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The importance of the surface
roughness and running band
area on the bottom of a stone
for the curling phenomenon
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9

Curling is a sport in which players deliver a cylindrical granite stone on an ice sheet in a curling hall
toward a circular target located 28.35 m away. The stone gradually moves laterally, or curls, as it
slides on ice. Although several papers have been published to propose a mechanism of the curling
phenomenon for the last 100 years, no established theory exists on the subject, because detailed
measurements on a pebbled ice surface and a curling stone sliding on ice and detailed theoretical
model calculations have yet to be available. Here we show using our precise experimental data that
the curl distance is primarily determined by the surface roughness and the surface area of the running
band on the bottom of a stone and that the ice surface condition has smaller effects on the curl
distance. We also propose a possible mechanism affecting the curling phenomena of a curing stone
based on our results. We expect that our findings will form the basis of future curling theories and
model calculations regarding the curling phenomenon of curling stones. Using the relation between
the curl distance and the surface roughness of the running band in this study, the curl distance

of a stone sliding on ice in every curling hall can be adjusted to an appropriate value by changing
the surface roughness of the running band on the bottom of a stone.

Curling is a sport in which players deliver a cylindrical granite stone (about 28 cm in diameter and 18 to 19 kg in
weight) on an ice sheet in a curling hall toward a circular target located 28.35 m away. The stone gradually moves
laterally, or curls, as it slides on ice. The exact origin of curling is unknown, but an old curling stone engraved
with the date 1511 was discovered in Scotland'?, and two oil paintings dated 1565 by a sixteenth century Flemish
painter, Pieter Bruegel the Elder (c.1525-1569), portrayed an activity similar to curling being played on frozen
ponds**. The first written evidence of curling appeared in 1540 when a notary in Scotland recorded in his protocol
book a challenge between two persons who threw a stone on ice’. Curling in its early days was played on frozen
lochs and ponds during a harsh European winter. Curling has now evolved into a popular modern sport that
takes place on indoor ice rinks with the condition and temperature of the ice carefully controlled.

A curling player releases a stone with a small degree of clockwise rotation on ice, and the stone gradually curls
toward the right, while a small anticlockwise rotation allows it to curl toward the left. When a player releases a
stone without any rotation, the stone usually starts to rotate by itself and the trajectories are different every time.
The curling phenomenon is primarily important in curling games because the amount of lateral displacement,
called the curl distance, contributes to the strategy of games. Since the first scientific paper by Harrington?, several
papers®” have been published to propose a mechanism of the curling phenomenon. However, no established
theory exists on the subject, because detailed measurements on a pebbled ice surface and a curling stone sliding
on ice and detailed theoretical model calculations have yet to be available.

The surface conditions of ice and a stone in curling games have distinctive features. The ice surface is not flat
but has small ice pebbles attached to a flat ice surface by spraying water droplets onto the ice. The tops of the
pebbles are cut off with a blade called a nipper. The bottom of a curling stone is concave at its centre, with only
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a running band, an annulus with an inner diameter of about 125 mm and a width of about 3-7 mm, touching
the ice. These features reduce the contact area between the ice surface and the stone.

The curling behaviour of a stone sliding on ice has been explained by three models: a left-right asymmetry
model (LR model, with different frictional forces on the left and right sides of a stone)*7, a front-back asymmetry
model (FB model, with different frictional forces on the front and back sides of a stone)®** and a pivot-slide
model (PS model, where brief pivots of a stone around a point between a stone and pebbles cause the curling
behaviour)®%7,

Because the LR models failed to explain why a curling stone curls®, the FB and the PS models have been devel-
oped. The FB models are divided into six models, in which different mechanisms have been proposed for different
front and back frictional forces: a pressure difference model (a larger pressure works on the front running band
than on the back running band)®™'!, a water layer model (a water layer is assumed to be produced by frictional
heating, and the layer reduces the frictional forces at the front running band)!?!4, a snowplow model (small ice
debris are formed by a stone and accumulate at the front running band)'®, an evaporation-abrasion model (with
an asymmetrical effect on evaporation and abrasions on the tops of pebbles and the effects of ice debris)'¢*, a
scratch-guiding model (guiding of small scratches left on the tops of pebbles by a stone)'*~** and an edge model
(with different rake angles of a stone at the front and back of the stone)**?*. Recent papers discuss a possibility of
the PS model*>~%’, which was originally suggested by Penner®. Scientific discussions between different modellers
have been raised and published?®**. However, no established theory exists, because detailed measurements on
a pebbled ice surface and a curling stone sliding on ice and detailed theoretical model calculations have yet to
be available, as partially explained in review papers®*®’.

