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Abstract: One of the key parameters in the analysis of some motorcycle accident dynamics is the
motorcycle’s deceleration during engine braking without applying the brakes. Since this issue lies
far beyond what is usually of most interest—the critical states of movement—it is only sporadically
addressed in the literature; however, these rare cases can be of fundamental importance. In our
research, the results of engine-braking deceleration are presented for 26 motorcycles that were in
gear with the throttle back. The tests were carried out at an initial speed of 140 km /h (if this was
not possible, then from the maximum speed for a given gear) to the speed at which the motorcycle
reached a constant speed or when engine operation became unstable. For all motorcycles and all
gears, deceleration vs. speed and speed vs. time were plotted. Regression lines were determined, and
their equations are provided, along with +¢ and £2¢ limit lines. Engine-braking deceleration was
shown to be inversely proportional to both motorcycle speed (higher speed—lower deceleration) and
gear number (higher gear—lower deceleration). Moreover, engine-braking deceleration at the top
gear of the various motorcycles tested (i.e., 5th or 6th) was found to be close to each other. The data
provided are of crucial importance from the motorcycle longitudinal dynamics and vehicle accident
analysis standpoints.

Keywords: motorcycle; engine braking; deceleration

1. Introduction

Motorcycles are becoming an increasingly common means of transport. This trend
is vividly illustrated in Poland, where in the years 2013-2022, a 60% increase in the
number of motorcycles was reported, and at present, there are over 1.8 million such
vehicles registered [1]. The increasing popularity of motorcycles and their dynamics are
notoriously reflected in road accident statistics. In the years 2017-2019, approximately
3500 motorcyclists died on European roads annually [2]. In most EU countries, the number
of fatalities fell between 2019 and 2020. The COVID pandemic and the associated restric-
tions on mobility undoubtedly led to a reduction in the number of casualties [3]. However,
motorcyclists” deaths still account for around 16% of all road deaths on European roads [2].

The research on motorcycle longitudinal dynamics is generally focused on critical
states, that is, extreme acceleration [4,5] and extreme braking, in both theoretical [6,7] and
practical [8-11] approaches. In vehicle accident reconstruction, however, the motorcycle
movement parameters below the critical states are equally important but less frequently
examined. One of them is the deceleration of an engine-braked motorcycle—crucial in the
case when the rider, having realized a potential collision, releases the twist grip throttle
or when he/she falls off the motorcycle but the unmanned vehicle is running without a
rider. An unbraked vehicle reduces its speed, owing to the braking torque generated by the
engine (which operates as an air compressor), the resistance of the rotating masses of the
powertrain, the rolling resistance, and the grade resistance. In [12], a method of calculating
the drag torque of an engine was presented, which can be used to estimate the deceleration
of a passenger car; however, the authors did not provide data relevant to a motorcycle
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engine. Moreover, in [13], it has been proved that the empirical values quoted in [12] do
not fully represent the actual characteristics of the engine-braking torque of the tested car.

The issues related to engine braking are discussed in the literature, particularly in the
context of commercial vehicles [14,15], because in these vehicles, the aspect of the wear of
the elements on the braking system is of special significance. These matters have also been
addressed in the context of accident reconstruction but with passenger cars [16,17].

The survey of the literature conducted by the authors before the research action
resulted in the discovery of only a single publication on motorcycle engine braking [18].
From this source, it follows that at the top gears, motorcycle deceleration is in linear
dependence on the speed and falls within the band bounded by equations a,,;,, = 0.0131v
and a4y = 0.0207v (a in [m/s?], v in [km/h]). These equations represent the test results
for only five motorcycles (of unknown makes) with manual gearboxes and do not include
low gears.

The importance of the title problem for the analysis of motorcycle accidents and data
scarcity motivated the authors to research and develop dependences between engine-
braked motorcycle deceleration, speed, and time.

