rate
variation characteristics of the uphill and downhill of the
hairpin curves were obtained.

Figure 13 is the RMSSD mean value and max value
cumulative frequency curve, and the 15th, 50th, 85th, and
95th quantiles were extracted. The overall cumulative fre-
quency growth trend shows that, the uphill and downhill
driving has an increase inflection point at the 60th quan-
tile, and the previous HRV was concentrated in a small
range. From the statistical value of the mean value of the
anomaly index, it can be seen that except for the 85t
quantiles whose mean value of uphill was greater than
the downhill, the rest of the characteristic quantile values,
the maximum value and the total average value all shows
that downhill driving was greater than uphill driving. This
was contrary to the rule of the HRI mentioned above.
The mean value of the max value and the 15th quantiles

400
Number of R-R periods

300 500

Figure 12. Extraction of the maximum value of RMSSD

shows that the downhill was greater than the uphill, and
the other values shows that the uphill curve was greater
than the downhill curve. That is to say, the driver's heart
rate changes in adjacent sections when going uphill were
generally within a relatively stable range, but there was a
sudden increase or decrease in heart rate. However, during
the downhill period, the overall adjacent heart rate varies
greatly, but the abrupt change was small.
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Figure 13. Cumulative frequency distribution of RMSSD in the uphill and downhill of the hairpin curves:
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Table 4. RMSSD statistical value and characteristic quantile value

Max Mean
Mean (uphill) 130.6223 40.99745
Mean (downhill) 140.3371 41.11662
Max (uphill) 282.7939 72.53811
Max (downhill) 280.9342 73.54912

2.4. The relationship between HRV
and curve angle

The heart rate collection at individual curves is interrupted
due to vibration or the driver's own motion amplitude dur-
ing driving. Therefore, in order to unify the base number,
take different curve angle as classification points to discuss
the frequency difference characteristics of the total num-
ber of distribution intervals under different curve angles.
It can be seen from the Figure 14 that the distribution in-
terval of the RMSSD mean value was mainly concentrated
in 0..30 ms. The mean value of the heart rate variability
under each curve angle of the uphill was the highest in the
range of 10..20 ms, and the curve, which curve angle >
180°; curve which curve angle ~ 180°; curve, which 150° <
curve angle < 180°. While the three intervals of 0...30 ms
were more evenly distributed in the downhill, the variation
of the curve, which curve angle > 180° was mainly concen-
trated in the range of 10...20 ms, and the other 2 types of
curves were mainly concentrated in the 0..10 ms. On the
whole, it can be seen that the average value of the HRV at
the curve, which curve angle > 180° was smaller than the
HRV under the other two types of curves.

In Figure 15, for the distribution and proportion of the
HRV max value, it can be seen that there was an obvious re-
gional concentration distribution in the uphill and downhill.
The 1st type interval was 0...30 ms, when the HRV max val-
ue was lower, and the 2nd type interval was ~100 ms when
the HRV max value was higher. It can be seen from the pro-
portions of the different curve angles in each interval that
the curve, which 150° < curve angle < 180° has a significant
increase in the proportion of the curve. The max value of
the uphill was concentrated in 20...30 ms, and the max val-
ue of the downhill was concentrated in 10...20 ms. The max
proportions of the 2 types of HRV intervals shows a phe-
nomenon that the downhill curve was larger than the uphill

15th 50th 85th 95th
8.175560 17.80135 96.73591 108.6924
8.265253 19.98862 85.06556 118.9857
11.12101 26.97336 166.9044 206.4355
11.5226 25.90776 151.0547 181.4141

curve in the curve, which 150° < curve angle < 180°, that is,
the HRV values of the downhill of the curve, which 150° <
curve angle < 180° were more concentrated in 2 areas.

