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Abstract: The surfing performance of two shortboard fin types with surface features were compared
to a standard (control) fin with a smooth surface using dynamic computational fluid dynamics
(CFD) simulations. The fins with surface features included designs with a partially grooved and
serrated surface (CR), and humpback whale-inspired fins with tubercles and other features (RW).
Surfboard roll, pitch and yaw during cutback maneuvers were simulated based on field data from
surfers of intermediate, expert and professional (WCT) skill level surfing on ocean waves. Sustained
resultant forces relative to the rider direction were significantly different between fin types, and
lowest for RW at WCT-level rotations. CFD results also revealed RW’s ability to dampen effects of
turbulent flow. RW fins were always the last to stall during a turn, and always exhibited the most
gradual stall. CR fins had significantly lower pre-turn drag, and the highest mean resultant forces
during the turn. Overall, CR fins appear best for forward acceleration and hold on the wave, while
RW fins appear best for maneuverability and stability.

Keywords: shortboard fin performance; STAR-CCM+, CFD; tubercled leading edge; cutback
maneuver; passive flow control; grooved surface; delayed stall; gradual stall; biomimetics

1. Introduction

Surfing is an aquatic sport where riders must maintain balance and control while standing on a
fast-moving surfboard fitted with fins. In high performance shortboard surfing, between one and five
fins are used. Three-fin “thruster” configurations are the most common, introduced by Australian
shaper and (former) competitive surfer Simon Anderson in 1980 [1]. He developed the 3-fin system
for improving control in larger waves, compared to the conventional twin-fin system used at the time
by most competitive surfers.

Limited research exists on the hydrodynamic performance of surfboards and surfboard fins,
with most studies focusing on the fins [2,3], the board [4,5], or board plus fin interactions [6-9].

Coupling hydrodynamics to actual surfing performance is even more limited [10,11]. However,
one of those studies [11] revealed the importance of including dynamic roll/pitch/yaw interactions,
as well as the air/water interface, in surfing simulations. To date, only limited, lateral board motions
(yaw) have been considered in both experimental [8] and numerical [9] studies. While many studies
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discuss the importance of fin selection for surfers, only one compares behavior of 3-fin configurations
[11].

A recent study [12] described the introduction of fins with tubercles plus other passive flow
control features found on humpback whale pectoral fins. Humpbacks are known for their
maneuverability [13], and others have suggested control benefits of tubercled designs for surfing
applications [14,15]. Tubercle applications are known for delayed and gradual stall behavior [16-18],
which could benefit surfer control by minimizing abrupt changes in lift and increasing the range over
which the flipper contributes to maneuverability [18].

Most standard fins available from commercial manufacturers have smooth surface features;
although, there are a small number of companies offering non-standard fins. For example, an
Australian company is offering fins with three narrow channels located on the tip of the fin [19].
According to the manufacturer’s information, these fins would provide more hold and more speed
on the wave. Wingtip additions like these are also well known for reducing induced drag. Lanchester
patented the concept of a wing end plate in 1897 and suggested that it would reduce wing drag at
low speeds [20].

In competitive surfing, surfers receive points for performing maneuvers such as barrel riding,
aerials, and cutbacks (also known as top-turns). A cutback involves transitioning from the bottom of
the wave to the top of the wave (see Figure 1). During the bottom turn, speed is gained, enabling the
surfer to “climb” to the top wave, where the energy is used to rotate the board and “smack the lip,”
thereby generating large amounts of spray (which translates into points for the maneuver).

In this paper, we investigate the performance of three different fin designs during cutback
maneuvers using dynamic computational fluid dynamics (CFD) simulations. The fin designs include
fins with surface features such as grooves and tubercles which are compared to standard fins with a
smooth surface used as a control.

Figure 1. Image sequence showing a surfer (Dylan Perese) transitioning from a bottom turn to a
cutback (also known as top turn). (A) bottom turn, (B) climbing the wave, (C) setting up the cutback,
(D,E) performing the cutback, and (F) descending the wave. Photo credit: David “IndoEye” Biner.

