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The influence of planform and Strouhal number (St) on the propulsive performance
of bio-inspired pitching panels is investigated for 0.09 � St � 0.66. Aspect ratio (AR)
is varied in the range 3.0 � AR � 6.6 by changing the trailing edge sweep of a trapezoidal
planform, resulting in panels of forked, straight, and pointed trailing edges. Positive mean
thrust only develops for panels of reduced AR with straight or pointed trailing edges,
contrary to expectations from biology. Planform and St have significant impacts on force
amplitudes and improved performance is associated with larger force amplitudes. All
panels experience positive thrust during significant portions of a cycle, but positive mean
thrust only occurs when thrust maxima exceed drag maxima. Strong lateral forces develop
for panels with the best mean performance, showing that low AR pointed panels may
provide better maneuverability, as well as high thrust and efficiency. Decomposition of the
thrust force into its normal and axial forces components in the frame of the panel reveal
the relative impact of these components on mean performance. When mean axial forces
are small or negative, a thrust-producing panel has relatively large propulsive efficiency
and thrust is due primarily to normal forces. Once a thrust-producing panel reaches a local
maximum in efficiency, further increases in St result in increases in mean thrust due to
larger axial forces. Additionally, thrust-producing panels experience time-varying axial
forces that contribute more effectively to thrust in a way not observed in forked planforms.

DOI: 10.1103/PhysRevFluids.8.053101

I. INTRODUCTION

The sphere of animal swimming is broad, ranging from microscopic creatures to the blue whale,
and some animals display high swimming performance as indicated by their fast movements, large
thrust, and efficient swimming [1]. Animal swimming modes exist on a spectrum from purely undu-
latory to purely oscillatory modes. For an oscillatory swimmer, a propulsive wave travels along the
body while a caudal fin or fluke oscillates with significant amplitude at the rear of the animal [2]. The
experiments in the present work are intended to represent simplifications of an oscillatory swimmer
such as a thunniform swimmer, where thrust-generating movements are confined to the rear 10%
of its body [3]. An understanding of the unsteady propulsion of swimming animals may prove
useful for the design of novel, bio-inspired vehicles. Recently, engineers working on swimming
and flying vehicles have looked to nature and have incorporated features of animal locomotion into
their designs [4–12]. Bio-inspired vehicles may prove valuable in many applications, especially
those typical of autonomous underwater vehicles [13,14]. Biomimicry in underwater vehicles is
partially guided by a desire to outperform propeller-driven vehicles. For an MAU series propeller,

*king1526@umn.edu

2469-990X/2023/8(5)/053101(21) 053101-1 ©2023 American Physical Society

https://orcid.org/0000-0002-3408-9504
https://orcid.org/0000-0002-2612-5528
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevFluids.8.053101&domain=pdf&date_stamp=2023-05-08
https://doi.org/10.1103/PhysRevFluids.8.053101


JUSTIN T. KING AND MELISSA A. GREEN

open water propulsive efficiencies tend to be ≈ 60% [15], while oscillating propulsors can have
efficiencies as large as 70% [16]. Propeller propulsion can also have poor maneuverability and
vehicles may require multiple body lengths to execute a 180◦ turn [8]. Some swimming animals,
however, can maneuver very effectively and are capable of large accelerations during turning and
starting, and recent experiments have demonstrated that oscillating propulsors can create significant
lateral forces that could be exploited for maneuvering [17,18].

The propulsion of a swimming animal or underwater vehicle is due to unsteady hydrodynamic
forces. In particular, added mass and circulatory forces are critical for oscillatory propulsion [2],
and the thrust of a purely pitching propulsor is due primarily to added mass effects from fluid
accelerations around the propulsor [19]. One parameter governing propulsive performance is the
Strouhal number [2], St, which can act as a nondimensional frequency representing the ratio of
oscillation frequency to the flow speed [20]. Discussions in terms of St can contain information
about the lateral speed of the propulsor, which has been called potentially the most important
velocity scale and is not included in Reynolds number, Re, or reduced frequency, k [2]. In further
support of St being a dominant parameter, the results of Triantafyllou et al. agree with measurements
of various swimming animals that swam within 0.2 � St � 0.4 [21]. These animals swam within
this St range across a wide range of Re, providing further evidence of the role of St in performance.
Similar observations were reported by Taylor et al., who found that flying and swimming animals
tend to cruise within 0.2 < St < 0.4 [22]. Results from prior experiments and biology are used
to select the St range of the current work, which was chosen to be 0.09 � St � 0.66. The mean
thrust of a propulsor is given by the coefficient of thrust, CT . In general, CT is a monotonic function
of St [2,17,23–26] and it scales with St2 [2,19,27]. Changes to amplitude may lead to significant
variations in CT , even at matching St [17,23]. For a pitching airfoil, Mackowski and Williamson
measured CT reductions at fixed St with increasing amplitude, and the largest amplitudes failed to
generate positive thrust [17]. These results were similar to those of a rectangular flat plate, where
lower pitch amplitudes resulted in greater CT at similar St [23]. For rigid propulsors, mean power
input (CP) is also a monotonic function of St; but it tends to scale with St3 [2,27]. Das et al. showed
that CP of a pitching airfoil is relatively independent of Re, and its scaling with St3 is primarily an
inertial scaling [27].

Propulsive efficiency (η) can be calculated as the ratio of CT to CP, and displays different behavior
with respect to St than CT and CP. Efficiency increases to a maximum at intermediate St, and then
decreases inversely proportional to St [27]. Typically, the efficiency of an oscillating propulsor
reaches a maximum within the St range of swimming animals [17,21], although it may lie outside
this range. For example, rectangular panels reached peak η at St below the observed St range of
animal swimming [23]. Simulations by Dong et al. on ellipsoidal foils observed peak η values at
St � 0.4, and this relatively large St for peak η was attributed to the low Re [28]. Performance can
also be influenced by factors like kinematics, shape, and material properties. Efficiencies of rigid
purely pitching propulsors in isolation are usually low, typically not exceeding 20%. For example,
a pitching airfoil achieved peak η of 12% [17], a flat plate produced maximum η of 13% [29], and
a NACA-0012 airfoil reached a peak η of 16% [27]. Efficiency can be improved through kinematic
changes like the introduction of heave with a phase delay. For a phase delay of 270◦, Van Buren
et al. measured increases in CT and η as large as approximately 40% [30]. Large efficiencies have
also been measured by Read et al., who observed an η of 71.5% when the phase lag between heave
and pitch was optimized [16].

