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Abstract: Compared to other Olympic sports, little research exists on competitive shortboard
surfing —especially research comparing field and numerical data. In this paper, GPS sensors with
9-axis motion sensors were used to collect data on nearly 2000 surfed waves. Data were collected
from four surfers of differing skill levels, ranging from intermediate/advanced (Level 6) to top-
ranked professional (Level 9). The results revealed a positive correlation between surfer skill level
and roll/pitch/yaw rates during a cutback. Some surfers used two different fin types: a standard
commercial fin (C), and a 3D-printed, humpback whale-inspired fin (RW). Statistically significant
cutback performance improvements were seen when surfers used the RW fin. Because of the skill
level differences suggested by the field data, dynamic computational fluid dynamics (CFD)
analysis was performed to simulate cutback maneuvers at three different rotation rates
(roll/pitch/yaw). Sustained resultant forces relative to the rider direction were lower for RW fins
during the turn, suggesting a less-skilled surfer could generate faster and more powerful turns
using RW fins. Field results also confirmed that a skill Level 8 surfer performed closer to skill
Level 9 when using RW fins, but not control fins. Surfers experienced more stability using RW
fins, and CFD results confirmed RW’s ability to dampen the effects of turbulent flow.

Keywords: shortboard fin performance; STAR-CCM+, CFD; GPS tracking; humpback whale;
tubercled leading edge; cutback maneuver; passive flow control; biomimetics

1. Introduction

Surfing is a global sport that involves catching and riding waves on a surfboard fitted with
fins. Currently, only one other study compares field performance and numerical (computational
fluid dynamics, CFD) results of different surfboard fin designs [1]. The study involved a single,
longboard-style surfing fin, comparing a standard longboard fin to a tubercled, “real whale” (RW)
design. Static CFD results showing improved efficiency and an expanded operating envelope for
RW led to field testing of a prototype RW design. Results from over 650 surfed waves, comparing
RW to a standard longboard fin confirmed the CFD results, with significant improvements in max
speed, average speed, and distance surfed on individual waves.

Rather than single longboard fins, the present study compares field and numerical results
from 3-fin thruster sets. Introduced by Simon Anderson in 1980 [2], thruster sets are commonly
used in high performance shortboard surfing, where maneuverability and control are key
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performance factors. Specifically, this paper focuses on the cutback, or top turn (Figure S1), an
important maneuver during recreational and competitive surfing [3-5]. To gain more
understanding of field performance of RW vs. control fins attached to shortboards, this study uses
dynamic CFD to simulate field results and compare forces imparted to 3-fin thruster sets.

2. Materials and Methods

1.1. Field Research

Field research materials and methods are discussed in more detail elsewhere [1,5,6]. The
research involved surfers of 4 different skill levels as defined in Reference [7], including
intermediate (Level 6), expert (Levels 7 and 8) and WCT, or World Surf League Men’s World
Championship Tour (Level 9). Data was collected using a commercial tracking system with a 10
Hz sampling rate (TraceUp, USA). Attached on the nose of the surfboard, the device contained
nine inertial sensors and a GPS, and was used to monitor and quantify performance from almost
2,000 surfed waves. Data for the WCT surfer was provided by TraceUp. For this experiment, RW
refers to “real whale” fins with tubercled leading edges and other passive flow control features
found on the humpback’s unique pectoral fins. Control (C) refers to any set of thruster fins with a
straight leading edge. Figure 1 shows a surfboard and images of C and RW thruster sets, and Table
S1 provides detailed information on participants, surfboards and fins. Table S2 lists performance
means by skill level.
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Figure 1. (A) Free body diagram of lift and drag forces experienced by the rider from the fins. On
the left is prior to turning, right is at the end of the turn. During rotation, rider direction is tangent
to the turn. (B) Flow directions under the surfboard in the middle (left) and end (right) of a turn.
This example is of a twin fin configuration not used in this study. (C) Examples of control (top) and
humpback whale-inspired fin (RW) (bottom) thruster combinations. See Figure S2 for thruster
positioning and angles used for simulations.

2.2. CFD Research

Dynamic CFD methods using STAR-CCM+ are similar to those detailed in References [8-10],
although [10] did not consider the air/water interface as this study does. Field performance means
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in Table S2 were used to generate the speeds and rotation rates used in CFD simulations (Table 1).
Field results from surfing ocean waves showed rotation rates increased with skill level, while the
surfer’s speed during the cutback was more of a function of wave energy. Therefore, flow speed
remained constant at 7 m/s for each skill level. The time step between simulations was 0.002 s,
which resulted in 400 simulations per treatment, run from 0.0 to 0.8 s. A total of 6 simulations were
run (2 fin types x 3 treatments).

Table 1. Matrix of speeds and rotation rates used in CFD simulations. Figure S1 describes roll, pitch
and yaw orientation in more detail.