2. Materials and Methods

2.1. CFD Research

Dynamic CFD methods using STAR-CCM+ are similar to those detailed in [4,5]. Details of the
domain and grid used, along with confirmation of mesh independence, are found in [4]. An Unsteady
Reynolds Navier Stokes (URANS) approach was used, applying the volume of fluid (VOF) method
for free surface discretization. Simulations used a Detached Eddy Simulation (DES) approach, where
the turbulence modeling part is solved using the k-w turbulence model.

Mean results of data collected from almost 2000 surfed waves with GPS/motion sensors attached
to the shortboards [11] were used in the CFD simulations (Table S1). The data is based on rotation
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rates achieved during the cutback maneuver. Field results from [11] 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, resulting in 400 simulations per treatment, run from 0.0 to 0.8 s. A total of 9
simulations were run (3 fin types x 3 treatments). Fin lift and drag forces were used to calculate a
resultant magnitude and direction, relative to the rider, and per methods in [11].

2.2. Description of Fin Types

The three fin types used are shown in Figure 2. The control fins (C) are standard, “dolphin style”
fins with a smooth leading edge and a smooth surface. The fin with tubercles (RW) includes other
passive flow control features found on humpback whale pectoral fins [12]. The grooved fins (CR)
have surface features in the form of a series of 6 grooves at the top half of the right and left fin, both
with a serrated leading edge. The CR center fin has no surface features and is similar to the center fin
of the control set. Dimensions and other details are found in Supplementary Information Table S1.
Widths and heights are similar for all fins, and total wetted surface areas vary by less than 3%. RW’s
volume is up to 16% less than the other 2 designs.
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Figure 2. (A) Thruster fin positioning used in simulations. Toe-in refers to the angle the thruster fins

are turned towards the nose. (B) Bottom of the board with thruster set of fins. Profiles of the fins with
surface features: (C) control fins, (D) CR fins with grooves and (E) RW fins with tubercles. Dimensions
of fins are detailed in Table S2. Images shown in (B-E) are snapshots from dynamic simulations of
cutbacks, with colors referring to pressure values (see Supplementary Information Videos S1-59).

3. Results and Discussion

Figure 3 shows the resultant forces versus time for all three fin types during cutback maneuvers
performed at intermediate, expert and WCT level. The values displayed are the resultant forces in
the rider direction, and represent the amount of sustained force a surfer must impart to perform the
maneuver. The negative angles for all fins means they are resisting the turn and acting more as pivot
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points, especially the left fin (see Supplementary Information Table S3). Resultant means were
calculated for the duration of the cutback only, 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 (Supplementary Information Table S1). Simulation
Videos S1 to S9 (in the Supplementary Information) show color-mapped pressures on each fin during
the cutback simulation, and air/water interactions beneath the surfboard, including vortex formation.

CR always had the highest mean resultant force, and always had the most negative angle. In
other words, CR generated the greatest overall force in opposition to the rider compared to C and
RW fin designs. The feeling of force in opposition to the rider can be thought of as the binding with
the waves, which is also described in surfing parlance as “hold” on the wave, or release from the
wave. For Table S3 results, the closer the direction is to —90°, the better the hold.

RW generated the smallest left fin force, significantly different (or nearly so) for all skill levels.
The left fin also had the most negative mean direction, suggesting it is the most important fin for
pivoting the board during a cutback. RW’s consistently lower left fin resultant suggests it is the most
maneuverable of the three designs. This is being described in surfing parlance as “pivot.” Passive
flow control features of humpback whale pectoral fins are believed to be the key to explaining their
extremely good maneuverability in spite of their large size [12,13]. In a summary of tubercled
research, Aftab et al. [21] mentioned the typical low lift of tubercled designs was a problem to resolve.
However, lower lift may actually benefit both whale and surfer, because it reduces the amount of
power required to complete the same maneuver.