Changes to planform and aspect ratio (AR) can impact performance, and reductions in AR often
cause performance degradation [2]. Simulations have found that reductions in AR for ellipsoidal
foils decrease peak η, with a foil of infinite AR having a peak η approximately 50% larger than a
low AR foil [28]. However, increases in AR created diminishing returns in performance gains, with
improvements most noticeable at low AR. Similarly, rectangular pitching panels of 0.54 � AR �
2.38 displayed a monotonic relationship between CT and AR [23]. Changes to planform shape can
also impact performance as shown by experiments on constant AR pitching panels by Van Buren
et al. [31] that were later validated numerically by Hemmati et al. [32]. Trailing edge variations were

053101-2



EXPERIMENTAL MEASUREMENTS OF STREAMWISE AND …

introduced to a rectangular planform, and it was found that a pointed trailing edge produced the
best performance. These findings are contrary to expectations from biology that anticipate superior
performance for forked planforms. Similar findings were observed by Zhang et al., who found η

increased as the trailing edge became more pointed for self-propelled flexible panels in pure heave
[33]. The effects of trailing edge shape on performance were also measured by Feilich and Lauder,
who found that a foil with large peduncle and vertical trailing edge had the highest self-propelled
swimming speed [34]. At least four distinct lineages of high performance swimming animals have
propulsors of high AR and forked or lunate planform [1,35,36]. The independent development of
similar planforms supports the notion that those shapes represent an evolutionary culmination in
swimming performance [1,35–37], and it would be reasonable to speculate that an optimal propulsor
should be of high AR and lunate or forked in shape. The contrast of these evolutionary observations
to the laboratory or simulation results of Van Buren et al., Hemmati et al., and Zhang et al., therefore,
warrants further investigation.

The current work investigates whether the performance results of Van Buren et al. [31] extend to
planforms with swept leading edge (trapezoidal) and varying trailing edge shape. Furthermore, we
present quasi-time-resolved forces for different planforms, and the decomposition of these forces
into normal and axial components. In particular, we are interested in the magnitude and timing of
these components and their contributions to thrust and lateral forces. Mean performance results,
e.g., CT and η, are frequently reported in the experimental literature, but time-varying forces are
more rare, with Mackowski and Williamson claiming in 2015 to be unaware of prior experimental
treatment [17]. This statement is not entirely correct, as time-resolved forces on a heaving flexible
panel were reported by Quinn et al. [38]. Subsequently, other time-varying force results from
experiments and simulations have appeared in the literature [26,32,39,40]. For periodic motions,
lateral forces tend to vary with the motion frequency, while the streamwise forces vary at twice the
motion frequency. For pure pitch, thrust maxima occur soon after the propulsor reaches a pitching
extreme, and thrust minima occur shortly after the propulsor crosses the wake centerline. These
trends appear to be quite consistent, even when material and planform shape are changed. The
experiments of the current work seek to elucidate characteristics of time-varying and time-averaged
forces that act on purely pitching panels with bio-inspired planforms.

II. EXPERIMENTAL SETUP AND METHODOLOGY

Experiments used five panels of 1/16 in. thick acrylic whose planforms mimic cetacean flukes
and caudal fins like those in Fig. 1(a). All panels are classified as either forked, straight, or pointed
according to trailing edge shape. Each planform is based on a trapezoid, but with changes to trailing
edge sweep for all but one panel. Figure 1(b) displays a schematic of the variables used to define
the planform shape. Leading edge sweep angle is given by θ1, trailing edge sweep angle by θ2, front
edge length by a, tip-to-tip span by b, and midspan chord length by c. θ1 was fixed at 45◦ while θ2

was varied from −20◦ to 20◦ in increments of 10◦. The front edge, a, had a length of 52 mm and the
trailing edge, b, was 254 mm. The AR of a panel is defined by AR = b2/S, where S is the planform
area. The AR range, 3.0 � AR � 6.7, was selected to overlap with caudal fin characteristics of
various fish species [41,42]. Reynolds number is based on midspan chord according to Rec = Uc/ν,
where ν is kinematic viscosity, and the free stream speed was U = 160 mm/s for all experiments.
A summary of geometric parameters and Rec is given by Table I, which also introduces the panel
numbering convention. Panels 1 and 2 are forked geometries with a concave trailing edge. Panel 3
has a straight trailing edge and is identical to a trapezoid, while panels 4 and 5 are pointed panels
with a convex trailing edge. The numbering scheme corresponds to trailing edge convexity, i.e.,
the trailing edge becomes more pointed with increasing panel number. For additional reference to
planform details, to-scale illustrations of all panels are found in Fig. 1(c).

Panels were sinusoidally pitched about their leading edge in a uniform free stream according
to φ(t ) = φmax sin(2π f t ), where φmax is the angular amplitude. Instantaneous pitch angle, φ, is
defined so that when φ = 0◦ the panel is parallel to the free stream. Accordingly, the panel is in the
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FIG. 1. (a) Planform abstractions of caudal fins and cetacean flukes. Adapted from Van Buren et al. [31].
(b) Variables used to characterize planform. Leading edge sweep is θ1, trailing edge sweep is θ2, front edge
length is a, tip-to-tip span is b, and midspan chord length is c. (c) To-scale schematics of all planforms. Leading
edge sweep angle is 45◦ while trailing edge sweep varies.

+y domain when φ > 0◦ and in the −y domain when φ < 0◦. As described in Table II, five values of
φmax, ranging from 5–25◦ in increments of 5◦ were used. The pitching frequency, f , had a constant
value of 1 Hz and Strouhal number is calculated as St = f A/U , where A is the average trailing
edge amplitude across the span. By using A to define St, differences in average trailing edge speeds
among panels is captured even when φmax is equal. For a given panel, St is altered through changes
to φmax, since f and U are constant. The St range, 0.09 � St � 0.66, was selected to overlap with
observations of animal swimming, which correspond to 0.2 � St � 0.4 [21,22].

TABLE I. Geometric parameters and Rec used during experiments.

Panel no. Description θ1(◦) θ2(◦) c (mm) AR Rec(×103)

1 Forked 45 −20 54.8 6.7 8.8
2 Forked 45 −10 78.6 5.1 12.6
3 Straight 45 0 101 4.2 16.2
4 Pointed 45 10 123.4 3.5 19.7
5 Pointed 45 20 147.2 3.0 23.6
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TABLE II. Review of φmax and their associated St for all five panel geometries during experiments.