2. Road Tests

The aim of the road tests was to measure the speed time histories of motorcycles
when traveling in different gears after the twist grip throttle was fully released. In each
test, a different gear was engaged. Each motorcycle was tested twice in each gear. All
experiments were conducted in summer, in good weather conditions, on a flat and horizon-
tal section of an asphalt surface. The Racelogic—VBox Sport data logger, which records
speed and location versus time with a frequency of 20 Hz, was used. VBox Sport meets
the requirements expected from instruments for the measurement of longitudinal vehicle
dynamics parameters [19,20]. It was mounted on the motorcycles using a dedicated holder
on the handlebar (Figure 1) or, if that was not possible, onto the fuel tank with a special
adhesive tape.

Figure 1. VBox Sport mounted on the motorcycle.

In total, 26 motorcycles with engine capacities ranging from 125 cm? to 1800 cm® were
tested. In Table A1, Appendix A, their data are specified, including the year of manufacture,
catalog mass, engine type, capacity, engine maximum power (taken from the registration
certificates), and mileage (read from the odometers). As the mechanics of drivetrains and
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combustion engines themselves have not changed in a revolutionary way over the years, we
expected newer motorcycles to achieve similar engine decelerations. Moreover, 1985-2017
motorcycles are still in use, so the results are still applicable. All the test motorcycles were
in good technical condition and loaded only with the mass of a rider wearing motorcycle
clothing, i.e., approximately 95 kg. To reduce the number of factors affecting the results, all
the motorcycles were tested by the same rider.

The study of the impact of the motorcyclist’'s mass (in the range of 95 + 20 kg) on
the kinematic parameters of an engine-braked motorcycle was abandoned, because the
preliminary simulation tests showed that it can be ignored.

In each test, the motorcycle was brought up to a speed of slightly over 140 km/h or
the maximum speed in a specific gear. Next, reducing the speed after the twist grip throttle
was released, the motorcycle traveled freely until either a steady speed was reached or the
engine operation (and usually also the movement of the motorcycle) became unstable.

3. Data Processing

Using the VBox Sport measurement device, all the tests for each motorcycle were
recorded in one file. Next, in the VBox Test Suite software, individual tests were identified.
The VBox Sport records, inter alia, vehicle speed and location vs. time, but it does not
record the distance directly. This parameter was easily calculated using the VBox Test Suite
software. The files with the data (speed, time, and distance) from each test were exported
and processed in a spreadsheet.

e  Dependences of speed on distance for each motorcycle and each gear (an example is
shown in Figure 2) enabled the nearly linear sections to be identified.
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Figure 2. Speed vs. distance for the Honda XL1000 V.

e  For these speed ranges, deceleration vs. speed was plotted (an example is shown in Figure 3).
Having a set of deceleration measurements of several motorcycles braked on the 2nd gear, we av-
eraged them usmg the formula ai(vi) = (amotorcycle 1+ Amotorcycle 2 +.o..F Amotorcycle k) /k,
where k is the number of motorcycles performing the test, and 7 is the index of the
measurement sample. This relationship—represented by a blue sawtooth graph—was
approximated by a linear function plotted in red.
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Figure 3. Deceleration vs. speed for the Honda XL1000 V traveling in 2nd gear.

e  Deceleration vs. speed can be approximated with linear functions, which are listed
in the section Statistical Analysis. The linear approximation was found to sufficiently
well represent the character of distance-dependent deceleration.

e  For each tested motorcycle, the deceleration vs. speed in particular gears was plotted
(an example is shown in Figure 4).
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Figure 4. Average deceleration vs. speed for all gears of the Honda XL1000 V.

Finally, the most useful in the analysis of motorcycle accident dynamics representation
of the results, which are the speed-dependent decelerations separately for each gear, are
shown in Appendix A.

4. Statistical Analysis

In order to keep the main message of the article concise, the source graphs of decelera-
tion vs. speed were collected in Appendix A as Figures A1-A7 and supplemented with the
results of the statistical analysis.

The deceleration vs. speed data were processed statistically. Since the sample size was
modest (1 = 26), the Shapiro-Wilk test was employed to prove that the distribution of the
variables was compatible with normal distribution (p > 0.05).