1200 1200
1000 A ) 1000 A )
z z
o 800 o 800
= I
] ]
2 <
+— 600 +— 600
c c
] ]
= =
7 400 @ 400
] ]
o o
s = Control_Intermediate 200 = Control_Expert
= RW_Intermediate - RW_Expert
= CR_Intermediate = CR_Expert
0 T T T T T T 0 T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
time [s] time [s]
1200
C) 2 D)
1000 1 m During m After
= Z 500 A
8 800 - @
et S
o <=
750 A
S 600 £
c ©
© =
= -
3 1 700 4
g 400 c‘]‘»’
o c
556 —— Control_WCT 3 -
1 —— RW_WCT =
— CR_WCT
0 r r T - 600 4
C RW CR

02 03 04 05 06 07 08 09
time [s]

Figure 3. Time series of rider direction resultant forces for all fins during cutback maneuvers at
intermediate, expert and professional (WCT) level. All turns start at 0.25 s, with (A) intermediate
ending at 0.8 s, (B) expert ending at 0.7 s, and (C) WCT ending at 0.6 s. See Table S3 for detailed
resultant forces and direction means. (D) Mean resultant force during (0.3 to 0.5 s) and after a WCT
level cutback maneuver. C, RW and CR indicate control fins, fins with tubercles, and grooved fins,
respectively.

The right fin in the control set always had a significantly lower mean resultant and least negative
direction, suggesting degraded performance, possibly due to interactions with turbulence from the
surfboard’s side, or rail, as evidenced in Videos S1 to S9. Figure 3 also shows increasing variability in
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all designs towards the end of each turn, resulting from turbulence from both the board and fins.
Towards the end of a turn, the center fin in particular receives heavy turbulence coming off the right
fin and right rail. In field experiments surfing on ocean waves, Beggs [7] also found that surfing fins
undergo large and rapid fluctuations in flow direction relative to a fin.

Ventilation (air mixing with water) also appears to occur along the right rail, impacting the fins
towards the end of each turn (see Videos S1 to S9). Ventilated flow is turbulent, but its density is also
highly variable, which can significantly impact a fin’s lift characteristics.

Table 1 provides further detail of the entire WCT level turn, revealing significant differences
between fin designs before, during and after the turn. Before the turn, when board and rider are
traveling in the same direction, the resultant force is mostly due to drag, and the CR fin set has up to
23% less drag. This could benefit surfers needing to generate forward acceleration, which is described
in surfing parlance as “drive.” When just center fins are compared, RW has up to 12% lower drag
compared to the C and CR center fins (which are identical).

Table 1 results for the WCT level turn show RW has the lowest resultant force, again suggesting
it is the most maneuverable design. Note also the time interval is from 0.3 to 0.5 s, to focus more on
pre-stall fin behavior and before turbulence increases. Regarding stall, Supplementary Information
Table 54 lists stall times for each fin set, and shows RW is always the last to stall, a conclusion many
others have reached for tubercled designs, including [16-18].

Gradual stall behavior for RW is evidenced in Figure 3 for all skill levels, but also in the mean
resultants and directions after the WCT turn (Table 1). For example, during the turn, RW’s mean
resultant is 2.8% less than C and 8.9% less than CR. After the turn, RW’s mean resultant is 2.9% more
than C, and only 5.4% less than CR.

Mean resultant direction in Table 1 also shows RW is maintaining the best after-turn hold. This
could help the surfer regain control in preparation for the next maneuver. Perhaps more important,
though, are the large differences in after-turn resultant variability, evidenced in Figure 3, but also in
the after-turn confidence intervals in Table 1. For both center and all fin results, RW always has the
lowest variability, up to 27% less. The RW fins appear to provide a damping effect to turbulent flow,
a conclusion others have reached as well for tubercled designs [21,22].

Table 1. Mean resultants, 101 data points each, 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 cutback. Center fin results on the left, all fins on the right. Confidence
levels for after resultant means rounded to 1 decimal place to show detail. Note: Directions are in
degrees. Center fin data included for reasons described above.