St

φmax (◦) Panel 1 Panel 2 Panel 3 Panel 4 Panel 5

5 0.09 0.10 0.11 0.12 0.14
10 0.17 0.20 0.22 0.24 0.27
15 0.25 0.29 0.33 0.36 0.40
20 0.33 0.38 0.43 0.48 0.53
25 0.41 0.47 0.53 0.59 0.66

All experiments were conducted in a recirculating water tunnel with a cross section of 0.61 m
by 0.61 m and a length of 2.44 m. A schematic of the water tunnel test section during performance
measurements is shown in Fig. 2. Upstream of the test section, flow was conditioned by a honey-
comb flow straightener and four mesh screens. The pitching shaft was made of stainless steel and
designed to minimize shaft deflections from panel forces by using a stepped shaft with relatively
large base diameter. A not-to-scale schematic of the pitching shaft is shown in Fig. 3. A tab on the
leading edge of each panel was inserted into the 0.25 in. diameter pitching shaft, which sat inside
of a 0.5 in. diameter shaft. The larger shaft was far enough away from the panel to eliminate the
presence of vortices caused by the diameter change [43]. The 0.5 in. diameter shaft was attached
to the measurement surface of the force-torque transducer, while the opposite transducer surface
connected the entire assembly to the motor output shaft. The pitching motor was controlled by a
Galil DMC-4123 motion controller and an encoder with resolution of 1024 counts per revolution.

Time-resolved force and torque measurements were collected with a Mini40 transducer manu-
factured by ATI Industrial Automation with an IP68 rating. Prior to data collection, the transducer
calibration was validated through static and dynamic tests in air. For the static tests, known masses
were used to compare transducer measurements to expected gravitational forces. For the dynamic
tests, an aluminum plate of known mass and geometry was actuated through sinusoidal motions
using methodology adapted from DeVoria [44]. For each St in Table II, 20 individual runs of
performance data were collected at 1000 Hz for 36 pitching cycles. To minimize transient effects,
data from the first five cycles and the last cycle were disregarded.

The procedure for an individual run is summarized as follows. With the water stationary, the
panel was moved to φ = 0◦ and the transducer readings were tared, and the flow speed was brought
to to its appropriate value and drag on the stationary panel and shaft was measured. Then, 36
pitching cycles for each φmax were completed, and the process was repeated for 20 total runs.
Inertial forces and torques were also measured in air and found to be relatively small, with peak
hydrodynamic forces as much as 40 times greater than the largest inertial forces. All measurements
were filtered using filtfilt in MATLAB for a second order, lowpass Butterworth filter with a lowpass

FIG. 2. Schematic of water tunnel during performance measurement experiments. A pitching motor above
the tunnel free surface was used to actuate a pitching shaft attached to the leading edge of a panel.
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FIG. 3. Not-to-scale schematic of the pitching shaft assembly. The shaft is similar to a stepped cylinder
and was designed to minimize unwanted shaft deflections. Flow is from left to right.

cutoff frequency of 50 Hz. All 20 individual runs for air and water were phase-averaged and final
data then obtained by subtracting air measurements and shaft drag from the water tunnel results.

III. RESULTS

A. Time-averaged propulsive performance

Mean thrust and propulsive efficiency are used to establish relationships between performance,
planform, and kinematics. Mean thrust is given by the nondimensional coefficient of thrust, CT =
2T /(ρU 2S), where T is mean dimensional thrust over a cycle and ρ is the fluid density. Propulsive
efficiency is given by a Froude efficiency, η = CT /CP, where the nondimensional coefficient of
power is CP = 2T /(ρU 3S). CT and η as functions of St are shown in Fig. 4, where errors bars are
the standard error of the mean. As St increases, panels 3–5 experience a monotonic rise in CT , while
forked panels fail to create positive CT and tend to lose thrust with St. In similar works, CT has
also been found to increase monotonically with St [2,17,23–26]. Thrust can also vary nonlinearly
with St, scaling instead with St2 [2,19,27]. In Fig. 4(a), CT varies with St2 for panels 3–5, which
becomes more recognizable as panel number increases. The reduction in CT for forked panels
with St may be due in part to an increase in quasisteady drag on the panel. Prior experimental
work has shown that larger pitch amplitudes can produce greater quasisteady viscous drag [30].
Accordingly, for the forked panels in the current work, viscous drag may increase with pitching
amplitude and St more rapidly than thrust, causing CT to decrease with St. CT may increase despite
AR reductions, demonstrating that planform changes that reduce AR do not necessarily lead to
performance degradation. The results for CT in Fig. 4(a) are consistent with prior works on varying
trailing edge shape that reported increased performance in association with increased trailing edge
convexity [31,32]. The CT trends of the forked panels in the current work, however, differ from
those of Van Buren et al., which generated positive mean thrust [31].

For thrust-producing panels, η achieves a local maximum at intermediate St in the range
0.22 � St � 0.27, which lies towards the lower end of the observed range for animal swimming
[21,22]. At St above this range, increases in St result in reductions in η. For thrust-producing panels,
the largest observed η occurs at an intermediate amplitude of φmax = 10◦. Overall, η values tend to
be relatively low, attaining a maximum value of 14.4%. Peak η values for a thrust-producing panel
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FIG. 4. Variation in CT for all panels and η for only thrust-producing panels at their respective St Panel 1,
0.09 � St � 0.41; Panel 2, 0.10 � St � 0.47; Panel 3, 0.11 � St � 0.53; Panel 4, 0.12 � St � 0.59; Panel
5, 0.14 � St � 0.66. CT and to-scale schematics of panel planforms are shown in (a), and η values are shown
in (b).

decrease as AR increases, again illustrating that performance can be improved through planform
changes despite AR reductions. The efficiency results in Fig. 4(b) for panels 3–5 agree with
prior work linking increased trailing edge convexity to with increased efficiency [31,32]. Overall,
mean performance results disagree with expectations from animal swimming, where high AR
forked propulsors are linked with high performance. Engineers seeking to incorporate bio-inspired
propulsors into oscillatory propulsion should use caution when using direct mimicry of nature as
there may be scenarios where low AR, pointed propulsors could prove beneficial.

The performance data shown in Fig. 4 are nondimensionalized using the dynamic pressure of
the free stream. Although the nondimensionalizations used in CT and CP contain information about
planform area, they do not capture parameters like leading and trailing edge sweep. Trailing edge
sweep, as well as planform area, can be captured by using a nondimensionalization of mean thrust
that takes into account the lateral velocity of the trailing edge. Accordingly, a new coefficient of
thrust, C∗

T
, can be defined according to C∗

T
= T /[ρ( f A)2S]. Note that for the panels in the current

work, ( f A)2 tends to increase as the trailing edge becomes more pointed and the mean trailing
edge velocity increases due to increased chord length and movement of the geometric center of
the panel away from the pitching axis. This same nondimensionalization was also applied by Van
Buren et al. to performance data on two-dimensional pitching and heaving rectangular foils [45].
Results for C∗

T
as a function of St for all panels are shown in Fig. 5, which reveals that C∗

T
becomes

approximately constant with St once A and lateral trailing edge velocity become large enough,
indicating that changes in trailing edge velocity result in proportional changes to mean dimensional
thrust. This behavior in C∗

