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Abstract 25 
The smallest free-flying insects, which typically have body lengths between 0.2 mm and 2 mm, show 26 
a marked morphological preference for wings consisting of a thin membrane fringed with long 27 
bristles. Many of these insects have been observed to use clap and fling wing kinematics to augment 28 
lift at Reynolds numbers (Re) of approximately 10, where the flapping flight typical of larger insects 29 
cannot be sustained. Despite their small size and commonly shared bristled wings, these insects 30 
actually come from several different families of Hymenoptera and Thysanoptera, with more than 31 
6,000 known species of Thysanoptera alone. Across these families of insects, there is a great deal 32 
of biological diversity in bristled wing design. In this study, image analysis was performed on the 33 
forewings of 25 species of thrips (Thysanoptera) and compared to previously published data on 34 
fairyflies (Hymenoptera: Mymaridae). In the forewings of the thrips studied, the portion of wing area 35 
covered by the membrane ranged from 14% to 27% of total wing area, and was found to be 36 
correlated with body length. Furthermore, this study examines the effects of varying the percentage 37 
of membrane area to total wing area (including bristles) on aerodynamic forces and on flow 38 
structures generated during clap and fling. The wing models used in this study had membranes 39 
ranging from 15% and 100% of total wing area, and were tested at Reynolds numbers ranging from 40 
10 (that of tiny insects) to 120 (that of larger insects such as Drosophila).  41 
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Introduction 42 
Tiny insects with body lengths between 0.2 mm and 2 mm show a marked morphological preference 43 
for wings consisting of a thin membrane fringed with long bristles. Despite a commonly shared 44 
preference for bristled wings, there is actually a great deal of biodiversity among tiny insects, which 45 
can be found in several different orders of insects, but are especially common within Thysanoptera 46 
and some families of Hymenoptera. In fact, the vast majority of known insects are only a few 47 
millimeters in body length or smaller, and the smallest insects likely represent the minimum achievable 48 
size in multicellular organisms (Sane, 2016; Polilov, 2015).  Thysanoptera (thrips) alone accounts for 49 
8 different families of tiny insects containing more than 5,500 known species (Morse and Hoddle, 50 
2006), while Mymaridae (fairyflies) and Trichogrammatidae, two different Hymenopteran families of 51 
Chalcid wasps, are also known to represent several hundred more known species of tiny flying insects. 52 
These insects live in a variety of different environments and are of different agricultural and biological 53 
interest. Research on the biology and flight mechanisms of tiny insects has focused on understanding 54 
their ecological importance as well as applications in biological control and in bio-inspired engineering 55 
(Lewis, 1997; Aurora et al., 2014), but very little is actually known about the lifecycles, dispersal 56 
mechanisms, and wing design in these insects (Mound, 2005). Most tiny insects are largely limited to 57 
land, but not all. Trichogrammids, for example, are often observed swimming underwater, and 58 
maneuver by moving their wings in a “jerking” motion (Matheson and Crosby, 1912). Common among 59 
many of these species is that they are capable of controlled flight in air at wing-chord based Reynolds 60 
numbers (Re) of about 10 (Santhanakrishnan et al., 2014). 61 
At low Re such as those experienced by tiny insects, viscous fluid dynamic forces are much more 62 
difficult to overcome than at the higher Re experienced by larger insects and by birds. 63 
Santhanakrishnan et al. (2018) found that at Re below 30, dimensionless lift coefficients increase 64 
slightly compared to higher Re, but dimensionless drag coefficients increase by several hundred 65 
percent. Additionally, the power requirements for the flapping flight typical of larger insects cannot be 66 
sustained at this scale (Weis-Fogh, 1973). In many tiny insects, such as Encarsia formosa (Weis-67 
Fogh, 1973), Muscidifurax raptor, and Nasonia vitripennis (Miller and Peskin, 2009), the obligate use 68 
in free flight of the clap and fling wing kinematics described by Weis-Fogh (1973) has been observed. 69 
Non-obligate use of clap and fling can also be readily observed in larger insects, such as tethered 70 
butterflies and Drosophila (Lehmann et al., 2005), and in birds such as the common pigeon in 71 
emergency situations (Weis-Fogh, 1973). However, observations of the obligate use of this 72 
mechanism have been limited strictly to the smallest insects (Lehmann et al., 2005). It has also been 73 
observed that the wings of some of the smallest insects are held together in pronation for as much as 74 
25% of the wingbeat cycle, which has not been observed in larger insects (Ellington, 1984). This 75 
difference in prevalence of the clap and fling mechanism in tiny insects as compared to larger animals 76 
suggests that use of clap and fling could provide greater aerodynamic benefits at lower Re than at 77 
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higher Re, which directly contradicts previous analytical and computational studies (Weis-Fogh, 1973; 78 
Miller and Peskin, 2005; Arora et al., 2014) that have predicted lift benefits from clap and fling at both 79 
low and high Re, but especially large drag penalties at low Re, which must be overcome in order to 80 
achieve controlled flight. 81 
Due to the presence of bristled wings in most, if not all, species of tiny insects capable of free flight, 82 
they have been often conjectured to serve a function in aiding tiny insects overcome the challenges 83 
of flight at low Re. In his first description of clap and fling kinematics, Weis-Fogh (1973) suggested 84 
that bristles could help prevent the wings from sticking together. Since then, bristled wings have been 85 
proposed to provide aerodynamic benefits (Santhanakrishnan et al., 2014; Jones et al., 2016, Kasoju 86 
et al., 2018). Previous studies of a single bristled wing show that at low Re, bristled wings actually 87 
perform similarly to solid wings during translation, with only minimal force reductions (Sunada et al., 88 
2002; Jones et al., 2016, Lee and Kim, 2017). Recent studies have focused on wing-wing interactions 89 
during clap and fling, with bristled wings computationally modeled in 2 dimensions as porous plates 90 
(Santhanakrishnan et al., 2014) and as rows of cylinders (Jones et al., 2016). Both simulations 91 
predicted that leaked flow through bristled wings during wing-wing interaction can contribute to 92 
substantial drag reduction when compared to solid wings. This hypothesis was confirmed by an 93 
experimental study using the same kinematics with rectangular wing models of varying bristle spacing 94 
by Kasoju et al. (2018). Despite the number of recent studies aimed at addressing performance of 95 
bristled wings, much of the diversity in bristled wing design in nature has not been addressed. Studies 96 
of bristled wings have largely been limited to studying bristle spacing in the form of gap width between 97 
bristles (Lee et al., 2017), ratio of gap width to bristle diameter (Jones et al., 2016), and ratio of gap 98 
width to span length (Kasoju et al., 2018). Sunada et al. (2002) tested a single bristled wing model in 99 
translation in order to determine relative performance of a bristled wing compared to a solid wing, 100 
while Santhanakrishnan et al. (2014) simplified bristled wing design characteristics into a leakiness 101 
factor for computer simulations, which could be useful for bristled wings for which a leakiness factor 102 
has previously been determined. Jones et al. (2016) addressed some of the diversity in bristled wing 103 
design in Mymaridae by measuring the ratio of gap width to bristle diameter, and by measuring the 104 
ratio of bristled wing are to total wing area, with the former being the ratio varied in the computations. 105 
However, the relative importance of these elements of wing geometry, as well as other elements, such 106 
as flexibility, number of bristles per unit span, angle of bristles relative to the membrane, disparity in 107 
the number of bristles between the leading and trailing edges of the wing, and the relative lengths of 108 
bristles on either side of the wing, are as of yet unknown. 109 
The specific aim of this study is to address an area of weakness with regard to the understanding of 110 
bristled wing design. In this study, total wing areas and membrane areas are measured in species of 111 
Thysanoptera, and the percentage of the wing covered by the membrane is recorded and compared 112 
to data collected by Jones et al. (2016) for Mymaridae. Thysanoptera proved ideal for this study as 113 
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the Mymaridae examined by Jones et al. (2016) had body lengths of approximately 0.17-1.0 mm, while 114 
the Thysanoptera herein examined had body lengths ranging from approximately 0.9-1.8 mm. Since 115 
the body lengths of the insects considered in the two studies are different ranges, the datasets can be 116 
considered complementary, and therefore can together make greater contributions to a broader 117 
understanding of wing design in tiny insects. The morphological data from the two studies were used 118 
to aid in the design of several bristled wing models. These models were tested on a robotic platform 119 
in order to determine both the quantitative and qualitative effects of varying the portion of wing area 120 
covered by the membrane on aerodynamic lift and drag forces, flow structures in the fluid, and the 121 
development of circulation associated with the leading and trailing edge vortices created by the clap 122 
and fling motion. This study also takes a look at the scalability of bristled wings in clap and fling, and 123 
comments on the usefulness of bristled wings during clap and fling at Re higher than those commonly 124 
experienced by tiny insects.  125 