Skill Level Per Flow Speed Roll Rate Pitch Rate Yaw Rate
[7] (m/s) (rad/s) (rad/s) (rad/s)
Intermediate 7.0 1.00 0.50 2.25
Expert 7.0 1.25 0.75 2.75
WCT 7.0 1.5 1.00 3.25

2.2.1. Force analysis

Because of the complexities of analyzing motion on all three axes, traditional approaches of
analyzing individual lift and drag proved to add to the complexity. On top of that, the frame of
reference is important, as the board direction and rider direction (forces rider feels) can vary
significantly during a turn (Figure 1A). Flow direction relative to each fin can also vary significantly
(Figure 1B). We simplified analysis by calculating a single resultant magnitude (force) and
direction based on fin lift and drag forces in the rider direction.

Figure 1A details rider direction. At the start of a simulation, board and rider direction are the
same. Increased lift (+Lift) is assigned in the direction of the turn, which in our simulations is
towards the right fin, making the left fin more of the “pivot point” of the turn. Once the board
starts turning, rider and board direction diverge. Rider direction becomes tangent to the turn, while
board direction remains in the direction of the board.

3. Results and Discussion

3.1. Field Research

Table 2 lists all performance data. Table 53 provides a description of each measurement.
For turn performance (not speeds), all 10 performance means are higher for RW fins, with 70%
significantly higher. Surfers also felt better control of the surfboard when using RW fins,
including an improved ability to complete a turn and transition into the next maneuver.

Table 2. Control vs. RW field performance means. Table S3 lists descriptions of each

measurement.
Fieldwork Summary Control Fins RW Fins p-Value
# cutbacks 815 666 -
Mean session speed (m/s) 53+£0.1 51+£0.1 0.005
Bottom turn initial speed (m/s) 71+0.1 71+0.1 0.512
Cutback speed (m/s) 6.4+0.1 6.3+0.1 0.873
Performance Means

yaw rate (rad/s) 26+0.1 2.7+0.1 0.143
roll rate (rad/s) 1.1+£0.04 1.1+0.05 0.094
pitch rate (rad/s) 0.7 +0.03 0.7 +0.04 0.005
yaw power (W) 140 £ 14 163 £ 17 0.035
roll power (W) 28+3 36+5 0.011

pitch power (W) 13£2 18+4 0.005
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Total power (W) 180+ 18 216 +24 0.019
Total power/Inertia 6.6 £0.6 76+0.8 0.043
Cp 0.11+0.01 0.12+0.01 0.042

Trace cutback power 4.0+0.2 40+0.2 0.625

3.2. CFD Research

3.2.1. Skill Level Comparison

Tables 3-5 display mean rider direction resultant force magnitudes and angles relative to rider
direction for each fin. Figure 2 shows the resultant forces versus time. Because these are resultant
forces in the rider direction, it is important to note the values represent the amount of sustained
force, i.e., impulse (force ® time) a surfer must impart in order to perform the maneuver.

Resultant means were calculated during the cutback, starting at 0.25 s into a simulation, and
ending at 0.8 s for intermediate, 0.7 s for expert, and 0.6 s for WCT. Higher skill levels took less
time to complete the turn because the rotation rates were faster. Video analysis of each treatment
is found in Videos S1 to 56, which show color-mapped pressures on each fin during the cutback
simulation, and air/water interactions beneath the surfboard.

Table 3. Intermediate (skill Level 6) mean Resultant forces and directions, relative to rider direction
during cutback, from 0.25 to 0.8 s. Significant p-values in bold.

Intermediate Resultant Magnitude (N) Direction (deg)
Control RW p-value Control RW p-value
Left fin 194+ 8 184 +8 0.116 —-69 + 2 -69 +2 0.925
Center fin 209+9 212+9 0.635 —65 +2 —65+2 0.960
Right fin 155+ 6 179+ 8 <0.001 —55+2 —58 +2 0.029
All fins 554 + 23 574 + 25 0.250 -64 +2 -64+2 0.715

Table 4. Expert (skill Level 7/8) mean Resultant forces and directions, relative to rider direction
during cutback, from 0.25 to 0.7 s. Significant p-values in bold.

Expert Resultant Magnitude (N) Direction (deg)
Control RW p-value Control RW p-value
Left fin 213 +10 203 + 10 0.186 -70+2 -70+2 0.960
Center fin 225+ 11 225+ 10 0.974 —66 + 2 —66 +2 0.959
Right fin 168 £ 8 189 +9 <0.001 -57 +2 -60 +2 0.045
All fins 605 + 28 616 + 29 0.542 —65 +2 —-66 + 2 0.708

Table 5. WCT (skill Level 9) mean Resultant forces and directions, relative to rider direction during
cutback, from 0.25 to 0.6 s. Significant p-values in bold.