T
always occurs regardless of whether a panel produces positive mean

thrust or not. The use of C∗
T

in Fig. 5 supports the findings of Van Buren et al. [45], who found
that the mean velocity of the trailing edge provides a better scaling for propulsive performance than
the free stream velocity. The results of the current work bolster these previous findings on two-
dimensional foils by demonstrating that C∗

T
is an appropriate thrust scaling for three-dimensional,

bio-inspired propulsors provided that the mean trailing edge velocity is large enough.
Although Fig. 5 indicates that mean thrust data plateau at a constant value across St for a given

planform when a trailing edge velocity scaling is used, there is still significant variation in C∗
T

among
panel geometries. Additional work is needed to better understand what role planform shape plays
in thrust develop, which may lead to new scalings that better collapse the data for C∗

T
. For the
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FIG. 5. Variation in C∗
T

for all panels at their respective St: panel 1, 0.09 � St � 0.41; panel 2, 0.10 � St �
0.47; panel 3, 0.11 � St � 0.53; panel 4, 0.12 � St � 0.59; panel 5, 0.14 � St � 0.66. To-scale schematics
of panel planforms shown at bottom of figure.

three-dimensional planforms of the current work, geometric and kinematic parameters, besides just
planform area and trailing edge velocity, play a role in propulsive performance. The scalings used
for mean performance data in Figs. 4 and 5 do take into account planform area, but they fail to
capture factors such as: leading edge sweep angle, leading and trailing edge curvature, swept area,
AR, cross-section, etc. For the panels of the current work, many of these parameters, e.g., AR
and trailing edge sweep angle, are changed simultaneously, and it is difficult isolate their influence
on propulsive performance. To account for the impact of variables like these, three-dimensional
scaling laws are necessary. Recently, there have been three-dimensional approaches [46,47] that
expand upon earlier two-dimensional approaches at performance scaling [19,48–50]. These three-
dimensional approaches reveal that the added mass of the propulsor, upwash, and downwash of the
wake, and topology of wake vortices all impact performance. Furthermore, there is evidence that
optimal propulsor shape and kinematics are interdependent, and may be tailored to each other in the
case of swimming mammals [47]. Ultimately, it is difficult to decouple the individual influences of
AR and planform shape in the current work, but continued work three-dimensional scaling laws that
apply to a broad range of propulsor shapes may help elucidate these details.

B. Time-varying thrust and lateral forces

Time-varying forces can be important for maneuverability and agility, and may impact mean
thrust and efficiency. Despite their impact on swimming, time-varying forces are not frequently
reported in the experimental research literature. The time-varying coefficient of thrust is given by
C

̂T = 2̂T /ρU 2S, where instantaneous thrust is ̂T . In this work, the values of ̂T are given in terms of
phase-averaged thrust, which is treated as representative of instantaneous thrust. For select panels
at their respective St, C

̂T measurements as a function of time during a pitching cycle are shown
in Fig. 6. In Fig. 6 and some subsequent figures, the time during the pitching cycle is given by
t/T , where t is the dimensional time and T is the pitching period. According to the sinusoidal
motion profile introduced in Sec. II, t/T = 0 and t/T = 0.5 correspond to φ = 0◦, while t/T =
0.25 and t/T = 0.75 correspond to φ = +φmax and φ = −φmax, respectively. C

̂T varies at twice
the pitching frequency and peak thrust occurs as the panel retreats from a motion extreme when
t/T ≈ 0.35 and t/T ≈ 0.85. Positive C

̂T develops near a motion extreme and it remains positive
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FIG. 6. Variation in C
̂T during a cycle for panel 1, panel 3, and panel 5 at their respective St: (a) panel 1,

0.09 � St � 0.41; (b) panel 3, 0.11 � St � 0.53; (c) panel 5, 0.14 � St � 0.66. The angular position of the
panel is shown in gray. To-scale schematics of panel planforms shown in each subfigure.

until the panel crosses the wake centerline. C
̂T minima occur shortly after the panel crosses the wake

centerline when t/T ≈ 0.15 and t/T ≈ 0.65. Similar timings have been reported for experiments
on pitching propulsors of different planforms [32,39], showing that geometry changes appear to
have little influence on thrust timings. The phase of C

̂T with respect to the panel motion shows
slight sensitivity to geometry and St, and C

̂T generally lags panel motion within the approximate
range of 30◦ to 60◦. However, thrust-producing panels experience their smallest phase lags when
η is relatively large, but further increases in St (and therefore decreases in η) are associated with
greater phase lags. Given the similarities in C

̂T timings among geometries, the influence of planform
and St on mean performance should not be attributed to changes in the phase of C

̂T with respect to
the panel motion.

C
̂T maxima of a panel increase with St and more pointed panels tend to produce larger C

̂T peaks,
even at similar St. Comparison of C

̂T traces among panels in Fig. 6, for example between panels 1
and 3 at St = 0.33, reveals that forked panels rapidly lose thrust as higher frequency oscillations in
C

̂T develop. Figure 6(a) further demonstrates that these secondary oscillations develop for panel 1
at all St. These secondary C

̂T oscillations are not significant for thrust-producing panels, however,
and they likely benefit from their absence. For panel 1, shortly after t/T ≈ 0.3 and t/T ≈ 0.8, the
secondary C

̂T oscillations arise and C
̂T declines quickly so that instances of C

̂T maxima correspond
to the onset of secondary C

̂T oscillations. This causes the peak phase-averaged thrust to appear
earlier in the cycle, and with a lower maximum value than it otherwise might have.
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As will be discussed in Sec. III C, secondary C
̂T oscillations are ultimately due to high frequency

oscillations in chordwise axial forces acting on the forked panels. Near motion extremes, increasing
C

̂T for forked panels is interrupted by a temporary decrease in thrust, which becomes more
pronounced at larger St. A similar phenomenon was observed by Hemmati et al., who attributed
this thrust irregularity to momentum transfer associated with the direction change of the panel [32].
More pointed panels are better able to increase C

̂T throughout direction changes, further benefiting
the propulsive performance of nonforked planforms.