Materials and Methods 126 
This study examines images of the forewings of biological organisms in order to determine the extent 127 
of variation in solid membrane area, bristled area, and total wing area in forewing design in thrips 128 
(Thysanoptera). The percentage of total wing area covered by bristles (AM/AT), was determined to be 129 
of particular interest, and was used to make physical models, which were then tested on a robotic 130 
platform designed to mimic clap and fling kinematics common among tiny insects. Force 131 
measurements were taken in order to calculate dimensionless lift and drag forces generated by this 132 
wing motion, and Particle Image Velocimetry (PIV) was performed in order to determine the 133 
quantitative effects of changing AM/AT and Re on circulation, and the qualitative effects of changing 134 
AM/AT and Re on flow structures. 135 
Bristled wing morphology 136 
Morphological data were collected from previously published images of 25 species of Thysanoptera 137 
from a total of three different taxonomic families in order to determine the range of variation in biological 138 
wing design, especially with respect to the size of the membrane area relative to the total wing area 139 
(Funderburk et al., 2007; Mound and Ng, 2009; de Borbón, 2010; Riley et al., 2011; Minaei and 140 
Aleosfoor, 2013; Cavalleri and Mound, 2012; Tong et al., 2015; Lima and Mound, 2016) Thrips were 141 
chosen for this study especially due to their size and lack of close taxonomic relations with other tiny 142 
insects such as Mymaridae, which have previously been studied by Jones et al. (2016). Jones et al. 143 
(2016) examined 23 species of fairyflies (Hymenoptera: Mymaridae), and found correlations with body 144 
length in the ratio of gap spacing between bristles to bristle diameter, and in the percentage of total 145 
wing area occupied by bristles. However, the correlation between bristled area and total wing area 146 
found in that study was strongly negative, and the linear regression predicts a solid wings with no 147 
bristles for fairyflies with body lengths of 1 mm or above (Jones et al., 2016). Adult thrips often have 148 
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body lengths measuring 1-2 mm, and are larger and more biologically complex than smaller 149 
Mymaridae and Trichogrammatidae. Due to their larger size and weight, thrips require much more 150 
control and much higher lift forces in free flight. Therefore, studies on the wing design and flight 151 
mechanics in thrips could provide unique insect into bristled wing design. 152 
For an image to be considered for this study, it was required that each image contain an unobstructed 153 
view of at least one forewing in its entirety, without obvious damage to the wing or missing bristles. 154 
Image analysis was performed on these images using ImageJ software (Schneider et al. 2012), and 155 
membrane area (AM) and total wing area (AT) were directly measured from the images (Fig. 1A). 156 
Bristled wing area (AT) was calculated as the difference between AT and AM. The percentage of the 157 
wing covered by the membrane (AM/AT), was recorded, rather than the percentage of the wing covered 158 
in bristles, due to the fact that membrane area was directly measured. The values of AM, AT, AB, and 159 
AM/AT were plotted as functions of body length (Fig. 1B-D). Linear regressions were performed in each 160 
case, and R2 and P-values were reported for each regression. A full list of species and measurements 161 
is provided in the supplementary material (Table S1).  162 
Wing models 163 
Based on the morphological data from Thysanoptera (this study) and Mymaridae (Jones et al., 2016), 164 
5 sets of bristled wings covering the range of AM/AT values found in tiny insects were designed and 165 
experimentally tested on a robotic model mimicking clap and fling kinematics (Figs. 2B, C, 3A, B). The 166 
selected AM/AT values for this study were AM/AT = 15%, AM/AT = 30%, AM/AT = 50%, AM/AT = 70%, and 167 
AM/AT = 100% (a completely solid wing). AT was maintained constant across all bristled wing models, 168 
and AM was varied to achieve the desired AM/AT. The idealized wing models were constructed in-169 
house, with solid membranes laser cut from 1.5 mm thick polycarbonate sheets, and bristles cut to 170 
desired lengths from 1 mm diameter glass rods. Clear epoxy was used to bond the polycarbonate 171 
membranes to either side of the glass bristles. These materials were chosen because they are 172 
permissive to light, which allows qualitative and quantitative data on the fluid flow and flow structures 173 
generated by the wings to be collected using particle image velocimetry (PIV). 174 
Total wing area, Gap to diameter ratio (G/D), number of bristles, angle of bristles relative to the 175 
centerline of the wing, and aspect ratio (AR) were all maintained constant across the 5 bristled wing 176 
models in order to ensure that any effects found in the study would be strictly due to the change in 177 
relative membrane area. The gap to diameter ratio was maintained at 8, which is within the typical 178 
biological range observed in thrips and in fairyflies by Jones et al. (2016). The number of bristles was 179 
limited to 20 by the diameter of the glass rods and the G/D ratio, and the number of bristles seen on 180 
the forewings of thrips (~50-150) was not achievable. However, smaller insects often have fewer 181 
bristles, and fairyfly wings typically have between 20-35 bristles. Angle of the bristles relative to the 182 
wing was maintained at 45o. There is a wide range of variation in the angle of bristles in thrips and 183 
fairyflies, and many species of thrips can even adjust the angle of their bristles for flight (Mound, 2005). 184 
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Additionally, a non-bristled wing model, identical in geometry to the membrane of the AM/AT = 70% 185 
wing was constructed, and force data was collected on this wing model, referred to as the “membrane 186 
only” wing. The membrane only wing was constructed to compare solid wings equivalent to both the 187 
membrane area and the total wing area to the bristled wing, in order to determine the effects of bristles 188 
on aerodynamic forces. Important to note is that since the membranes for each bristled wing were 189 
made by reducing chord length relative to the solid wing, the membrane only wing has a higher AR 190 
than the solid and bristled wings. The AR for the solid wing is 2, while the AR of the various membranes 191 
changes, but overall AR for each bristled wing is maintained at 2. The AR of the membrane only wing 192 
is 2.86. 193 