For each set of results for individual gears, the mean values and standard deviations
were calculated. In the plots included in Appendix A, regression lines are marked, and their
equations are given. Also, the boundary lines =10 and +2¢, which restrict the set of results
to circa 68% and 95% of observations, respectively, are marked. The equations describing



Machines 2023, 11, 812

50f 15

the mean speed-dependent decelerations of engine-braked motorcycles in particular gears
(where v is given in [km/h] and a in [m/ s%]) read:

Ist gear : a4,1(v) = 0.029v +0.57,

2nd gear :

3rd gear :

4th gear :

5th gear :

Apagvo(v) = 0.0220 +0.25,

A 4d03(v) = 0.0200 + 0.08,

Ap404(v) = 0.0190 — 0.09,

Aades5(0) = 0.0180 — 0.17,

6th gear : a44,6(v) = 0.018v —0.26 .

)

@

®)

4)

©)

(6)

As the decelerations in the top gears (5th or 6th) did not differ significantly (cf.
Equations (5) and (6), they are also plotted together in Figure A7, and the approximation is

expressed as:

top gears (5th or 6th) : a44,(v) = 0.018v-0.20 .

@)

To facilitate a comparison of Equations (1)—(6), in Figure 5 for all tested motorcycles,
the average deceleration vs. speed in particular gears is plotted.
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Figure 5. Deceleration averaged over all motorcycles vs. speed for all gears (see red lines in

Figures A1-A7 in Appendix A).

In programs for the simulation of vehicle dynamics, it is more convenient to use time-
dependent parameters. Therefore, Figures A8-A14 in Appendix A show the average speed
of motorcycles as a function of time, which are graphical representations of the formulae:

Ist gear : ago1(t) = —0.01463 4 0.6659t2 — 13.916t 4 114.92,

2nd gear : Uagys(t) = —0.0068£3 4 0.407¢2 — 11.153t 4 129.91,

3rd gear : v44,3(t) = —0.0043t> + 0.3133t2 — 9.9671¢ + 139.85,

fort €

fort e

fort €

(0, 11.7) s,

(0, 15.4) s,

(0, 205) s,

®)
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ath gear : Dg04(t) = —0.003763 +0.274912 — 9.0122¢ + 139.89 , -
fort € (0, 19.7) s,
5th gear : v44,5(t) = —0.003#3 4 0.239#2 — 8.2909¢ + 139.86 , 12)
fort € (0, 22.5) s,
6th gear : v404(t) = —0.0028£3 + 0227912 — 7.9896¢ + 139.82 , -

fort € (0, 24.7) s,

top gears (5th or 6th) :
O ado(t) = —0.00271% + 0.2195(% — 7.8918 + 139.84 , (14)
fort € (0, 24.2) s.

To convert these dependences to acceleration or distance, it is enough to differentiate
or integrate them over time, respectively.

5. Discussion

The test results indicate that an engine-braked motorcycle’s deceleration is determined
first of all by the motorcycle’s speed and the gear engaged. The lower the motorcycle speed,
the lower the deceleration. From the plots presented in Appendix A, it follows that the
deceleration at an initial speed of 100 km/h is most frequently twice higher than at a speed
of 50 km/h. For the same speed, higher decelerations occur at lower gears, which results
from the large total transmission ratio.

The plot concerning the top gears, that is, 5th or 6th (Appendix A, Figure A7), indicates
that in these cases the deceleration decreases linearly from 2.2 & 0.5 m/s? at 140 km/h to
0.5+ 0.2m/s” at 40 km/h.

The type of engine does not significantly affect deceleration, although the motorcy-
cles with in-line engines (purple plots in Figures A1-A7) tended to reach slightly higher
decelerations than those with V-type engines (blue plots). This might result from the fact
that the in-line engine pistons have larger diameters and shorter strokes than the V-type
engines, and, consequently, their design is closer to that of reciprocating compressors.

No dependence between engine capacity or power and deceleration was recorded.
The influence of manufacturers and models on deceleration was also not noticed. The
motorcycles slowed down by engine braking without using the brakes, so neither the
design of the braking system nor the anti-lock braking system (ABS) was relevant in the
research performed.