All scenarios are plagued by significant drag for approximately half a pitching cycle, which is
typical of rigid panels. For forked panels, drag maxima exceed C

̂T maxima and their difference
grows with St, but panels 3–5 have C

̂T maxima that always exceed drag maxima, consistent with
their production of positive mean thrust. C

̂T always oscillates with double the pitching frequency,
regardless of the sign or magnitude of mean thrust, and C

̂T amplitude scales nonlinearly with St,
in agreement with previously reported observations of CT [2,19,27]. Increases in C

̂T amplitude
alone are not sufficient to produce positive mean thrust, as C

̂T amplitudes of forked panels can be
similar to those of panels 3–5 at similar St, yet forked panels experience negative CT . For example,
when panel 1 pitches at St = 0.33, the C

̂T traces in Fig. 6(a) have an approximate amplitude of
0.75, which is similar to the C

̂T amplitude of panel 3 at the same St. Similar results occur at
higher St, where panel 1 at St = 0.41 and panel 5 at St = 0.40 both experience C

̂T amplitudes of
approximately 1.25, despite their diverging time-averaged thrust behaviors. Forked panels of high
AR are able to generate fluctuating thrust forces as effectively as the other planforms; however,
C

̂T fluctuates around a negative mean. Subsequent discussion will illustrate how the mean thrust of
forked planforms is degraded by normal forces on the panel that inhibit positive thrust production.
Reductions in CT cannot be attributed solely to increased viscous drag, as measurements show static
drag increases with panel number. It is worth noting that all experiments were done at the same free
stream speed, and therefore Re effects on the mean thrust-drag balance should not be an issue.

Mean lateral forces are typically of little interest as they are zero for a symmetric motion, except
when deflected wakes occur [51,52]. However, instantaneous lateral forces may introduce recoil
reactions in swimming fish and can be useful for maneuverability [53]. Time-varying lateral force is
denoted by C

̂L = 2̂L/ρU 2S, where instantaneous lateral force is ̂L. In this work, the values of ̂L are
given in terms of phase-averaged lateral force, which is treated as representative of instantaneous
lateral force. C

̂L during a cycle for all panels and St is shown in Fig. 7. Much like C
̂T , the qualitative

behavior of C
̂L is rather insensitive to planform and St. Lateral forces oscillate with the pitching

frequency and peak magnitude C
̂L occurs when t/T ≈ 0 and t/T ≈ 0.5 as the panel pitches with

maximum angular speed. Near-zero C
̂L develops near motion extremes as the panel moves with

approximately zero angular speed and large magnitude angular acceleration. The lateral force
timings of the current work generally agree with simulations of a pitching airfoil that found peak
magnitude C

̂L when t/T ≈ 0.4 and t/T ≈ 0.9 [39]. For nonforked panels, peak magnitude C
̂L tends

to develop later in the cycle as St increases, but the influence of St on C
̂L timings is not as evident

for panel 1, which experiences nonnegligible higher frequency fluctuations in C
̂L. These fluctuations

do not develop for other panels at low St, even though peak magnitude C
̂L are similar. Peak C

̂L can
become considerably larger than peak C

̂T for a given panel and St, and larger panel number and St
result in larger magnitude C

̂L peaks. Lateral forces can be used for turning and other maneuvers, but
may prove undesirable for straight line locomotion. The strongest lateral forces develop for panels
with the best mean performance, showing that low AR pointed panels could also provide better
maneuverability with improved forward propulsion. However, there is a tradeoff between efficiency
and maneuverability for thrust-producing panels. The strongest lateral forces develop at high St
when propulsive efficiency is below its peak value.

C. Axial and normal panel forces

Time-varying forces can be investigated in the rotating reference frame of the panel. Thrust in the
streamwise direction can be decomposed into contributions from the normal and chordwise forces
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FIG. 7. Variation in C
̂L during a cycle for panel 1, panel 3, and panel 5 at their respective St: (a) panel 1,

0.09 � St � 0.41; (b) panel 3, 0.11 � St � 0.53; (c) panel 5, 0.14 � St � 0.66. The angular position of the
panel is shown in gray. To-scale schematics of panel planforms shown in each subfigure.

acting on the panel as described by David et al. for their experiments on rectangular foils pitching at
small angles [40]. Instantaneous thrust can be viewed as the sum of these two components according
to Eq. (1), where instantaneous normal force is C

̂N and instantaneous axial force is C
̂A,

C
̂T = C

̂TA + C
̂T N = C

̂A cos φ + C
̂N sin φ. (1)

Instantaneous thrust can then be manipulated to yield time-averaged thrust as in Eq. (2):

CT = CTA + CT N = C
̂A cos φ + C

̂N sin φ. (2)

In Eqs. (1) and (2), chordwise axial forces on the panel are considered positive when they are
directed upstream towards the leading edge and positive normal forces are orthogonal to the positive
axial axis with the z axis pointed upwards. For small pitching amplitudes, normal and axial forces
have also been investigated by Floryan et al. using scaling laws based on added mass effects [19].

The normal and axial force contributions to time-averaged thrust for all panels and St are shown
in Fig. 8. The behaviors of CTA and CT N depart significantly from those previously reported in
the research literature for pitching rectangular planforms at small amplitudes. For the rectangular
planforms of David et al., CT N was much larger than CTA at all St, and CTA was always negative
[40]. In the current work, axial forces can contribute greatly towards the positive mean thrust,
which becomes more pronounced as pitching amplitude and St increase. When St < 0.27, all
panels experience negative CTA, in agreement with the small angle results of David et al. [40].
However, as amplitude and St increase, CTA becomes positive and larger for all panels and the rise
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FIG. 8. Variation in CTA and CT N for all panels at their respective St Panel 1, 0.09 � St � 0.41; Panel 2,
0.10 � St � 0.47; Panel 3, 0.11 � St � 0.53; Panel 4, 0.12 � St � 0.59; Panel 5, 0.14 � St � 0.66. CTA and
to-scale schematics of panel planforms shown in (a), and CT N values are shown in (b).

in CTA is accompanied by a significant increase in CT for only thrust-producing panels. Shortly after
propulsive efficiency tends to degrade for panels 3–5, CTA rises rapidly in a nonlinear manner with
further increases in St.

Contrasting behaviors develop for CT N , which ultimately becomes negative for all panels except
panel 4 as St increases. For forked planforms, CT N is always negative and becomes more negative
as St increases, acting to reduce CT . This demonstrates that the inability of forked panels to produce
positive mean thrust is due to the behaviors of normal forces. Even though mean CTA does increase
with St for forked panels, CTA never becomes strong enough to counteract the negative influence of
CT N . As shown in Fig. 8(a), negative CTA does not strictly indicate negative mean thrust. At low St,
panels 3–5 counteract below-zero axial forces through positive CT N , something panels 1 and 2 are
unable to do. For thrust-producing geometries, Fig. 8(b) reveals that CT N rises with St until reaching
a peak measured value at φmax = 15◦ when St are slightly higher than those associated with peak
efficiency. Further increases in St result in dramatic degradations in CT N , which are most extreme for
panel 5. When St = 0.66, panel 5 pitches with a global minimum in CT N , yet this case represents the
global maximum in CT due to the global maximum in CTA. The only other thrust-producing panel
to experience negative CT N is panel 3 at St = 0.53.