Robotic model 194 
The dynamically scaled robotic model used in this study (Fig. 2B, C) was the same platform used in 195 
Kasoju et al. (2018), and was experimentally validated in the aforementioned study against Sunada et 196 
al. (2002) for a single wing in translation at varying angles of attack. Wing models were attached to 197 
6.35 mm diameter stainless steel D-shafts via custom made aluminum L-brackets. Each wing was 198 
driven by 2 2-phase hybrid stepper motors with integrated encoders (ST234E, National Instruments 199 
Corporation, Austin, TX, USA). One stepper motor on each side of the platform was connected to the 200 
D-shaft via bevel gears and was used to control rotation. The other motor used a rack and pinion 201 
mechanism to control translation. All 4 motors were controlled by a multi-axis controller (PCI-7350, 202 
National Instruments Corporation, Austin, TX, USA) via custom programs in written in LabVIEW 203 
(National Instruments Corporation, Austin, TX, USA). The position profiles prescribed to the motors 204 
controlling the left and right wings were identical in magnitude but opposite in sign, so that the wings 205 
would travel in opposite directions. The starting distance between the wings was set to 10% of chord 206 
at half-span (cz/S=0.5), close enough to experience wing-wing interactions, but just far enough apart to 207 
prevent the leading and trailing edges of the wings from colliding during rotation. The assembly was 208 
mounted on an acrylic tank with a square base measuring 0.51 m on each side, and 0.41 m in height. 209 
The tank was filled to 0.31 m in height with glycerin-water solutions of varying viscosities, which were 210 
used to achieve desired Reynolds numbers while maintaining the same motion profile. 211 

Kinematics 212 
The robotic model is controlled via a custom program using LabVIEW software using kinematics 213 
identical to those in a recent experimental study on clap and fling (Kasoju et al., 2018), and are a 214 
modified version of the 2 dimensional clap and fling used in several previous computational studies 215 
(Miller and Peskin, 2005; Santhanakrishnan et al., 2014, Arora et al., 2014, Jones et al., 2016). Angular 216 
and translational positions of the wings in time were prescribed to the stepper motors, and are shown 217 
in (Fig. 3C). There was a 100% overlap prescribed between rotation and translation during clap, 218 
meaning that the wings were translating closer together the entire time that they were rotating. A 50% 219 
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overlap was prescribed during fling, so that the wings had rotated 22.5o (half of the final 45o rotation) 220 
before translation began. Arora et al. (2014) previously examined the effects of varying the percent 221 
overlap between rotation and translation on forces generated during clap and fling. Diagrams showing 222 
the kinematics used in this study for fling (Fig. 3A) and clap (Fig. 3B) indicate direction of motion and 223 
wing position at the start and end of each portion of the stroke. The kinematics used in this study were 224 
chosen because they have been commonly used in computational simulations, and the behavior of 225 
2D solid wings using these kinematics is well characterized for varying Re, wing spacing, and overlaps 226 
for translation and rotational motion (Miller and Peskin, 2005; Arora et al., 2014), as well as because 227 
descriptions of clap and fling in insects, including descriptions by Weis-Fogh (1973) and Ellington 228 
(1984), are often qualitative, due to difficulties experienced in attempting to control the behavior of 229 
these tiny insects while taking camera footage at very high frame rates.  230 
For the motion profile used in this study, displacement is reported in chord lengths, rotation angle is 231 
reported in degrees, and dimensionless time is defined according to: 232 

𝜏 = 𝑡/𝑇 (2) 233 

where t represents the amount of time elapsed since the start of wing motion, while T represents the 234 
length of one complete wingbeat cycle. Therefore, 𝜏 can be considered physically the number of 235 
wingbeat cycles elapsed since the start of motion. 236 

Test conditions 237 
Each wing model used in this study was tested at 3 different Re ranging from Re = 10 to Re = 120. 238 
Reynolds number of a body in motion is defined as the ratio of inertial body forces to viscous fluid 239 
forces, and can be calculated as: 240 

𝑅𝑒 =	 )*+,
-

 (1) 241 

where 𝑈/0 is wing tip velocity during steady translation, 𝑐 is average chord length across the span of 242 
the forewing, and 𝜈 is the kinematic viscosity of the fluid medium. Note that the characteristic velocity 243 
in this equation is the steady-state velocity during wing translation, which allows Re to be calculated 244 
as a single number across the entire stroke, rather than as a time-varying coefficient. This definition 245 
has been used in a number of previous studies relevant to tiny insect flight (Sunada et al., 2002; Miller 246 
and Peskin, 2005; Santhanakrishnan et al., 2014; Jones et al., 2016, Kasoju et al., 2018). Since chord 247 
length and motion profile were constant for all wing models, Re was varied only by changing fluid 248 
viscosity. To achieve three different Re, 3 different glycerin-water solutions were made with varying 249 
viscosities. This method of varying kinematic viscosity has been used previously to achieve a wide 250 
range of Re without having to change wing models or velocity (Maxworthy, 1979). The text matrix for 251 
this study, showing variations in 𝜈 and Re, and other test conditions which were maintained constant 252 
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is shown in (Table 1). For different fluid mixtures, 𝜈 was measured using Cannon-Fenske routine 253 
viscometers sizes 200, 300, and 400 (Cannon Instrument Company, State College, PA, USA). The 254 
cutoff frequency for filtering force data, fcutoff was a function of UST as found in Kasoju et al. (2018), and 255 
was maintained constant across wing models and across Re. The duration of the clap and fling portion 256 
of the stroke, T, was a function of the motion profile and UST, with clap and fling taking the same length 257 
of time, T/2. The frame rate for Time-resolved PIV (TR-PIV) was calculated to take 200 evenly spaced 258 
images during time T, with 100 images captured during each clap and fling. 259 