The curl distance for a stone with a typical angular velocity (four turns during 28.35 m of movements for
23 s; this is equivalent to 1.09 rad/s =62.6°/s) ranges from about 0.5 to 1.5 m at a circular target located 28.35 m
away on ice. The differences in ice surface conditions (ice surface temperature, the number density of pebbles,
and the diameter and height conditions of pebbles) and curling stones are the factors for controlling the curl
distances. Thus, to determine the factors affecting the curling distances by precisely measuring these conditions,
we carried out our measurements at ADVICS Tokoro curling hall in Kitami, Japan.

Methods
The room temperature at a height of 1.5 m in the ADVICS Tokoro curling hall was 5 to 7 °C, and the ice surface
temperature was — 3.5 to — 2.5 °C during our experiments.

We used four instruments in this study: an automatic tracking total station (ATTS, Type S7, Nikon-Trimble
Co. Ltd., Japan), a probe-type surface roughness meter (SJ-210, Mitutoyo Corporation, Japan), a small digital
camera (TG-4, Olympus Corporation, Japan), and a confocal laser scanning microscope (VK-9700, Keyence
Corporation, Japan).

The ATTS was used for measuring the trajectory of the centre of a curling stone sliding on ice as shown in
Fig. la. The accuracy of the position in a static condition was +2 mm and the average time interval for the posi-
tional data of the stone was 0.4 s. An active prism (Model T-360SL LED target, Nikon-Trimble Co. Ltd., Japan,
55 mm in diameter, 135 mm in height and 520 g) was placed on the centre of the stone with a special device
shown in Fig. 1b. The prism has a cylindrical shape, instead of a usual polyhedron shape. With the cylindrical
prism, we can continuously measure the positions of the stone while the stone is sliding and slowly rotating on ice.

The probe type surface roughness meter was used for measuring the textured condition of the running band
of curling stones. The resolution of the roughness height (z-direction) is 0.02 um. The arithmetical mean of the
surface roughness (R,), defined by Eq. (1), was used to express the textured condition:

1 n
Ro= -3 1Az (1)
i=1

where 7 is the total number of data points in the measuring direction with a resolution of 1.5 um, and Az; is a
vertical height variation from the average.

The small digital camera was used for imaging the ice surface of the curling rink. This camera has a micro-
scopic mode with focus stacking for taking clear microscopic photographs of the ice surfaces of curling rinks.

The laser microscope was used for measuring the shapes of pebbles. Replicated samples of pebbles were
formed by UV curing resin (type NOA81, Norland Products Inc., USA) with ultraviolet light on the pebbled ice
surface in the rink and used for the microscope. The accuracy of the height measurements was +0.8 um. Because
the replica samples shrink at 1.1% in the parallel direction of the specimens and 2.7% in the vertical direction
of the specimens during solidification®, we corrected them for the measurements of the replicated samples. The
lower linear shrinkage ratio in the parallel direction was caused by friction between the resin and the specimens,
which occurs only in the parallel direction, not in the vertical direction®. This method was originally reported
in snow crystal studies®®* and applied to this study.

We used four stones (A to D) with different surface roughness conditions. The surface roughness of the
running band of a stone was adjusted using a sheet of sandpaper as follows. A sheet of sandpaper (23 by 28 cm)
was secured on a flat desk with a double sided tape, and each stone was moved on the paper forth and back in a
straight line by a distance of about 10 cm. This procedure was carried out four times each with a stone rotation
angle of 45°. When the stone was rotated by 45°, the stone was lifted. A total of four forth-and-back movements
were carried out with the same rotation angle on the same sandpaper.