WCT Cutback Center Fin Resultant (N) All Fins Resultant (N)
Control RW CR p-Value Control RW CR p-Value
Before 336+0.01 295+0.01 3.34+0.02 <0.001 123+0.09 125+0.05 9.6+0.05 <0.001
During 258 +13 251 +12 278 +14 0.013 690 + 36 671 +34 737 +39  0.033
SRS 303+7.0 320+ 6.0 335+9.3 <0.001 733+7.6 755 £ 6.8 798 +9.3 <0.001
(resultant, N)

After

. . -23+2 24 +2 -23+2 0.825 -22+2 24 +2 -23+2 0.623
(direction, °)

4. Conclusions

Whether it is humpback whales grouped in close formation while feeding, or a surfer performing
a powerful cutback maneuver, maintaining control in turbulent conditions is key to a successful
maneuver in the ocean. Our simulation results demonstrated that fins with surface features can offer
significant benefits over fins with smooth surfaces. In particular, we believe that the lower resultant
forces acting on RW fin designs during cutbacks suggests that fins with tubercles are more
maneuverable compared to the fin designs with grooves and smooth surfaces. In surfing parlance,
this would translate to improved ability to “pivot.” In addition, the RW’s delayed stall, more gradual
stall, and improved turbulence damping provides a more steady force for the surfer to respond to
during the cutback and recovery, thereby improving control. In contrast, we found that CR fins (with
a grooved surface) always exhibited the highest mean resultant forces at the most negative angle, the
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greatest overall force in opposition to the rider, usually described by surfers as “hold.” Other results
for the CR fins revealed that they could be more suitable for speed generation or “drive” in surfing
parlance. This could suggest that they perform best in wave conditions where speed generation and
increased hold on the wave are required. Surfers could therefore enhance their surfing experience
depending on the type of surfing they want to achieve, i.e., fins with tubercles would lead to more
maneuverability, whereas fins with grooves would result in increased ability to generate speed (and
hold) compared to fin designs with smooth surfaces.

Supplementary Materials: The following are available online at https://surfengineers.com/isea2020b, Figure S1:
Bottom turn and cutback maneuvers, Table S1: Matrix of speeds and rotation rates used in CFD simulations,
Table S2: Surfboard fin specifications, Table S3: Mean resultants, forces and directions for all fins, Table S4: Times
for onset of stall in 3-fin sets, Video S1: Intermediate C.mp4, Video S2: Intermediate RW.mp4, Video S3:
Intermediate CR.mp4, Video S4: Expert C.mp4, Video S5: Expert RW.mp4, Video S6: Expert CR.mp4, Video S7:
WCT C.mp4, Video S8: WCT RW.mp4, Video S9: WCT CR.mp4.

Acknowledgments: D.S. would like to thank DIVE, LLC for financial assistance. M.ihP. would like to thank the
Global Challenges Program (University of Wollongong, Australia) for financial assistance and the 3D printed fin
team (Grant Barnsley, Stephen Beirne, Buyung Kosasih and Julie Steele) for technical assistance during the fin
design process.

Conflicts of Interest: The authors declare no conflict of interest.

References

Warshaw, M. The History of Surfing; Chronicle Books: San Francisco, CA, USA, 2010.

Brandner, P.A.; Walker, G.J. Hydrodynamic Performance of a Surfboard Fin. In Proceedings of the 15th
Australasian Fluid Mechanics Conference, The University of Sydney, Sydney, Australia, 13-17 December
2004; pp. 75-82.

3. Sakellariou, K.; Rana, Z.A.; Jenkins, K.W. Optimization of the Surfboard Fin Shape using Computational
Fluid Dynamics and Genetic Algorithms. Proc. Inst. Mech. Eng. Part P: ]. Sports Eng. Technol. 2017, 231, 344~
354.

4. Oggiano, L. Numerical Comparison between a Modern Surfboard and an Alaia Board using Computational
Fluid Dynamics (CFD). In Proceedings of the 5th International Congress on Sport Sciences Research and
Technology Support (icSPORTS 2017), Madeira, Portugal, 30-31 October 2017; pp. 75-82.

5. Oggiano, L.; Pierella, F. CFD for surfboards: Comparison between three different designs in static and
maneuvering conditions. In Proceedings of the 12th Conference of the International Sports Engineering
Association, Brisbane, Queensland, Australia, 26-28 March 2018.

6. Lavery, N.; Foster, G.; Carswell, D.; Brown, S. CFD modeling of the effect of fillets on fin drag. Reef. ]. 2009,
1,93-111.