Force measurement 260 
Force data were collected by means of strain gauges bonded to the L-brackets shown in (Fig 4A, B 261 
using the robotic platform shown in (Fig. 2B, C). A data acquisition board (NI USB-6210, National 262 
Instruments Corporation, Austin, TX, USA) sampled the raw voltage data, while the same LabVIEW 263 
(National Instruments Corporation, Austin, TX, USA) program used to control the motors triggered the 264 
recording of strain gauge data and angular position of the wings at a sample rate of 100 kHz throughout 265 
the duration of clap and fling wing-wing interaction. (𝜏 = 0.8 − 1.2). The sampling and processing 266 
procedures were the same as used in Kasoju et al. (2018), with voltage signal being recorded prior to 267 
the start of motion for a baseline offset. 10 motion profile cycles (20 wingbeat cycles) were run prior 268 
to data collection in order to establish periodic steady state in the tank, and data recording occurring 269 
during 30 continuous cycles. Raw voltage data were processed in MATLAB (The Mathworks Inc., 270 
Natick, MA, USA) using a simulated third order low-pass Butterworth filter with the cutoff frequencies 271 
given in (Table 1). The filtered baseline offset was subtracted from the filtered voltage data, and the 272 
results were used to calculate forces on the strain gauge brackets via manual calibration of the lift and 273 
drag brackets. Then, lift and drag forces acting on the wings were calculated as tangential force in the 274 
positive y-direction, and normal force in the x-direction, respectively (Fig. 4C, D). These were 275 
calculated according to eqns. 3 and 4. 276 

𝐹: = 𝐹0 cos 𝛼 (3) 277 

𝐹? = 𝐹@ cos 𝛼 (4) 278 

FT and FN are tangential and normal forces as defined in (Fig. 4C, D), and α is the rotation angle of 279 
the wing, as recorded from the integrated encoder in the stepper motor. Inertial forces were subtracted 280 
from the filtered lift and drag data prior to calculation of dimensionless lift (CL) and drag (CD) 281 
coefficients. CL and CD were calculated according to the following formulas: 282 

𝐶B =
B

C
DE)*+

D F+
 (5) 283 

𝐶G =
G

C
DE)*+

D F+
 (6) 284 
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In the above, L and D are the lift and drag forces, respectively, in Newtons, while ρ is density of the 285 
fluid medium. Standard deviations were calculated across cycles for CL and CD, and the force 286 
coefficients were averaged across 30 cycles. The strain gauges used to collect force data were 287 
mounted on the L-brackets attaching the wings to the robotic platform, and recorded per-wing force 288 
rather than overall force. For that reason, lift and drag coefficients presented throughout this paper are 289 
presented in terms of dimensionless force per wing. 290 

Particle image velocimetry 291 
2D time-resolved Particle Image Velocimetry (TR-PIV) was performed for each wing model in three 292 
different chordwise planes (parallel to the x-y plane) located at cz/S=0.5, cz/S=0.7, and cz/S=0.9 (50%, 70%, 293 
and 90% span) (Fig. 4E-G). The PIV results were processed using DaVis 8.3.0 software (LaVision 294 
GmbH, Göttingen, Germany) in multiple passes of decreasing size, with one pass using window size 295 
48x48 pixels, and two subsequent passes using window sizes of 24x24 pixels. PIV results were 296 
averaged over a minimum of 10 cycles, and position and velocity vectors were exported. Vorticity was 297 
calculated from the velocity field data as the curl of the velocity field, according to: 298 

𝜔I =
JK
JL
− JM

JN
 (8) 299 

where v represents local velocity in the y direction, and u represents local velocity in the x direction. 300 
Circulation data were calculated from the vorticity in the flow fields at 11 time points each for clap and 301 
fling taken at time steps of 5% of T. Circulation was calculated for the leading and trailing edge vortices 302 
in each PIV plane using a custom MATLAB script (The Mathworks Inc., Natick, MA, USA), and the 303 
values of circulation are presented as a function of 𝜏 in (Fig. 9). Circulation was calculated according 304 
to the following: 305 

Γ = ∬𝜔I𝑑𝑆 (9) 306 
where S is the vorticity region for either the leading edge or trailing edge vortex. A minimum vorticity 307 
cutoff for each vortex was set at 25% of the maximum vorticity magnitude in the wing model with AM/AT 308 
= 15%. Note that circulation in this study is presented for the right wing only, and that circulation about 309 
the left wing over time should be equivalent in magnitude, but opposite in direction.  310 

The PIV setup used in this study was similar to the one described in Kasoju et al., (2018), but with a 311 
50 mm Nikon AF Nikkor lens (1902, Nikon Corporation, Tokyo, Japan) in order to acquire a wider field 312 
of view. Image capture and PIV data processing were performed using LaVision DaVis 8.3.0 software, 313 
and seeding particles used in the fluid mixtures were hollow glass spheres of 10 μm diameter and 314 
(110P8, LaVision GmbH, Göttingen, Germany). Horizontal laser sheets were made using a 10 mm 315 
focal-length cylindrical lens mounted on a 527 nm Nd:YLF laser with 0.5 mm beam diameter 316 
(Photonics Industries International, Inc., Bohemia, NY, USA). A high speed CMOS camera with 317 
resolution 1280 x 800 pixels was mounted on a rail below the tank, and was triggered to capture 200 318 
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images using a high speed controller (1108075, LaVision GmbH, Göttingen, Germany), controlled via 319 
the same LabVIEW program used to control the wing motion (National Instruments Corporation, 320 
Austin, TX, USA). The frame rate required to capture 100 images during each clap and fling was a 321 
function of UST, and is presented in (Table 1). 322 

Results 323 
Wing morphology 324 
Total wing area AT, solid membrane area AM, and bristled area AB are reported as functions of body 325 
length (Fig. 1B, C), and R2 and P-values for these quantities are reported. These values were found 326 
to be generally increasing as body length increased, but with calculated P-values between 5-10%. The 327 
percentage of wing area covered by the solid membrane, AM/AT, was also plotted as a function of body 328 
length in Thysanoptera (Fig. 1D), and a strong positive correlation was found, although the variation 329 
in AM/AT was small when compared to other tiny insects. Previously, Jones et al. (2016) had found a 330 
strong positive correlation between AM/AT and body length in fairyflies. However, the value of AM/AT 331 
calculated for thrips was found to range from 14-27% of total wing area across all of the 25 observed 332 
species, contrasting sharply with the range reported in Jones et al. (2016) of approximately 11-88% 333 
of total wing area in 23 species of Mymaridae. 334 