We use a sheet of sandpaper of P80 grit number as a reference. We selected rougher sandpaper (P40) for A2
to increase the surface roughness of A2. We selected smoother sandpaper (P120) for C1 to slightly adjust the
surface roughness of C1. For B2 and D1, we use the original surface roughness of the running band, and did
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Figure 1. (a) Auto-tracking total station (ATTS) for measuring the stone’s position moving on ice; (b) A
cylindrical target for the ATTS fixed on the centre of a stone using a special device; (c) Ice surface condition
of a pebbled ice surface just after the nipper operations; and (d) A flat ice surface without pebbles specially
designed for our experiments.

not use the above sandpaper operations. Thus, sandpapers with the following grit numbers were used for the
respective running bands: P80 for Al, B1, C2, and D2; P40 for A2; and P120 for C1.

Because each stone has two running bands on its top and bottom, we measured the eight running bands of
the four curling stones. We used two types of ice surface in our experiments in ADVICS Tokoro curling hall: a
typical ice surface with pebbles (Fig. 1c) and a flattened ice surface (Fig. 1d). The typical ice surface was prepared
by spraying water droplets onto the ice. The flat ice surface was prepared by cutting pebbles with a special cutting
machine Ice King (https://iceking.ca/web/en/). In this paper, we used stone trajectory data measured on August
17 and 18 in 2019, and a total of 201 trajectory data sets were recorded on the days. All stones were released by
skilled members of the curling club at Kitami Institute of Technology.

For the positional data of a curling stone measured by the ATTS, we defined that y-axis is parallel to the
longitudinal direction of the ice rink, and x-axis is vertical to the y-axis. A curling stone was normally delivered
along the y-axis in our experiments; however, it was difficult to perfectly deliver the stone along the y-axis. Thus,
we corrected the stone’s trajectory data as follows, outlined in Fig. 2.

1) A least square method by a linear approximation was applied to the first 3 to 8 positional data sets of the
stone after its delivery and the linear lines were obtained, because a stone moves almost lineally for a few
seconds after its delivery.

2) The maximum distances for each data set were calculated from the lines.

3) The most appropriate linear line was selected with the following two criteria: the maximum distance between
the lines and the positional data is less than 2 mm (measurement accuracy of the ATTS), and the linear line
uses the maximum number of positional data points.

4) The broken line in Fig. 2 is the linear line selected with the above two criteria and expressed in Eq. (2). The
open circles in Fig. 2 indicate the original positional data (x;, ;) of a stone, and y'is the original direction
of a stone. A tilt angle (8) between y’ and y axes expressed in Eq. (3) is obtained as follows:

y =ax +b (2)
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Figure 2. A method for correcting a stone’s trajectories in the delivery direction of y’-axis to those in the
direction of y-axis. The direction of y-axis is parallel to the longitudinal direction of the ice rink. Open circles are
the original positions (x;’, ;") of the centre of a stone before correction, and solid circles are the positions (x;, y,)
of the centre of the stone after correction as described in the text.

0 =tan"'a (3)

where x’ denotes the axis normal to y'.

5) The x and y axes in Fig. 2 were calculated by the tilt angle 6 using Eqs. (4) and (5), which are the rotation
matrix equations of the coordinates. The corrected positional data of the stone (x;, ;) shown by solid circles
in Fig. 2 were obtained as follows:

x = x cos + y/sin9 (4)

y= —x'sind + y/cosé (5)

where x and y are the lateral and longitudinal displacements, respectively.

We defined two types of curl distance for our experimental data. If a stone stopped within 1 m from the centre
of the house, 28.35 m away, the curl distance calculated in Eq. (4) was used. If a stone stopped at more than 1 to
2 m from the centre of the house in the y-direction, the trajectories of the stone were pulled back by the distances
along the y-direction, and the curl distances at 28.35 m were corrected by the x position at y = 0.