7.  Beggs-French, R. Surfboard Hydrodynamics; Aeronautical Engineering: Project, Thesis & Practical Work
Experience A/B; Univ. of New South Wales at the Australian Defence Force Academy: Sydney, Australia,
2009.

8. MacNeill, M.S. Bio-Inspired Optimal Fin Shape and Angle for Maximum Surfboard Stability. Master’s
Thesis, Michigan Technological University, Houghton, ML, USA, 2015.

9. Falk, S.; Kniesburges, R.; Janka, R.; Grosso, R.; Becker, S.; Semmler, M.; Dollinger, M. Computational
hydrodynamics of a typical 3-fin surfboard setup. J. Fluids Struct. 2019, 90, 297-314.

10. Shormann, D.E.; In het Panhuis, M. Performance evaluation of a humpback whale-inspired hydrofoil
design applied to surfboard fins. In Proceedings of the OCEANS 2019 MTS/IEEE Seattle, Seattle, WA, USA,
27-31 October 2019.

11. Shormann, D.E.; In het Panhuis, M.; Oggiano, L. Field and Numerical CFD Investigation of the Effects of
Turning Rates on Shortboard Fin Design and Performance. In Proceedings of the 13th conference of the
International Sports Engineering Association, Tokyo, Japan, 22-25 June 2020.

12.  Shormann, D.E. U.S. Patent Application for Biomimetic Airfoil Bodies and Methods of Designing and
Making Same. Patent US 2018/0057141 A1, 29 August 2017.

13. Fish, F.E.; Battle, ]. M. Hydrodynamic design of the humpback whale flipper. J. Morphol. 1995, 225, 51-60.

14. Fish, F.E.; Weber, P.W.; Murray, M.M.; Howle, L.E. Marine Applications of the Biomimetic Humpback
Whale Flipper. Mar. Technol. Soc. . 2011, 45, 198-207.



Proceedings 2020, 49, 132 7 of 7

15. Hansen, K.L. Effect of Leading Edge Tubercles on Airfoil Performance. Ph.D. Thesis, The University of
Adelaide, School of Mechanical Engineering, Adelaide, Australia, 2012.

16. Miklosovic, D.S.; Murray, M.M.; Howle, L.E.; Fish, F.E. Leading-edge tubercles delay stall on humpback
whale (Megaptera novaeangliae) flippers. Phys. Fluids 2004, 16, 39-42.

17.  Johari, H. Applications of Hydrofoils with Leading Edge Protuberances; Final Technical Report for the Office of
Naval Research contract N00014-08-1-1043; Defense Technical Information Center, Fort Belvoir, VA, USA,
2012.

18.  Van Nierop, E.A.; Alben, S.; Brenner, M.P. How Bumps on Whale Flippers Delay Stall: An Aerodynamic
Model. Phys. Rev. Lett. 2008, 100, 054502.

19. 3D Fins Jamie O’Brien Channel Tip (Futures Compatible). Available online: https://finatic.com/fin/25473-
3d-fins-jamie-o-brien-channel-tip-futures-compatible-with-reviews (accessed on 16 October 2019).

20. Assessment of Wingtip Modifications to Increase the Fuel Efficiency of Air Force Aircraft (2007). Chapter
2: Wingtip Modifications. Available online: https://www.nap.edu/read/11839/chapter/4 (accessed on 16
October 2019).

21. Aftab, SM.A,; Razak, N.A,; Mohd Rafie, A.S; Ahmad, K.A. Mimicking the humpback whale: An
aerodynamic perspective. Prog. Aerosp. Sci. 2016, 84, 4869, doi:10.1016/j.paerosci.2016.03.002.

22. Tong, F.; Qiao, W.; Chen, W.; Cheng, H.; Wei, R; Wang, X. Numerical analysis of broadband noise
reduction with wavy leading edge. Chin. ]. Aerosp. 2018, 31, 1489-1505, doi:10.1016/j.cja.2018.03.020.

© 2020 by the authors. Licensee MDP], Basel, Switzerland. This article is an open access
@ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