At larger pitching amplitudes, panels 3–5 develop positive mean thrust either mostly or exclu-
sively through axial forces. In certain scenarios, normal forces diminish mean thrust production for
these panels as is the case for panels 3 and 5 at their highest St. The results for CTA and CT N indicate
that the manner of mean thrust production depends on St for thrust-producing geometries and it can
be divided into two regimes. At low St mean axial forces are small in magnitude, and they also tend
to be negative and reduce mean thrust while CT N dominates. Conditions where CTA are near-zero
or negative and CT N is large correspond to scenarios of relatively large η for a thrust-producing
panel. Once a thrust-producing panel reaches a local maximum in η, further increases in St result
in a nonlinear increase in CTA, which is accompanied by a rapid decrease in CT N . These behaviors
at high St are characteristic of the second regime, where positive CT is due primarily to axial forces
and may even be reduced by normal forces. For thrust-producing panels, the transition between
regimes occurs through increases in St and is associated with greater lag between C

̂T and the panel
motion. This lag continues to grow with increases in St after a CT N maximum is reached.

As with discussions of C
̂T and C

̂L, it is useful to discuss the time-varying axial and normal force
contributions and their influence on mean thrust. The time-varying, instantaneous axial and normal
forces are denoted by C

̂TA and C
̂T N , respectively. Traces of C

̂TA for select panels at their respective St
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FIG. 9. Variation in C
̂TA during a cycle for panels 1, 3, and 5 at their respective St: (a) panel 1, 0.09 � St �

0.41; (b) panel 3, 0.11 � St � 0.53; (c) panel 5, 0.14 � St � 0.66. The angular position of the panel is shown
in gray. To-scale schematics of panel planforms shown in each subfigure.

during a pitching cycle are shown in Fig. 9. Similar to the findings for C
̂T and C

̂L, Fig. 9 demonstrates
that changes in St do not strongly influence the timings of maxima and minima in C

̂TA, despite their
large impact on amplitude. However, as will be discussed subsequently, changes in planform play
an important role on the timings of axial forces and their influence on thrust. The identification of
key timing events in the C

̂TA traces can be difficult because of the same high frequency oscillations
observed in C

̂T . These high frequency oscillations are prominent for panels 1 and 3 in Figs. 9(a) and
9(b) at all St, and they decrease as the panel becomes more pointed while increasing with St. It is
difficult to recognize at low St, but the dominant frequency at which C

̂TA varies is twice the pitching
frequency. This is similar to C

̂T , although the maxima and minima timings are different between
these two quantities.

For all panels and St, peaks in C
̂TA develop earlier in the pitching cycle than C

̂T , and they tend
to occur shortly after the panel has crossed the wake centerline when t/T ≈ 0 and t/T ≈ 0.5.
C

̂TA minima tend to occur shortly after the panel reaches motion extremes at t/T ≈ 0.25 and
t/T ≈ 0.75. For the more pointed panel [panel 5, Fig. 9(c)], C

̂TA maxima and minima tend to occur
earlier in the cycle closer to times when φ = 0◦ and φ = φmax, respectively. This shift in timing is
important in demonstrating the link between increasing CT and changes in axial forces. Although
not shown directly in Fig. 9, the time-varying behaviors of C

̂A closely resemble those of C
̂TA. As

the trailing edge becomes more pointed, maxima in C
̂A occur closer to angular positions of φ ≈ 0◦,

i.e., closer to times when the value of cos φ in Eq. (1) is at a maximum and C
̂A strongly contributes

to C
̂TA and CTA. Conversely, the most pointed panels experience minima in C

̂A near portions of the
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pitching cycle when cos φ is at a minimum, i.e., negative, and small magnitude axial forces are
experienced at times when they have a reduced influence on thrust production. Furthermore, the
timing behaviors of C

̂A cause more pointed panels to develop high axial forces at times when their
influence on lateral forces is diminished. The timings of the axial force contribution to thrust in
Fig. 9 show that changes in planform shape rather than St are associated with the beneficial timing
shifts in C

̂A that occur for thrust-producing panels in the current work. Accordingly, the performance
enhancements associated with C

̂A behaviors should be interpreted as a property of planform and not
strictly kinematics.

As evident in Fig. 9(c), the largest mean thrusts, which occur for panel 5, coincide with situations
when St is high and C

̂TA is positive throughout the pitching cycle. At low St, panels 1 and 3
experience negative C

̂TA during extended portions of a pitching cycle, leading to below-zero values
of CTA that act to diminish mean thrust, even during scenarios of net thrust production. Strong
secondary oscillations in C

̂TA are a feature of panels 1 and 3 in Figs. 9(a) and 9(b), especially at high
St. These high frequency axial force oscillations are responsible for for the secondary oscillations
in C

̂T for panel 1 that are shown in Fig. 6(a) and were discussed in Sec. III B. These oscillations
in C

̂TA become especially strong and reduce instantaneous thrust after C
̂T reaches a maximum at

times of t/T ≈ 0.35 and t/T ≈ 0.85. For panel 1 when St = 0.41, oscillations in C
̂TA can results in

fluctuations in C
̂TA as large as 0.2. These rapid decreases in axial force for panel 1 occur during a

part of the pitching period when thrust-producing panels, which are not subjected to such decreases
in axial force, continue to increase their instantaneous thrust. Although significant C

̂TA oscillations
exist for panel 3 as shown in Fig. 9(b), their overall influence is diminished due to the contributions
of normal forces.

Traces of C
̂T N for select panels at their respective St during a pitching cycle are shown in Fig. 10.

Comparison of Figs. 9 and 10 reveals that normal forces oscillate with larger amplitudes than axial
forces. Similar to the findings for C

̂T and C
̂L, Fig. 10 demonstrates that changes in planform and St

do not strongly influence the timings of maxima and minima in C
̂T N , despite their large impact on

normal force amplitude. Traces of C
̂T N show qualitative similarities to traces of C

̂T as both reach
their extremes shortly after the panel reaches a motion extreme and shortly after the panel crosses
the wake centerline. This indicates that timing of phase-averaged thrust is primarily governed by
normal forces, regardless of planform or St. Additionally, C

̂T N traces are much smoother during a
cycle than C

̂TA, further demonstrating that high frequency oscillations in axial forces are the cause
of thrust oscillations for panel 1 in Fig. 6(a).