Force measurements 335 
Force measurements were taken at each Re (10, 60, and 120). Lift and drag were taken in the vertical 336 
and horizontal directions, respectively. Force data measured in time (Fig. 5) shows the time-varying 337 
effects of bristled wings during clap (𝜏 = 0.8 − 1.0) and in fling (𝜏 = 1.0 − 1.2), and peak force 338 
coefficients are presented as functions of Re, which show that decreasing AM/AT is accompanied by 339 
reductions in both CD,max and CL,max (Fig. 6A, B, D, E). Across all Re, the reduction in CD,max resulting 340 
from the usage of bristled wings is greater than the reduction in CL,max, during both clap and fling, 341 
resulting in higher ratios of peak lift to peak drag (CL,max/CD,max) for wings with lower AM/AT (Fig. 6C, 342 
F). 343 
For all Reynolds numbers tested, CD,max during fling was found to occur at or just before 𝜏 = 1.1 (Fig. 344 
5 A-C), and was followed by a drop in the magnitude of CD to zero or even negative drag force. The 345 
time point 𝜏 = 1.1 corresponds to the beginning of rotational deceleration and the start of translational 346 
motion in the motion profile used to prescribe kinematics in this study (Fig. 3C). During fling, CD,max 347 
was found to decrease slightly as Re decreased from 10 to 120 for the bristled wing models, although 348 
both the solid wing and the membrane only model showed a decrease in CD,max  from Re 10 to Re 60, 349 
and an increase in CD,max between Re 60 and Re 120 (Fig. 6D, E).  350 
The negative peak seen in CD during clap (Fig. 5 A-C) indicates drag acting in the opposite direction 351 
during clap as compared to during fling. The drag increase during clap begins around the same time 352 
as translational deceleration begins, and reaches CD,max just after 𝜏 = 0.9, which coincides with the 353 
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start of rotational deceleration (Fig. 3C), as well as with a drop in CL. During clap, the magnitude of 354 
CD,max showed little change with Re for bristled wings with AM/AT = 15%, 30%, and 50%, while the solid 355 
wing and the bristled wing with AM/AT = 70% were found to decrease in CD,max from Re 10 to Re 60, 356 
and then increase again between Re 60 and Re 120 (Fig. 6A). As Re increased, the magnitude of 357 
CD,max during clap in the solid wing model approached and even surpassed the magnitude of CD,max 358 
during fling (Figs. 5C, 6A, B). 359 
For each wing model and Re, local maxima were found in CL during clap at 𝜏 ≈ 0.86, and at the end 360 
of fling (𝜏 = 1.2). These maxima were plotted as functions of Re (Fig. 6C, F), and were generally found 361 
to decrease with decreasing AM/AT, and to uniformly decrease with increasing Re (Fig. 6B, E). The 362 
time point during clap at which maximum lift occurs is at 𝜏 ≈ 0.88, just before the start of rotational 363 
deceleration (𝜏 = 0.8). CL,max during clap was found to decrease more with Re than CL,max during fling, 364 
which contributed to the highest overall lift during the stroke occurring during clap at Re 10, and during 365 
fling at Re 60 and Re 120. 366 
Overall, bristled wings are seen to provide drag reduction compared to a solid wing during both clap 367 
and fling, while preserving most of the lift force to provide significant benefits compared to both a solid 368 
wing and to the membrane alone (Figs 5, 6, S1). Percent reduction in CD,max, and in CL,max  compared 369 
to the solid wing model were calculated for bristled wing models and the membrane only model as 370 
functions of Re from the data in (Fig. 6), and are presented in the supplementary material (Fig. S1). 371 
Compared to bristled wings, the solid wing and the membrane only wing performed the worst at all Re 372 
in terms of the ratio of peak lift to peak drag. Increasing Wings with AM/AT = 15%, 30%, and 50% even 373 
achieved ratios of peak lift to peak drag greater than 1 at Re 10, the Re most biologically relevant to 374 
tiny insects with bristled wings. 375 

Chordwise flow 376 
PIV was performed in three different chordwise planes at each Re. The chordwise planes were located 377 
at 50%, 70%, and 90% of span, measured from the root of the wing. Vector fields calculated in the 378 
PIV were overlaid with vorticity contours, and show chordwise flow at each of the planes: 50% span 379 
(Figs. 7, 8), 70% span (Fig. S2), 90% span (Fig. S4). Circulation was calculated in the leading and 380 
trailing edge vortices in each chordwise plane at 22 time points (every 10% of each clap and fling) 381 
during the clap and fling portion of the stroke (Figs. 9, S3, S5). Velocity fields and out of plane vorticity 382 
for solid and bristled wings with AM/AT = 15% show that leading and trailing edge vortices (LEV and 383 
TEV, respectively) grow stronger during clap at Re 10 as flow from the two wings begins to interact, 384 
but then dissipate towards the end of clap when translational and rotational velocity begin to slow (Fig. 385 
7A, B). During fling at Re 10 (Fig. 7C, D), LEVs and TEVs both grow in size and strength from the start 386 
of fling to the end of fling. Throughout both clap and fling, LEVs and TEVs are stronger for the solid 387 
wing than for the wing with AM/AT = 15%, and this is consistent at higher Re as well (Fig. 8). 388 
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Across different Re, the flow structures associated with the clap and fling motion change. For solid 389 
wings and for bristled wings with AM/AT = 15% at 25% of clap time (Fig 8A, B), and at 50% of fling time 390 
(Fig. 8C, D), there is a lot of variation visible across Re and between wing models. These time points 391 
are close to the occurrence maximum lift during clap and maximum drag during fling. At Re 10, LEVs 392 
and TEVs remain attached to both wing models during clap. However, as Re increases in clap, the 393 
LEVs detach from the solid wing, and TEVs elongate in both the solid wing and the bristled wing at Re 394 
60 and Re 120 (Fig 8A), More of the vorticity remains attached to the LEV of the wing with  AM/AT = 395 
15% than to the solid wing. Vorticity and velocity increase during fling with increasing Re (Fig. 8C). 396 
Circulation values were calculated for the leading and trailing edge vortices over time, and the (Figs. 397 
9, S3, S5) as a function of Re. During clap, magnitude of circulation in the trailing edge vortices tends 398 
to be higher than the magnitude of circulation in the leading edge vortices, while during fling the leading 399 
edge vortices tend to have a higher magnitude. In both cases, the magnitude of circulation in the 400 
counterclockwise direction is stronger than the magnitude of circulation in the clockwise direction (all 401 
with respect to the right wing). This vortex asymmetry is known to contribute to lift generation, and 402 
counter-rotating vortices can be considered as individual components each contributing to or 403 
detracting from lift generation (Wu, 1981; Miller and Peskin, 2005; Kasoju et al., 2018).  404 
From the calculated circulation data, a number of important trends can be distinguished. At Re 10, 405 
Γ0WX and Γ:WX are both seen to decrease with decreasing AM/AT. This trend is true for the TEV during 406 
clap and the LEV during fling across all Re. However, it does not hold for LEV during most of clap and 407 
TEV during fling at high Re. At Re 60 and 120, wing models with lower AM/AT show higher Γ:WX , and 408 
all wing models show lower Γ:WX at higher Re than at lower Re due to elongation and eventual shedding 409 
of the LEV in wing models with higher AM/AT. This changes at the end of clap, between 𝜏 = 0.88 and 410 
𝜏 = 0.94, when rotation and translation of the wing slow, and the previously shed LEV catches up with 411 
the wing merging with the attached LEV and increasing LEV circulation for the solid wing at Re 60, 412 
and for both the solid and AM/AT = 70% wing at Re 120. Interestingly, after reattachment of the 413 
previously shed LEV, the wing with AM/AT = 70% still shows higher Γ:WX than the solid wing at Re 120, 414 
keeping with the previous trend of lower AM/AT wing models maintaining higher Γ:WX. At Re 10, Γ0WX 415 
during fling decreases with decreasing AM/AT, but at Re 60 and 120, the TEV from clap does not 416 
immediately dissipate, but attaches to the trailing edge of the bristled wing models through the fling, 417 
increasing the detrimental LEV to be stronger in bristled models than in the solid wing model. In clap, 418 
Γ0WX increases with increasing Re for the solid wing, and for the two wing pairs with the highest AM/AT, 419 
but increases relatively little for the wings with AM/AT = 15% and 30%, resulting in a higher spread in 420 
Γ0WX values at higher Re than at lower Re. 421 