All experiments were carried out in accordance with relevant guidelines, regulations and ethics approval
by ADVICS Tokoro curing hall in Kitami, Japan. Permission was individually obtained from two persons
who appear in Fig. la.

Results and discussion

Figure 1c shows a typical pebble on the ice in ADVICS Tokoro curling hall. The pebble is in the shape of a spheri-
cal segment, which is a cutting sphere with a pair of parallel planes. The upper flat surface was initially formed
by a nipper, which is a specially designed device to make uniform heights of pebbles, and the nipper is usually
used before curling games.

The diameter of the upper surface ranged from 0.36 to 2.18 mm, and the average diameter was 0.97 +0.63 mm
for seven samples (the value following the + sign is a standard deviation). The diameter of the lower base of peb-
bles ranged from 1.57 to 6.84 mm, and the average diameter was 3.58 + 1.62 mm. The height of pebbles ranged
from 0.11 to 0.16 mm, and the average height was 0.13 +0.02 mm. We found that the upper surface was slightly
enlarged and the height was slightly shortened after stones passed on the pebbles. The average number density
of pebbles ranged from 2 to 5 cm™. Figure 1d shows the flat ice surface in ADVICS Tokoro curling hall. This ice
surface was formed by an Ice king, which is usually used for removing the pebbles and levelling the ice surface
on curling rinks. The flat ice surface is not used for ordinary curling games and is specially designed for our
experiments.
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Figure 3. Surface roughness profiles of eight running bands for four stones. Average surface roughness R,
(average value * standard deviation) is expressed at the top right corner in each panel.

We measured the surface roughness profiles of each running band at four places at 90° intervals of the four
stones using the probe type surface roughness meter. Thus, the total of 32 surface roughness profiles of the
running bands (4 stones x 2 surfaces x 4 places) were measured. Figure 3 shows examples of surface roughness
profiles for the eight running bands of the four stones. The average value R, ranges from 0.389 £0.099 pum to
3.106 £ 0.258 um as shown in Fig. 3. Table 1 summarizes the surface roughness data of four stones.

Figure 4 shows typical examples of the trajectories of stone A with the running band A1 (R,: 2.772+0.195 um)
and stone B with the running band B2 (R,: 0.526 £0.070 um), which were obtained after the coordinate rotations
described in Egs. (4) and (5). The two stones were similarly rotated clockwise, by about four turns during the
28.35 m movements, which is equivalent to about 1.07 rad/s=61.3°/s. Stone A1 is a normal curling stone used in
ordinary curling games, and stone B2 is a special stone having a running band with smoother surface roughness.

We found that stone A1 moves along the almost straight trajectory within 2 m after delivery and gradually
curls to the right, with the curl distance of 1.1 m at 28.35 m away. On the other hand, the curl distance of stone
B2 is 0.2 m, which is 1/5 of that of stone A1, and stone B2 moves with a complex trajectory as shown in Fig. 4b.
We measured the trajectories of stone B2 several times, which were found different every time. It seems that the
trajectories of stone B2 were affected by accidental collisions of some pebbles on the ice.
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Stone Running band Average + standard deviation (um)
Al 2.772+0.195
A A2 3.106+0.258
Bl 2.763+0.316
B B2 0.526+0.070
Cl1 1.608+0.210
¢ C2 2.220£0.145
D1 0.389+0.099
P D2 1.698+0.101

Table 1. Average surface roughness (R,) of four stones used in this study.
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Figure 4. Typical trajectories of stones moving on ice. Surface roughness of stones Al and B2 are
2.772+0.195 pm and 0.526 +0.070 um, respectively. These trajectories were measured at ADVICS Tokoro
curling hall on August 17, 2019.