The presence of relatively large C
̂T N peaks contributes to the positive values of CT N for thrust-

producing panels at most St in Fig. 8(b). At low St, the most forked panel (panel 1) displays
larger C

̂T N maxima than minima, but time-varying normal forces degrade rapidly after reaching a
maximum, leading to CT N , i.e., time-averaged normal forces contributing to forward thrust, that are
always negative for forked panels. As St increases past that of peak propulsive efficiency for panels
3–5, the magnitudes of C

̂T N troughs becomes larger than C
̂T N peaks, in agreement with the rapid

decrease in CT N for thrust-producing panels shown in Fig. 8(b). However, as these negative mean
normal forces become more significant, their influence can be counteracted by the positive axial
forces typical of thrust-producing panels. For example, C

̂TA is positive throughout a pitching cycle
for panel 5 when St = 0.66, while C

̂T N is negative when 0 < t/T < 0.25 and 0.5 < t/T < 0.75,
approximately. Accordingly, for some portions of the cycle when C

̂T N is negative for panel 5 at
St = 0.66, C

̂TA is close to its maximum value and axial forces reduce the detrimental influence of
normal forces. As a result, the axial forces on panel 5 either enhance the positive thrust arising from
normal forces or diminish their undesirable impacts during a pitching cycle.

IV. DISCUSSION

The influence of trailing edge shape and Strouhal number on the mean and time-varying forces
acting on bio-inspired pitching panels of trapezoidal planform is investigated experimentally in
the range 0.09 � St � 0.66 for a series of panels with aspect ratios of 3.0 � AR � 6.6. Mean
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FIG. 10. Variation in C
̂T N during a cycle for panels 1, 3, and 5 at their respective St: (a) panel 1, 0.09 �

St � 0.41; (b) panel 3, 0.11 � St � 0.53; (c) panel 5, 0.14 � St � 0.66. The angular position of the panel is
shown in gray. To-scale schematics of panel planforms shown in each subfigure.

propulsive performance, as indicated by measurements of the coefficient of thrust and propulsive
efficiency, is significantly influenced by trailing edge shape and St. In agreement with prior experi-
mental work on rectangular pitching panels [31], trapezoidal planforms with pointed trailing edges
and reduced AR produce greater mean thrust and higher propulsive efficiency. Pointed planforms
outperform those with forked trailing edges and larger AR in all scenarios tested. Measurements of
time-averaged thrust also demonstrate that mean performance results are more appropriately scaled
using mean trailing edge velocity rather than the dynamic pressure of the free stream, in agreement
with prior work that focused only on two-dimensional foils [45]. Given that AR and trailing edge
sweep are varied simultaneously in the current work, it is difficult to isolate their individual influence
on trends in performance. However, prior work on rectangular pitching panels have demonstrated
that the mean performance of an isolated propulsor improves when the trailing edge becomes more
pointed, even when AR and planform area are held constant [31,32]. With the results of these prior
works in mind, it is reasonable to expect that the relatively high performance of pointed panels in
the current work is due, in part, to changes in trailing edge shape, although future work and scaling
laws are necessary to determine to what extent trailing edge sweep is responsible for performance.
The performance results of the current work highlight the utility of three-dimensional scalings that
help elucidate the form and function of biological and bio-inspired propulsors.

The results for mean propulsive performance are not anticipated given observations of animal
swimmers, which indicate that caudal fins and cetacean flukes of high AR and forked or lunate
planforms are characteristic of high performance swimming. It is well documented that these forked
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or lunate propulsors are found in animal species that swim at high speeds during open-ocean cruising
[54], and the disconnect between observations of nature and the results of the current work is worth
further examination. As discussed by Tack and Gemmel [55], assumptions about the economical
cruising of forked caudal fins are often made, but direct experimental comparison with truncate
tails has been absent from the research literature. To remedy this absence, the energetics of truncate
and forked planforms were measured experimentally. Their results show that forked tails actually
require higher energetic costs during cruising than truncate planforms, even requiring some fish
species to use more of their axial musculature. The authors propose that flexible forked caudal fins
arose as a tradeoff between energetics and stability, and forked fins provide functionality beyond
just forward propulsion as each lobe of the caudal fin can be used independently for stability and
maneuvering. In light of the results of the current work and the proposals of Tack and Gemmel
[55], caution should be used when generalizing specific propulsor shapes to certain functions and
performance characteristics. Other factors that are relevant to swimming animals may ultimately
not be captured in experiments on an isolated pitching panel of rigid material. To further understand
the role of planform shape in animal propulsion, experiments and simulations on bio-inspired
swimming need to incorporate biological characteristics not captured in the current work, e.g.,
flexibility, more complex kinematics, and an upstream body. These features have been shown
to influence performance in previous simulations and experiments [38,56–58]. The propulsors of
swimming animals are often incredibly complex, and they may consist of flexible fin rays, intricate
musculoskeletal structures, and they may change shape and surface area during locomotion [59–61].

Results show that changes to trailing edge shape and St have significant impact on the charac-
teristics of time-varying thrust and lateral forces. Thrust peaks shortly after the panel pitches away
from a motion extreme while thrust minima occur shortly after the panel pitches across the wake
centerline. The timing of force maxima and minima show relatively weak dependence on planform
shape and kinematics, but some minor dependence is still present. For all panels, thrust lags the panel
motion and that lag decreases during scenarios of high efficiency and increases for scenarios of large
mean thrust for thrust-producing panels. Thrust timings are similar to those reported in the research
literature, further indicating that significant changes to planform and pitching amplitude do little to
alter the timing of forces during a pitching cycle. Lateral forces on the panel are approximately zero
near when the panel changes direction at a motion extreme, and peak magnitude side forces occur
when the panel pitches near the wake centerline with large angular speed. The timing of near-zero
lateral forces shows almost no dependence on planform shape or St, but peak magnitude lateral
forces occur later in the pitching cycle as St and trailing edge convexity increase.

Increases in St and trailing edge convexity lead to larger thrust peaks during a pitching cycle,
but stronger thrust maxima are always accompanied by greater drag minima. All panels experience
positive thrust during a significant portion of a pitching cycle, even when mean thrust is negative.
Positive time-averaged thrust only develops when a panel experiences thrust maxima with a mag-
nitude exceeding that of the thrust minima. Thrust amplitudes, which scale nonlinearly with St
can become rather large, and are largest for pointed panels of reduced AR pitching with high mean
thrust. Mean thrust for forked planforms tends to decrease with St, failing to produce positive thrust.
These findings show that diverging behaviors between mean and time-varying thrust behaviors are
possible, and that large thrust amplitudes are not necessarily indicative of positive mean thrust.
Larger St and greater trailing edge convexity result in higher magnitude peak lateral forces, with
stronger lateral forces developing for more pointed panels when St are equal or similar. Large lateral
force amplitudes are associated with elevated mean thrust and high, but not necessarily optimal,
propulsive efficiency. These side forces could prove useful for situations where a swimming animal
or vehicle requires maneuverability. Large lateral forces, while useful for maneuvering and control
surfaces, will subject the moving body to recoil reactions, which may hinder locomotion in some
circumstances. Large thrust and efficiency may be accompanied by forces not generally useful for
swimmers employing straight line swimming over long distances.