The manufacturers’ race boils down primarily to improving the electronics and design
of new motorcycle models, while the mechanical parameters of combustion engines and
drivetrains themselves (determining, among others, engine-braking performance) are more
conservative. Therefore, the conclusions of our research are generally valid, although they
are not directly based on tests of the most recent motorcycle models.

6. Conclusions

1. The test results presented in this article are of considerable significance for the analysis
of motorcycle longitudinal dynamics and accident analysis, because they make it
possible to calculate different kinematic parameters of an engine-braked motorcycle.

2. The deceleration of an engine-braked motorcycle depends on the vehicle’s speed.
Therefore, one constant value of deceleration should not be adopted in the calculation;
on the contrary, graphs or formulae should be referred to.

3. The deceleration of an engine-braked motorcycle depends also on the gear engaged.
Consequently, in the post-accident examination of a motorcycle, it is very important
to establish which gear was engaged during the accident [21].
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4. No dependence between the swept volume or engine power and deceleration was
found. Motorcycles with in-line engines tend to reach slightly higher decelerations
than those with V-type engines.
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Appendix A

Table Al. Data of motorcycles used in tests.

Make Model Model Year ~ Odometer [km] Engine Type Capacity [cm3] Power [kW] Mass [kgl
K1600GT 2015 31,810 R6 1649 118.0 332
K1200R 2007 38,621 R4 1157 120.0 307
R1200C 2002 7950 B2 1170 45.0 229
BMW R1200RT 2006 73,500 B2 1170 81.0 259
R1200GS 2017 18,545 B2 1170 92.0 244
R1200GS 2014 48,074 B2 1170 92.0 260
Adv.
F650GS 2000 54,136 1 652 37.0 193
CBR 950RR 2002 9179 R4 954 110.0 194
CBF600 2005 57,355 R4 600 57.0 217
CRF1000A 2016 24,124 R2 998 70.0 220
Honda VFRS800 2002 48,225 V4 782 80.0 244
VTX1300 2004 35,983 V2 1312 55.0 320
XL1000V 2000 55,123 V2 996 69.0 250
VT700C 1985 66,264 V2 694 46.0 227
Kawasaki XZ9R 1999 28,624 R4 899 72.0 207
GSX1400 2002 54,327 R4 1402 78.0 256
GSR600 2011 29,573 R4 599 72.0 213
GS500E 1998 42,076 R2 487 25.0 188
Suguki VLR1800 2008 51,556 V2 1783 94.0 380
uzukl S83 2005 28,695 V2 1360 53.0 243
VS800 2000 97,560 V2 805 38.7 212
DL650 2005 75,526 V2 645 49.0 220
VL125 2002 12,918 V2 124 9.8 190
Yamah XJ6 2011 24,730 R4 600 57.0 200
amaha - NT.09 Trecer 2015 23,887 R3 847 85.0 210
Zipp VZ-1 2015 3674 1 125 8.7 110
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Figure A1. Decelerations of engine-braked motorcycles in 1st gear.
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Figure A12. Speed of engine-braked motorcycles vs. time in 5th gear.



Machines 2023, 11, 812 14 of 15

i i 140
- G|ear 6| 130
. x Vave. = —0.0028t3 + 0.2279t2 — 7.9896t + 139.82 120
O. \'.
W
AN 110
..\\. ]
N - 100<
AN S
N \ o.. VAvg_ - eam 10 sesesee 20 i
° .\‘ “...0. - 90 >
AN °
* . ]
BNNIS e @
NI 80 3
SR [ 70
\\ <
... ~ \ I~ 'oo..
s NN T 60
4SS
.. \\ S e
..,...\ '\‘ -~ < Cee, Ty 50
..... - \ -~ -~ LY .....
e, Do \‘ D T .....,..“
40
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Time t [s]
Figure A13. Speed of engine-braked motorcycles vs. time in 6th gear.
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Figure A14. Speed of engine-braked motorcycles vs. time in top gears (5th or 6th).
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