Figure 5a shows the relationship between the average surface roughness R, for different curling stones and
the curl distance for an ordinary pebbled ice surface shown by solid circles and a solid line, and for a flat ice
surface shown by open circles and a broken line at a typical angular velocity (about three to five turns from its
delivery to stop; the initial angular velocity of the stone ranges from 50 to 80°/s). A total of 43 trajectory data
sets were used in Fig. 5a,b. We found that the curl distance increases with increasing surface roughness, and the
regression lines are given by

Xp = 0.411R, + 0.046 )

x¢ = 0.453R, + 0.193 )

where x, and x; denote the curl distances for the normal pebbled ice surface and for the flat ice surface, respec-
tively. The correlation coefficient (r) and the level of significance (p) are 0.88 (p <0.01) for the normal pebbled
ice surface, and 0.97 (p <0.01) for the flat ice surface.

The maximum difference between the curl distances x, and x; was 0.273 m for R,=3 um using Egs. (6) and
(7). Because the contact area between the running band and the ice becomes larger for the flat ice surface and the
frictional force between the stone and the ice surface will increase, the curling force of a stone seems to be larger.

Because the width of the eight running bands (d) is slightly different for each stone, we define the surface

roughness area (SRA) for each running band using Eq. (8):
SRA = R,A = R, (Fy> —7,%) = 7R, d(271 + d) (8)
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Figure 5. (a) Relationship between average surface roughness R, of a stone and the curl distances for ordinary
pebbled ice surface shown by solid circles and a solid line, and flat ice surface without any pebbles shown by
open circles and a dashed line. (b) Relationship between surface roughness area (SRA) of a stone and the curl
distances for ordinary pebbled ice surface shown by solid circles and a solid line, and flat ice surface without any
pebbles shown by open circles and a dashed line. Error bars show the ranges of standard deviation.

where A is the surface area of the running band, 7, and 7, are the average inner and outer radii of the running
band, and d is the average width of the running band. We measured the inner radii r, and the widths d of a run-
ning band of each stone with a calliper at four places at 90° intervals. The value r, ranged from 122 (A1, A2) to
126 mm (D1, D2), and the value d ranged from 3.05+0.02 (D1) to 6.20+0.00 mm (A2).

Figure 5b shows the relationship between the SRA defined by Eq. (8) and the curl distance for an ordinary
pebbled ice surface shown by solid circles and a solid line, and for a flat ice surface shown by open circles and a
broken line. The regression lines are given by

Xp = 0.0092SRA + 0.116 )

x¢ = 0.0093SRA + 0.248. (10)

We find that the relationship is better than the relationship in Fig. 5a; the correlation coefficients (r) and
the level of significance (p) are 0.97 (p<0.01) and 0.98 (p <0.01). Because the SRA is corrected for the different
width of the running band for each stone, the relationship between the curl distance and the surface roughness
condition of running bands is better as shown in Fig. 5b.

We also find that the different ice surface condition contributes to the curl distances of 0.13 to 0.15 m for
different values of SRA from 10 to 150 um cm?. Thus, the ice surface condition has much smaller effects on the
curl distance than the surface roughness condition of curling stones, because the flat ice surface condition in
Fig. 1d is an unusual surface condition, and similar pebbled ice surfaces as shown in Fig. 1c are usually used in
ordinary curling games.

As already mentioned, the curling distances of curling stones are different on every curling rink. The reason
has been unknown to curling players and to scientists studying the curling phenomena of a stone sliding on ice.
Most curling players may consider that the difference is primarily caused by ice surface conditions, including ice
surface temperature, the number density of pebbles, and the diameter and height conditions of pebbles. However,
our study clearly demonstrates that the curl distance is primarily determined by the surface roughness and the
surface area of the running band on the bottom of a stone, and the ice surface condition has smaller effects on
the curl distance. We expect that our findings will form the basis of future curling theories and model calcula-
tions regarding the curling phenomenon of curling stones and will clarify requirements of the running band on
the bottom of a stone to achieve an appropriate curl distance in curling games.