Discussion 422 
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Many flying insects with body lengths of 2 mm or less possess bristled wings, and this study took a 423 
look at the forewing morphology in a number these tiny insects from the order Thysanoptera (thrips). 424 
For the 25 species of thrips studied, a strong correlation was found between AM/AT and body length, 425 
and AM, AB, and AT were all found to be generally increasing with body length as well. Despite the 426 
thousands and thousands of known species of tiny bristled-winged insects, and their economic and 427 
ecological importance (Ellington, 1980; Santhanakrishnan, 2014), very little is actually known about 428 
their lifecycles and dispersal mechanisms, and much of the information about thrips found in literature 429 
is often incorrect (Mound, 2005). The explicit goal of this study was to determine how a specific aspect 430 
of bristled wing design, the relative portion of total wing area covered by the membrane (AM/AT), can 431 
affect the aerodynamic mechanism believed to be used by the majority of tiny insects, the “clap and 432 
fling” mechanism. While a large number of studies (Weis-Fogh, 1973; Lighthill, 1973; Bennett, 1977; 433 
Maxworthy, 1979; Miller and Peskin, 2005; Kolominskiy et al., 2011; Santhanakrishnan et al., 2014; 434 
Aurora et al., 2014; Jones et al., 2016; Kasoju et al., 2018) have looked at clap and fling in some 435 
capacity since it was first described by Weis-Fogh (1973), and it is believed that bristled wings are 436 
aerodynamically beneficial for clap and fling kinematics (Santhanakrishnan et al., 2014; Jones et al., 437 
2016; Kasoju et al., 2018), previous studies have been unable to determine what greater benefits exist 438 
in using bristled wings in clap and fling flight at Reynolds numbers more relevant to Thysanoptera, 439 
Mymaridae, and Trichogrammatidae than to larger flying insects which have been observed to use 440 
clap and fling, such as Drosophila.  441 
At the Re biologically relevant to tiny insects, bristles were found to reduce dimensionless lift and drag 442 
forces, with CL reduced more than CD, causing the ratio CL/CD to be higher for bristled wings with 443 
higher AM/AT, and the lowest for solid wings with no bristles. CL/CD is a commonly used measure of 444 
aerodynamic efficiency, which compares the amount of force contributing to keep the insect aloft to 445 
the amount of drag force resisting wing motion. At low Re, such as experienced by the smallest insects, 446 
overcoming drag becomes more difficult than generating lift, and bristled wings have been shown to 447 
help reduce the amount of force required to fling wings apart (Santhanakrishnan et al., 2014; Jones et 448 
al., 2016; Kasoju et al., 2018). However, using bristled wings to reduce drag force in fling only makes 449 
sense if bristled wings perform relatively well compared to solid wings in clap and fling. Sunada et al. 450 
(2002), and Lee and Kim (2017) showed that there was little difference in the forces experienced by a 451 
single bristled wing as compared to a single solid wing, while Santhanakrishnan et al. (2016) and 452 
Jones et al. (2018) found that bristled (or porous) wings can greatly reduce the drag force experienced 453 
during the fling portion of the stroke. Kasoju et al. (2018) experimentally examined the effect of leaked 454 
flow through bristled wings as the cause of drag reduction, and concluded that the drag reduction due 455 
to the usage of bristled wings was proportionally larger than the lift reduction during both clap and 456 
fling. Interestingly, the peak in drag coefficient during fling corresponded with a rapid increase in 457 
circulation about the leading edge of the wing, signifying that additional force on the wings during this 458 
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time contributes to the increasing vorticity and the development of the attached leading edge 459 
circulation during fling. 460 
This study examined the effects of varying AM/AT, as well as the effects of varying Re. As Re increased, 461 
both CD and CL were reduced significantly, and CL was reduced more in clap than in fling, which makes 462 
the clap mechanism less useful for lift generation at higher Re, although the ratio of CL/CD was found 463 
to still be higher for bristled wings. This is further supported by the fact that at Re 60 and 120, the 464 
maximum lift coefficient occurred at the end of fling, while at Re 10, the maximum lift coefficient 465 
occurred during rotational acceleration during the clap. This shift could help explain why larger insects 466 
and birds without bristled wings often can be seen to use the clap and fling mechanism when startled, 467 
that the relatively smaller lift increase due to the clap at Re 120, as well as the increased stroke 468 
amplitude is worth the extra drag penalty in an emergency situation. Force data was collected on a 469 
membrane only model, which had no bristles but was equivalent in geometry to the membrane of the 470 
AM/AT = 70% model. This model showed CD similar to the AM/AT = 70% wing model, but showed CL 471 
much lower than all the bristled wing models, and a lift to drag ratio similar to the solid wing (Fig. 6). 472 
In short, the membrane only wing showed no benefits in aerodynamic forces when compared to the 473 
solid wing or to the bristled wings. This agrees with the results of Harbig, Sheridan, and Thompson 474 
(2013), whose simulations using a modified Drosophila wing found that higher aspect ratio can be 475 
detrimental to aerodynamic forces over a large range of Re. 476 
Circulation data calculated from PIV data in three chordwise planes showed differences in flow 477 
structures with changes in wing model and Re. At low Re, there was more symmetry in the vortices at 478 
the leading and trailing edges of the wings, compared to higher Re, which agrees with previous studies 479 
(Miller and Peskin, 2005; Kasoju et al., 2018), and is detrimental to lift generation (Wu, 1981; Miller 480 
and Peskin, 2005). However, reduced circulation at higher Re than at Re 10 at chordwise planes at 481 
70% and 90% of span indicate that the reduced circulation could contribute to the lower lift and drag 482 
forces seen at Re 60 and Re 120 than at Re 10. 483 
Solid wings have the highest circulation about both the leading and trailing edges during both clap and 484 
fling at Re 10, but at higher Re, bristled wings have the highest Γ:WX during clap, and the highest Γ0WX 485 
during fling, both of which are detrimental to circulatory lift (Wu, 1981; Miller and Peskin, 2005), and 486 
contribute to bristled wings being marginally less beneficial with increasing Re. This peak force data 487 
supports this conclusion, because despite the fact that bristled wings continue to have a higher ratio 488 
of CL/CD at Re 120, the much lower CL makes it more difficult for a bristled wing to generate enough 489 
lift to keep the insect aloft.  490 