WCT Resultant Magnitude (N) Direction (deg)
Control RW p-value Control RW p-value
Left fin 234 +13 219+12 0.084 74 +2 742 0.904
Center fin 249+ 14 244 +13 0.572 -70£2 -70£2 0.931
Right fin 174+ 10 189 + 11 0.045 —-60 £ 2 -63£2 0.057
All fins 654 + 36 650 + 36 0.872 —69 + 2 —69 + 2 0.799

Comparing RW and C by skill level in Tables 3-5 and Figure 2, reveals that as rotation rate
(i.e., skill level) increases, a greater impulse is required from the surfer to complete the turn. Field
results in Table S2 follow this pattern, with higher skill level surfers generating more power. Also,
the majority of the forces are imparted on the left and center fin, with a negative direction against
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the rider. Falk et al. [10] noted this direction produces a turning moment that realigns rider and
board direction and stabilizes the surfboard. Tables 3-5 show that as turn rate increases, the
direction becomes more negative. In other words, not only is a greater impulse required to
complete a higher skill level turn, it is more directly opposing the rider, requiring even more surfer
power input.

e C, Intermediate
e RW, Intermediate
=sms C, Expert

==== RW, Expert

= w= C, WCT

= == RW, WCT

Force (N)
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Figure 2. Time series of rider direction resultant forces during the turn. All turns start at 0.25 s, with
intermediate/expert/WCT ending at 0.8/0.7/0.6 s, respectively.

3.2.2. Control vs. RW

Most of the differences in Tables 3-5 are not significant. As evident in Figure 2 and Videos 51
to S6, the center and right fins encounter large amounts of turbulence towards the end of each turn,
which makes it more difficult to evaluate differences. Note that our turns were generated with a
constant 7 m/s flow impacting the fins. In a real turn, the speed usually decreases as the turn
progresses. Therefore, turbulence would be expected in a real turn, but perhaps to a lesser degree
than our simulation results.

Nevertheless, some consistent patterns are found in Tables 3-5. For the left fins, RW’s resultant
is 5.2-6.4% less. For the turns shown in Videos S1 to S6, the left fin is an important pivot point, so
having a lower resultant can improve maneuverability as others have also suggested [11]. Figure 2
also shows that, at the start of each turn, RW’s resultant is consistently lower, which again could
help make it more maneuverable. Moreover, note that in Figure 2 RW exhibits patterns consistent
with delayed stall and gradual stall observed in other tubercled designs [12]. These patterns may
benefit the surfer because there is a more constant force to respond to during the latter half of the
turn.

The only significant differences in Tables 3-5 occur for the right fins, where RW is consistently
higher for both the resultant  and direction. The right fin receives a large amount of turbulence
coming off the side, or rail of the surfboard. These results suggest that RW’s passive flow control
is more capable of handling turbulent flow.

Table 6 further breaks down a WCT-level. Before the turn, resultant forces are low and mostly
due to drag, and only differ by 1.6%. During the turn, RW is lower, again suggesting improved
maneuverability, with a 2.8% difference. After the turn, when the surfer is regaining control to
initiate the next maneuver, notice the significant difference in forces, but also confidence intervals,
which differ by 10.5%. Clearly, the RW fins are providing a damping effect to turbulent flow, which
is a conclusion that others have also reached [12,13]. Perhaps most importantly, participants felt
this improved post-turn stability of RW fins.
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Table 6. Mean resultants for before (0.022 to 0.222 s), during (0.3 to 0.5 s) and after (0.6 to 0.8 s) a
WCT-level turn. Confidence levels for After rounded to 1 decimal place to show detail.

WCT All Fins Resultant (N)
Control RW p-value
Before 12.3+0.09 12.5+0.05 <0.001
During 690 + 36 671 +33 0.431
After 733+7.6 755 + 6.8 <0.001

4. Conclusions

Traditionally, surfing performance is highly subjective, often based on opinion with little or
no quantifiable support. In this paper, we have demonstrated that comparing field and numerical
results of shortboard surfing performance yield powerful insights. For example, compared to an
intermediate level surfer, a WCT-level surfer must impart, on average about 18% more sustained
force to complete a WCT-level turn using Control fins, but only 13% more using RW fins.

Comparing Table S1 WCT (skill Level 9) data to a skill Level 8 surfer using control fins, only
20% of the Table 2 performance data shows no significant difference, with the remaining 80%
significantly lower for skill Level 8. However, using RW fins, 90% of Table 2 performance data
shows no significant difference to the WCT data. The reduced force required to turn RW fins may
have allowed surfers to turn at faster rates and generate significantly more power in ocean surfing
conditions, i.e., enabling an expert surfer to surf more like a WCT-level surfer when using RW fins.
The improved stability of RW fins, both evidenced in the CFD results and felt by surfers may also
result in more efficient power transfer into the turn.

Supplementary Materials: The following are available online at https://surfengineers.com/isea2020a, Figure
S1: Bottom turn and cutback maneuvers, Figure 52: Thruster fin positioning used in simulations, Table S1:
Surfer, surfboard, and surfing fin specifications, Table S2: Field performance means versus skill level, Table
S3: Description of performance measurements listed in Table 2 and Table S2, Video S1: Intermediate C.mp4,
Video S2: Intermediate RW.mp4, Video S3: Expert C.mp4, Video S4: Expert RW.mp4, Video S5: WCT C.mp4,
Video S6: WCT RW.mp4.
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