Using the results in this study, ice technicians in curling halls can adjust the curl distance to 1.0 m or 1.5 m
with an ordinary angular velocity (4 turns from delivery to stop) by setting the average surface roughness (R,) of
a running band to 2.32 um for a curling distance of 1.0 m and to 3.54 pum for a curling distance of 1.5 m, accord-
ing to Eq. (6). Because the SRA is 41.4 pm cm? or 42.5 um cm? for these curl distances, the width of the running
band is to be 5.2 mm or 5.3 mm if the inner diameter of the running band is 124 mm, according to Eq. (9).
Thus, the curl distance of a stone sliding on ice in every curling hall can be adjusted for an appropriate value by
changing the surface roughness of the running band on the bottom of a stone. The surface ice temperature and
pebbled ice surface conditions in curling rinks should be the same as described in this paper.

Finally, we propose a possible frictional mechanism affecting the curling phenomena of a curling stone
based on our results. Our results reveal that the amount of curl, or specifically the lateral displacements of a
stone, increase with the increase of the surface roughness and the area of the running band. We consider that
the increase of the surface roughness and the area causes the increase of erosion depths of pebbles, which leads
to larger ploughing forces acting at the contact points between the running band and the surface of ice peb-
bles. Thus, we consider that inhomogeneous distribution of the ploughing forces around the running band or
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continuous small pivoting around the contact points possibly causes the curling phenomena of a curling stone
moving on ice. These are the reasons for the FB model and the PS model, respectively.

Conclusion
In this paper, we clarified the following relating to the curl distance of a stone moving on ice.

The curl distance of a stone is primarily determined by the surface roughness of a running band of a stone.
Using the products of the surface roughness and the area of the running band (SRA in this paper), the
relationship was improved. This shows the importance of the surface roughness and the area of the running
band for the curling phenomenon of a stone moving on ice.

With the increase of the surface roughness of the running band, erosion depths at the surface of pebbles will
be deeper, and larger ploughing forces are generated at the contact points between the running band and
the surface of pebbles. Inhomogeneous distribution of the ploughing forces around the running band or
continuous small pivoting around the contact points will possibly cause the curling phenomena of a curling
stone moving on ice. The former is the reason for the FB model, and the latter is the reason for the PS model.
The curl distance of a stone sliding on ice in every curling hall can be adjusted to an appropriate value by
changing the surface roughness of the running band on the bottom of a stone, under the same conditions
as described in this paper for the surface ice temperature and the pebbled ice surface conditions in curling
rinks.

The ice surface conditions contribute to the curling distance of a stone. However, the effect was smaller than
that of the surface roughness and the SRA of a stone.

Data availability

The datasets generated from this study are available from the corresponding author on reasonable request.

Received: 4 July 2020; Accepted: 2 November 2020
Published online: 26 November 2020

References

AU W N

24.

25.

26.

27.

28.

29.

30.

. Ivanov, A. P & Shuvalov, N. D. Friction in curling game. Preprints MATHMOD 2012 Vienna.

. Maeno, N. Curling. In The Engineering Approach to Winter Sports (Eds. Braghin, F. et al.) 327-347 (Springer-Verlag, 2016).

. World Curling Federation History of curling. https://worldcurling.org/about/history/

. Harrington, L. E. An experimental study of the motion of curling stones. Proc. Trans. R. Soc. Canada 18(3), 247-259 (1924).

. Denny, M. Curling rock dynamics. Can. J. Phys. 76, 295-304 (1998).

. Marmo, B. A. & Blackford, J. R. Friction in the sport of curling. In 5% International Sports Engineering Conference. Vol. 1 379-385

(2004).

. Tusima, K. Explanation of the curling motion of curling stone. J. Jpn. Soc. Snow Ice 73(3), 165-171 (2010) (in Japanese with English

abstract).

. Penner, A. P. The physics of sliding cylinders and curling rocks. Am. J. Phys. 69(3), 332-339 (2001).

. Maculay, W. H. & Smith, G. E. Curling. Nature 125(3150), 408-409 (1930).

. Walker, G. Mechanics of sport. Nature 140(3544), 567-568 (1937).

. Johnston, J. W. The dynamics of a curling stone. Can. Aeronaut. Sp. J. 27(2), 144-160 (1981).

. Shegelski, M. R. A., Niebergall, R. & Walton, M. A. The motion of a curling rock. Can. J. Phys. 74, 663-670 (1996).