Limitations 491 
Perhaps the greatest limitation in any study of bristled wing design is the lack of biological data 492 
available. Existing kinematic models of clap and fling are based largely on qualitative, rather than 493 
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quantitative data, and the kinematics in this study were limited to the 2D kinematics of the clap and 494 
fling motion used to augment lift at low Re, rather than the entire 3D wing stroke. Additionally, 495 
quantitative morphological data is also difficult to come by. Biologically, there are a wide range of 496 
variables which could affect flight using bristled wings, and this study used a number of simplifications 497 
to isolate AM/AT, which the authors determined could be an important characteristic based on the 498 
strong correlations found between AM/AT and body length in both Thysanoptera and in Mymaridae. 499 
Additional simplifications in this study included the angle of bristles, which was maintained a constant 500 
45o. The smallest insects have bristles fixed in position, while a great number of thrips have the ability 501 
to change the angle of their bristles prior to flight (Mound, 2005). The aspect ratio of the wings used 502 
in this study was held at 2, and AR has previously been found to have a significant effect on 503 
aerodynamic forces and flow structures (Harbig, Sheridan, and Thompson 2013). The large number 504 
of bristles common in Thysanoptera could not be achieved in this study, due to the necessity that the 505 
bristles allow light to pass through for chordwise PIV data collection, however, the number of bristles 506 
on fairyflies is similar to the number of bristles on the wing models tested. The 1 mm diameter of the 507 
glass rods used in the bristled wing models also made it impossible to achieve accurate values of 508 
bristle-based Re, but the effects of varying Reb has previously been studied by Jones et al. (2016).  509 
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Tables 584 

Re 
Density [kg 

m-3] 

Kinematic 

Viscosity [mm2 s-

1] 

UST [m s-1] fcutoff [Hz] 
Clap/Fling 

Duration 
[ms] 

T [ms] 

TR-PIV frame 

rate 
[frames/s] 

10 1215 860 0.19 24 820 2060 244 

60 1234 142 0.19 24 820 2060 244 

120 1260 72 0.19 24 820 2060 244 

 585 

Table 1. Experimental conditions in this experiment. Each row contains information pertaining to the 586 
conditions at a specific Reynolds number (Re) based on the chord length of the solid wing. Each Re 587 
was calculated according to eqn 1, with kinematic viscosity (𝜈) and steady translational velocity 588 
(UST), which are reported in columns 2 and 3 for each Re. Cutoff frequencies used in the filtering of 589 
force data obtained from strain gauges (fcutoff) was varied with UST and are recorded in column 4. The 590 
total length of the rotation part of clap and fling, for which both force measurements and PIV data 591 
were collected, as well as the overall stroke period (T) are represented in columns 5 and 6.  592 
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Figure legends 593 
Figure 1. Wing models and robotic platform used in this study. (A) Bristled wing models with 594 
membrane area ratios AM/AT = 100% (solid), AM/AT = 70%, AM/AT = 50%, AM/AT = 30%, AM/AT = 595 
15%, where AM is the membrane area and AT total planform area of an equivalent solid wing, are 596 
shown. The wing model shown on the far right has the same AM as the model with AM/AT = 70%; 597 
however, the bristles have been removed in order to determine the aerodynamic effects which the 598 
bristles have on the force experienced by the wing models. Chord lengths (c) at ¼, ½, and ¾ of span 599 
are indicated as cz/S=0.25, cz/S=0.5, cz/S=0.75 on the solid wing. The portions of the chord covered by the 600 
solid membrane and by the bristles are shown as (cM) and (cH), respectively. AM/AT was varied by 601 
changing the lengths of cM and cH in order to vary AM, while maintaining a constant span (S) of 90 602 
mm and constant total wing area (AT). The solid wing was modified from an ellipse with major axis of 603 
45 mm and minor axis 28.6 mm (average chord length of 45 mm). Across all bristled models, gap 604 
width (G) was maintained a constant 8 mm, while bristle diameter (D) was maintained a constant 605 
1mm. The total number of bristles on each bristled wing was maintained at n = 20. (B) Front view of 606 
the robotic model used in this study, and (C) right side view. Stepper motors, rack and pinion 607 
mechanism, bevel gears, and D-shafts used to drive the robotic model are indicated, along with 608 
distances from the wing models to the tank sides and to the free surface of the fluid. The coordinate 609 
system used throughout this paper is also indicated. 610 

 611 

Figure 2. Clap and fling kinematics used in this study, and associated motion profile prescribed to 612 
the stepper motors. (A) Stick-figure diagram depicting a chordwise view of the fling portion of the 613 
stroke. The view is in the x-y plane, where the positive y direction is up. Time points are 614 
nondimensionalized to 𝜏 =t/T (where t is time and T is the stroke period). Indicated time points 𝜏 = 615 
0,𝜏 = 0.2, and 𝜏 = 0.4 represent the start of rotation in fling, end of rotation in fling, and start of stroke 616 
reversal. Leading and trailing edges of the model are labeled as LE and TE, respectively. (B) 617 
Chordwise stick-figure diagram depicting the clap portion of the stroke. Time points	𝜏 = 0.5, 𝜏 = 0.8, 618 
and 𝜏 = 1 represent the end of the stroke reversal, the start of rotation, and the end of clap, 619 
respectively. (C) Plot of the motion profile prescribed to the stepper motors. The motion profile, 620 
shown here only for one wing, is based off a previous computational study by Miller and Peskin 621 
(Miller and Peskin, 2005), and is identical to the motion profile used in another recent clap and fling 622 
paper (Kasoju et al., 2018). The shaded region from 𝜏 = 0.8 to 𝜏 = 1.2 represents the experimental 623 
acquisition of data. This was performed during the end of one cycle and the beginning of the next to 624 
allow for continuous data collection. Translation started during fling when the wing reached 50% of 625 
rotation angle 𝛼 (𝜏 = 0.9, 𝛼 = 22.5°), while translation occurred throughout clap (𝜏 = 0.8-1). 626 
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 627 