3. Discussion

3.1. HRI modes of hairpin curves

The HRI is an important indicator of quantitative analysis,
which can describe the driver's heart rate change ampli-
tude compared to the whole when turning, reflecting the
influence of the outside world on the driver when turning.
According to the calculation of the HRI calculated in Sec-
tion 2.2, the HRI of the driver in the curve segment was
extracted, and the data interception range was shown in
the red area in the curve as shown in Figure 10a.
Combined with the curve environment, a curve with a
wide view or only sparse trees obscured was defined as a
good visibility, as show in Figure 17a. A retaining wall or
soil slope on one side was defined as a normal visibility,
as show in Figure 17b. The presence of retaining walls or
soil slopes on both sides was defined as poor visibility, as
show in Figure 17c. Taking the floating trend of the HRI as
an indicator, 4 modes were divided:
= Mode I: continuous tension. As shown in Figure 16a.
At the beginning of the curve, the heart rate gradually
rises with the increase of the distance into the curve, and
reaches the maximum when leaving the curve. This type
of driver was most affected by the outside environment
and was in a constant tension when turning. Mainly con-
centrated in the uphill of curve 5 (Figure 4) and downhill
curves in curves 5 and 7, from the view distance and the
environment, the inner side of the uphill and downhill
of curve 5 was a retaining wall. The inner side of the
downhill of curve 7 was a soil slope, and the outer side
has a retaining wall, so the overall visibility was poor;
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= Mode lI: relax gradually. As shown in Figure 16b. The
unknown state before entering the curve makes the
driver's heart rate value reach the highest value. As the
distance into the curve increases, after the driver makes
a reasonable prediction of the external environment,
his heart rate was reduced until he leaves the curve. It
is mainly concentrated on the uphill of curve 10 and
the downhill of curves 2, 4 and 9. When driving in the
downhill of curve 2, there was a soil slope on the inner
side, and there was a small amount of vegetation on
the inner side of the downhill of curve 4 and curve 9.
So, the visual communication performance was average.
And there was vegetation on the inner side of curve 10,
but it was sparse, so the overall visibility was better;
Mode lli: relaxation-tension. As shown in Figure 16c.
From the fluctuating trend of the HRI, it can be seen
that there was a valley in the middle, the driver's heart
rate gradually decreases as the distance into the curve
increases, and the mentality gradually stabilizes to the
curve, and then, the heart rate gradually rises when ex-
iting the curve. In other words, the heart rate of this
type of driver will drop when the external influence is
large, and the mentality will be more stable. Mostly con-
centrated on the uphill direction of the curve, mainly at
curve 1 and curve 4. The inner side of the curve 1 has a
relatively low soil slope, and the inner side of the curve 4
was sheltered by sparse vegetation, and the overall vis-
ibility was better. A small amount exists in the downhill
direction of the curve 9, and the visual communication
performance was average;

= Mode IV: tension-relaxation. As shown in Figure 16d.
When entering a curve, the heart rate was in a state
of increasing, and reaches a max point when turning.
As the driver leaves the curve, the heart rate gradually
decreases. The heart rate changes of such drivers con-
form to the state of “the more nervous the heart rate
changes”. Mostly concentrated on downhill curves, with
curve 10 as the main one, with retaining walls on the
inner side, and general visibility.

3.2. Comparison and verification
of general curves

Take 3 general curves at the same time, the radius of the
curve is 35 m (Figure 4, curve 12), 80 m (Figure 4, curve 13),
and 120 m (Figure 4, curve 14), and the road parameters
are shown in Table 5. Calculating the HRI in the curve,
4 types of HRI modes were also obtained, as shown in
Figure 18, and the proportions of patterns | to IV were
7:6:5:2. Compared with the ratio of 18.3:25.2:30.5:26.0 in
the hairpin curve HRI mode, the HRI at the general curve
was mainly concentrated in 2 types of modes: straight up
and straight down. Among them, the general curve with a
radius of 120 m was dominated by mode Il when it goes
downhill. Its geographical position is at the hairpin curve 7
after going downhill and out of the curve. Since the HRI
mode at curve 7 downhill was dominated by Mode |, the
heart rate was at a relatively high level when exiting the
curve, and the driver's heart rate gradually decreases after
leaving the curve 7 and entering a normal curve, which
further confirms the difference in heart rate between a
large radius curve and a hairpin curve.