. Shegelski, M. R. A. The motion of a curling rock: analytical approach. Can. J. Phys. 78, 857-864 (2000).

. Jensen, E. T. & Shegelski, M. R. A. The motion of curling rocks: experimental investigation and semi-phenomenological descrip-

tion. Can. J. Phys. 82, 791-809 (2004).

. Denny, M. Curling rock dynamics: towards a realistic model. Can. J. Phys. 80(9), 791-809 (2002).

. Maeno, N. Curl mechanism of a curling stone on ice pebbles. Bull. Glaciol. Res. 29, 1-6. https://doi.org/10.5331/bgr.28.1 (2010).
. Maeno, N. Dynamics and curl ratio of a curling stone. Sports Eng. 17, 33-41. https://doi.org/10.1007/s12283-013-0129-8 (2014).
. Maeno, N. Erratum to: Dynamics and curl ratio of a curling stone. Sports Eng. 17, 43-44. https://doi.org/10.1007/s12283-013-

0131-1 (2014).

. Nyberg, H., Alfredson, S., Hogmark, S. & Jacobson, S. The asymmetrical friction mechanism that puts the curl in the curling stone.

Wear 301(1-2), 583-589. https://doi.org/10.1016/j.wear.2013.01.051 (2013).

. Nyberg, H., Hogmark, S. & Jacobson, S. Calculated trajectories of curling stones sliding under asymmetrical friction: validation

of published models. Tribol. Lett. 50(3), 379-385 (2013).

. Honkanen, V., Ovaska, M., Alava, M. J., Lasse Laurson, L. & Tuononen, A. J. A surface topography analysis of the curling stone

curl mechanism. Sci. Rep. https://doi.org/10.1038/s41598-018-26595-y (2018).

. Penner, A. R. A scratch-guide model for the motion of a curling rock. Tribol. Lett. 67, 1-35 (2019).
. Maeno, N. Why does a curling stone curl? A new theory: edge model. Annual Report on Snow and Ice Studies in Hokkaido 37, 9-22

(2018) (in Japanese).

Maeno, N. Mechanism of ice cutting and the edge model of the motion of a curling stone (2). Summaries of JSSI¢~JSSE joint confer-
ence on snow and ice research - 2019 in Yamagata, 1 (2019) (in Japanese).

Shegelski, M. R. A. & Lozowski, E. Pivot-slide model of the motion of a curling rock. Can. J. Phys. 94(12), 1305-1309. https://doi.
org/10.1139/cjp-2016-0466 (2016).

Shegelski, M. R. A. & Lozowski, E. First principles pivot-slide model of the motion of a curling rock: qualitative and quantitative
predictions. Cold Reg. Sci. Technol. 146, 182-186. https://doi.org/10.1016/j.coldregions.2017.10.021 (2018).

Mancini, G. & de Schoulepnikoftb, L. Improved pivot-slide model of the motion of a curling rock. Can. J. Phys. 97(12), 1301-1308.
https://doi.org/10.1139/cjp-2018-0356 (2019).

Shgelski, M. R. A. & Reid, M. Comment on: Curling rock dynamics—the motion of a curling rock: inertial vs. noninertial reference
frames. Can. J. Phys. 77, 903-922 (1999).

Denny, M. Reply to comment on: Curling rock dynamics—the motion of a curling rock: inertial vs. noninertial reference frames.
Can. J. Phys. 77, 923-926 (1999).

Denny, M. Comment on “The motion of a curling rock”. Can. J. Phys. 81, 877-881 (2003).

Scientific Reports |

(2020) 10:20637 | https://doi.org/10.1038/s41598-020-76660-8 nature research


https://worldcurling.org/about/history/
https://doi.org/10.5331/bgr.28.1
https://doi.org/10.1007/s12283-013-0129-8
https://doi.org/10.1007/s12283-013-0131-1
https://doi.org/10.1007/s12283-013-0131-1
https://doi.org/10.1016/j.wear.2013.01.051
https://doi.org/10.1038/s41598-018-26595-y
https://doi.org/10.1139/cjp-2016-0466
https://doi.org/10.1139/cjp-2016-0466
https://doi.org/10.1016/j.coldregions.2017.10.021
https://doi.org/10.1139/cjp-2018-0356

www.nature.com/scientificreports/

31. Shegelski, M. R. A. & Niebergall, R. Reply to the comment by M. Denny on “The motion of a curling rock”. Can. J. Phys. 81, 883-888
(2003).