Force measurements in the rotating reference frame of the panel reveal how normal and axial
forces contribute to mean performance. The mean behaviors of thrust-producing geometries can
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be divided into two regimes, which was not observed in prior experimental work on the normal
and axial forces on a pitching rigid NACA 0012 airfoil [40]. One regime is present at low St,
where time-averaged normal force is the dominant source of mean thrust. The other is observed
at high St, where time-averaged axial force is the dominant source. In the first regime, mean axial
forces are small and tend to be negative, acting to reduce mean thrust while mean normal forces
are dominant. When a thrust-producing panel pitches with relatively large propulsive efficiency at
mid-range St, mean axial forces are near-zero or negative. Once a thrust-producing panel reaches
a local maximum in efficiency, further increases in St result in a nonlinear increase in mean axial
force, which is accompanied by a rapid decreases in mean normal force. Accordingly, the mean
propulsive characteristics of the thrust-producing panels can be viewed as a tradeoff between the
actions of time-varying normal and axial forces. For conditions of high efficiency, mean normal
force is relatively large, while greater mean thrust occurs when mean axial force is large.

In a time-varying sense, normal and axial forces help explain the divergence in mean performance
between forked and nonforked planforms. Planform has a significant impact on instantaneous axial
forces. As the trailing edge becomes more pointed, peak thrust-producing axial forces become
stronger and are experienced as the panel is more closely aligned with the free stream flow direction,
allowing axial forces to increase their contribution to mean thrust. Conversely, more pointed panels
experience their least beneficial axial forces closer to motion extremes, where the impact of axial
forces are weakened due to the angular displacement of the panel. Instantaneous normal forces
have significant amplitudes and they contribute strongly to the behaviors of instantaneous and mean
thrust. Normal force amplitudes increase with planform and St, and they degrade thrust production
to a greater degree as the trailing edge becomes more pointed or as St increases. However, the
negative influences of normal forces during certain portions of a pitching cycle are reduced by the
actions of axial forces for nonforked planforms. These thrust-producing panels experience positive
axial forces during most, if not all, of the pitching cycle, counteracting undesirable effects of
time-varying normal forces at larger St.

Panel forces ultimately depend on the integrated effects of surface pressure. Although pressure
measurements are not available in the current work, prior research provides insight into phenomena
that may occur for the panels in the current work. Unsteady pressure on a rectangular pitching panel
were measured by Green et al. [62], who found that as the panel retreated from a motion extreme,
low pressure developed on the trailing surface while positive pressure dwelt on the advancing
surface. Consistent with C

̂T behaviors in Fig. 6, the largest pressure differentials developed near
motion extremes, and it is reasonable to assume that maximum instantaneous thrust developed near
motion extremes due to large pressure differentials and pitch angle. Increasing AR by increasing
span was shown to impede spanwise flows that relieved low pressure near the midspan, creating
prolonged durations of low pressure that aid thrust production. In the current work, increases in AR
are due to reductions in panel area rather than increases in span, which introduce additional surface
pressure behaviors not present in rectangular panels. Despite planform differences, results in the
context of rectangular panels demonstrate that beneficial pressure distributions can be promoted
when flows around panel edges are inhibited. The time-varying surface pressures of AR = 1
rectangular pitching panels with varying trailing edge shape were examined by Hemmati et al. [32]
As the trailing edge became more pointed, high and low pressure regions on opposite faces grew
in size and pressure magnitude, and mean thrust and efficiency increased. Given the kinematic and
geometric similarities of this previous work, it is expected that panels in the current work display
similar pressure behaviors that may help explain their improved performance. The reduced thrust
production of forked panels was attributed in part to the lack of pressure differential between panel
faces near the spanwise tips [32]. For a forked panel, flow easily spilled over the advancing face,
relieving low pressure regions critical to thrust. As a result, regions near the spanwise tips could not
sustain a useful pressure differential and positive thrust resulted only from small areas near midspan
rather than the larger regions observed for pointed panels. In light of the pressure results of Green
et al. [62], the tip regions of high AR forked panels in the current work may act similarly to low AR
rectangular propulsors.
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FIG. 11. Sketches of proposed surface pressure behaviors and flows on panel surfaces at times near
maximum instantaneous thrust during a pitching cycle. Straight arrows represent proposed direction of flows
on the panel surface that are driven by local pressure gradients, and wider arrows indicate stronger pressure
gradients. Curved arrows indicate flow around the panel edges from a high pressure surface to a low pressure
surface. Regions of low pressure are shown in blue, and regions of high pressure are shown in orange: (a) panel
1 high pressure surface; (b) panel 1 low pressure surface; (c) panel 5 high pressure surface; (d) panel 5 low
pressure surface.

Due to the shape of the swept leading and trailing edges of the panels in the current work, it
is hypothesized that the reduced surface areas, near both the midspan and spanwise tips, of the
forked panels in the current work are unable to support regions of strong pressure differential that
are critical for thrust production. The impact of these reduced surface areas is demonstrated using
Fig. 11, which illustrates the proposed behaviors for pressure and fluid flows on the high and low
pressure panel surfaces of panels 1 and 5 at times near maximum instantaneous thrust. In Fig. 11,
flows along the panel surface are indicated with straight arrows, whose relative widths represent
the strength of local pressure gradients driving these flows. Even though AR is relatively large for
forked panels in the current work, they do not possess the ability to inhibit pressure-relieving flows
that occur between high and low pressure surfaces. When panel 1 experiences large instantaneous
thrust, it is at a relatively high angle of attack, with a low pressure region on the upstream face of the
panel and a high pressure region on the downstream surface. Due to the spatial proximity of the 45◦
swept edges and the concave trailing edge of panel 1, when pressure gradients on the high pressure
surface drive flows toward and around the swept and trailing edges, pressure differentials between
the panel surfaces are easily relieved. This characteristic is most apparent near the spanwise tips
of panel 1, where the panel edges are in close proximity, which leads to the relatively quick relief
of low pressure and the inability to sustain significant pressure differentials near the spanwise tips
as shown in Figs. 11(a) and 11(b). In opposition to the forked panels, low AR pointed panels like
panel 5 can support stronger pressure differentials across larger surface areas due to the increased
distance between swept and trailing edges, resulting in greater mean thrust. In this way, more pointed
panels act similarly to the high AR rectangular panels studied by Green et al. [62]. The convexity
of the trailing edge acts like an increase in span and inhibits the relief of low pressure surface
when angle of attack is high, leading to enhanced thrust for the pointed panels in the current work.
These proposed behaviors and their impact on propulsive performance still require future validation
through additional experimental or numerical work.
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