136

Y. Chen et al. Experimental study on driver’s mental load in hairpin curves of mountainous highway

= = trendline
HRI

= = trendline
e HRI

= = trendline
= HRI

= = trendline

= HRI

Figure 17. The roadside environment of the hairpin curves:

@ good conditions on the roadside; @ general roadside conditions; @ poor roadside environment

— — trendline
—— HRI

— — trendline
— HRI

©) ®

— — trendline
—— HRI

— — trendline

— HRI
Figure 18. HRI modes of general curves: @ Mode |[; @ Mode II; @ Mode Il; @ Mode IV
Table 5. Geometric parameters of the general curves
Radius | Curve angle | Curve length Easing curve length Slope ) g o Lane width
Number (m] ] (m] [m] (%] Pre-curve/post-curve slop [%] (m]
1 35 64.40 64.51 25 2 2/7 3.25,3.25
80 37.12 76.95 25 84 8.4/8.4 3.25,3.25
120 29.2 86.46 25 9 3.5/9 3.25,3.25

Conclusions

At the hairpin curve, the overall heart rate distribution
range of passenger car drivers presents 2 trends, the one
is the heart rate value is higher and stable, the other is
fluctuates within a lower level. Taking the curve angle as
the classification point, the mean heart rate values were

higher when the curve angle ~ 180°, with a maximum of
115 bpm for 1st type and 87 bpm for 2nd type. The range
of heart rate fluctuations was more concentrated at the
curve angle of 180° than at the other 2 angles of the curve.
The growth rate of the mean heart rate values in both
types was greater uphill than downbhill.



Transport, 2023, 38(3): 127-138

By dividing the curve into 3 areas: in to the curve, in
the middle of the curve, and out of the curve, the overall
fluctuation range of the heart rate in the middle of curve
was at the lowest level. That is, as the distance into the
curve increases, the difference between the heart rate val-
ues of different drivers at the curve section reaches the
minimum, and it rises further when exiting the curve.

Cumulative frequency distribution curves for the HRI in
both the uphill and downhill directions for drivers driving
in hairpin curve have 2 inflection points, 50th and 95th,
respectively, reflecting the concentration of HRI for the
majority of drivers. The growth interval of the mean HRI
was mainly distributed in 0...5%, while the increase interval
of max value was mainly distributed in 5...15%. The fluc-
tuation of the heart rate when going downhill was more
significant than when going uphill, that is, the driver was
more susceptible to the influence of the external environ-
ment when going downhill.

There is an inflection point in the RMSSD cumulative
frequency curve in the uphill and downhill directions, at
60th, reflecting the concentration of HRV characteristics
for the majority of drivers. When going uphill, the driver's
heart rate changes in the adjacent section were generally
within a relatively stable range, but there was a sudden
increase or decrease in the heart rate, while the overall
change in the adjacent heart rate during the downhill
period was relatively large, but abruptly small. The mean
RMSSD is smallest when the curve angle > 180° and is
concentrated in the range of 10...20 ms.

The HRI trend at the hairpin curve can be divided into
4 modes: "continuous tension”, “relax gradually”, “relaxa-
tion—tension”, and “tension—relaxation”. Heart rate fluctua-
tion patterns are closely related to the curve environment
and visual distance, that is, the more complicated the
curve environment and the worse the viewing distance
condition, the more significant the fluctuation of the driv-
er's heart rate will be.

The ratio of modes | to IV at the general curves was
7:6:5:2 and 18.3:25.2:30.5:26.0 at the hairpin curves, i.e.,
the hairpin curves were more concentrated in modes
with greater heart rate volatility (Modes Ill and V) than
the general curves HRI trends, while the general curves
were concentrated in more single change trends (Modes
| and I1).

This article mainly discusses the characteristics of day-
time-heart rate changes of drivers of passenger cars, and
will further study the characteristics of heart rate changes
of drivers of different models and different driving periods
in the follow-up.
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