32. Shegelski, M. R. A,, Jensen, E. T. & Reid, M. Comment on the asymmetrical friction mechanism that puts the curl in the curling
stone. Wear 336-337, 69-71. https://doi.org/10.1016/j.wear.2015.04.015 (2015).

33. Shegelski, M. R. A. & Lozowski, E. Null effect of scratches made by curling rocks. Proc. Inst. Mech. Eng. P J. Sport Eng. Technol.
1-5(2019). https://doi.org/10.1177/1754337118821575

34. Lozowski, E. et al. Comment on “A scratch-guide model for the motion of a curling rock”. Tribol. Lett. https://doi.org/10.1007/
$11249-019-1242-z (2020).

35. Penner, A. R. Reply to the comment on “A scratch-guide model for the motion of a Curling rock” Tribol. Lett., 68(1) (2020). https
://doi.org/10.1007/s11249-019-1243-y

36. Lozowski, E.P. et al. Towards a first principles model of curling ice friction and curling stone dynamics. Proceedings of the Twenty-
fifth International Ocean and Polar Engineering Conference, 21-26 June, Kona, Hawaii, USA, 1730-1738 (2015).

37. Maeno, N. Assignments and progress of curling stone dynamics. Proc. Inst. Mech. Eng. P ]. Sport Eng. Technol. (2016). https://doi.
org/10.1177/1754337116647241

38. Tamaki, J. et al. 3D reproduction of a snow crystal by stereolithography. J. Adv. Mech. Des. Syst. Manuf. 6(6), 923-935. https://doi.
org/10.1299/jamdsm.6.923 (2012).

39. Yanagi, S., Kubo, A., Kameda, T., Tamaki, J. & Ullah, A. M. M. S. Replication technique of snow crystal using light-curing resin
and its copying accuracy. J. Jpn. Soc. Snow Ice (Seppyo) 77(1), 75-89 (2015) (in Japanese with English abstract).

Acknowledgements

We thank Dr. Tetsuya Ohashi and Profs. Fumito Masui and Hitoshi Yanagi for fruitful discussions, and Kitami
Institute of Technology for financial support. We also thank Mr. S. Suzuki and his assistant at Tokoro Curling
Club for their supports to our experiments held in ADVICS Tokoro curling hall. Comments from anonymous
reviewers are helpful for revising the manuscript.

Author contributions

T.K. performed all analyses and drafted the manuscript. D.S. took the photographs in Fig. 1 and measured
the original data in Figs. 2, 3, 4 and 5. S.Y. measured the shapes of pebbles using replica samples, S.Y. and K.S.
individually measured the number density of pebbles. Y.H. advised T.K. and D. S. about a correction method
for stones’ trajectories described in Fig. 2. D.S., Y.H., S.Y. and K.S. collaborated with T.K. on the manuscript and
contributed to the revision of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to T.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:20637 | https://doi.org/10.1038/s41598-020-76660-8 nature research


https://doi.org/10.1016/j.wear.2015.04.015
https://doi.org/10.1177/1754337118821575
https://doi.org/10.1007/s11249-019-1242-z
https://doi.org/10.1007/s11249-019-1242-z
https://doi.org/10.1007/s11249-019-1243-y
https://doi.org/10.1007/s11249-019-1243-y
https://doi.org/10.1177/1754337116647241
https://doi.org/10.1177/1754337116647241
https://doi.org/10.1299/jamdsm.6.923
https://doi.org/10.1299/jamdsm.6.923
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The importance of the surface roughness and running band area on the bottom of a stone for the curling phenomenon
	Methods
	Results and discussion
	Conclusion
	References
	Acknowledgements