Figure 3. Force data collection setup, force definitions, and PIV setup. (A) Front and side views of a 628 
wing fixed to an L-bracket in the drag configuration. Strain gauges are bonded to both sides of the L-629 
bracket. (B) Front and side views of an L-bracket in the lift configuration. (C) and (D) Force 630 
definitions shown for both clap and fling. View is in the chordwise x-y plane looking up from the 631 
bottom of the tank. (E) Front view of the tank and PIV setup showing positions of the camera, laser, 632 
and three different chordwise planes in which PIV data was collected. The PIV data were collected 633 
at three different planes at 50%, 70%, and 90% of span. (F) Camera view of the wing models during 634 
PIV data collection. 635 

 636 

Figure 4. Morphological data collected on images of Thysanoptera forewings from previously 637 
published data. (A) Forewing of Thrips Setosus, redrawn from Riley et al. (2011), with both AB and 638 
AM indicated. ImageJ software (Schneider et al., 2012) was used to track AM and AT, while AB was 639 
obtained from AB = AT - AM. (B) Measured AT and AM values as a function of body length. (C) 640 
Calculated values of AB as a function of body length. (D) Area ratio AM/AT as a function of body 641 
length in both Thysanoptera (measured in this study), and in Mymaridae (Jones et al., 2016), and a 642 
much tighter range of AM/AT was found to occur in the larger Thysanoptera than in the smaller 643 
Mymaridae.  Linear regressions were performed on each data set, and the results are shown along 644 
with R2 and p-values for each dataset. The number of bristles in the observed Thysanoptera were 645 
XXXXXXXXXXXX. Thysanoptera observed for this study were: 1) Scirtothrips dorsalis (Riley et al., 646 
2011) 2) Lenkothrips mollinediae (Cavalleri and Mound, 2014) 3) Chaetanaphothrips orchidi 647 
(Funderburk et al., 2007) 4) Neohydatothrips ikelus (Lima and Mound, 2016) 5) Neohydatothrips 648 
chelinus (Lima and Mound, 2016) 6) Neohydatothrips sidae (Lima and Mound, 2016) 7) 649 
Ceratothripoides claratris (Riley et al., 2011) 8) Neohydatothrips hemileucus (Lima and Mound, 650 
2016) 9) Thrips setosus (Riley et al., 2011) 10) Thrips tabaci (Riley et al., 2011) 11) Frankliniella 651 
gemina (Riley et al., 2011) 12) Heterothrips pilarae (Borbón, 2010) 13) Frankliniella schultzei (Riley 652 
et al., 2011) 14) Frankliniella occidentalis (Riley et al., 2011) 15) Frankliniella intonsa (Riley et al., 653 
2011) 654 

 655 

Figure 5. Time-resolved dimensionless force data measured by strain gauges. (A), (B), and (C) 656 
show dimensionless drag data measured at Re 10, Re 60, and Re 120, respectively. Maximum drag 657 
coefficients can be seen across all Reynolds numbers to occur during fling. (D), (E), and (F) show 658 
the dimensionless lift coefficients at the same Reynolds numbers as (A), (B), and (C). The maximum 659 
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lift coefficient occurs during clap at Re 10, and but occurs during fling at Re 60, and 120. This seems 660 
to agree with previous computational studies (Miller and Peskin, 2004) (Miller and Peskin 2005), 661 
which showed that there was minimal lift enhancement experienced above Re 32 gained by using 662 
the clap and fling motion as opposed to a simply translating wing.  663 

 664 

Figure 6. (A) Percent reduction in maximum drag coefficient (ΔCD,max) for wing models with differing 665 
AM/AT compared to a solid wing as a function of Reynolds number. Drag reduction can be seen to 666 
increase as both AM/AT and as Re increase. (B) Percent reduction in maximum lift coefficient 667 
(ΔCL,max) for bristled wings compared to a solid wing as a function of Re. ΔCD,max is typically seen to 668 
be higher than ΔCL,max. (C) Ratios CL,max/CD,max as a function of Re for each wing model. Across all 669 
Re tested, CL,max/CD,max is found to increase with decreasing AM/AT. This ratio is a commonly used 670 
measure of aerodynamic efficiency in level and in hovering flight. 671 

 672 

Figure 7. Velocity vector fields and vorticity along the z-axis in the chordwise plane at z/S=0.5 and 673 
Re=10. (A) Solid wing model during clap. (B) Wing model with AM/AT = 15% during clap. (C) Solid 674 
wing model during fling. (D) Wing model with AM/AT = 15% during fling. Numbers 1-4 represent 675 
12.5% angle, 37.5% angle, 62.5% angle, and 87.5% angle during their respective wing stroke. The 676 
wing position has been superimposed on each image, with the leading edge of the wing being 677 
represented by a circle. Reference vectors and vorticity contours were kept the same across all 678 
images for comparison. (B) and (D) show weaker z-vorticity and lower velocities for the AM/AT=15% 679 
model than (A) and (C) show for the solid wing model. Previous computational and experimental 680 
studies (Jones et al., 2016) (Kasoju et al., 2018) have associated these decreased vorticity and 681 
velocity fields with large decreases in maximum drag coefficient during the fling portion of the stroke 682 
due to leaked flow through the bristles, while Kasoju et al. (2018) also shows relatively lower 683 
decreases in peak lift coefficient during clap. 684 

 685 

Figure 8. Velocity vector fields and z-vorticity contours in the chordwise plane at z/S=0.5. (A) 686 
Represents peak lift coefficient for the solid wing model. (B) Represents peak lift coefficient for the 687 
AM/AT = 15% wing model. (C) and (D) Show vector fields and vorticity contours for solid wing (C) and 688 
AM/AT = 15% (D) at peak drag, which occurs during fling. Numbers 1-4 represent increasing Re, 689 
where Re = 5, 30, 60, and 120, respectively. The wing position has been superimposed on each 690 
image, with leading edge represented by a filled circle. Note that reference vector lengths and 691 
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vorticity contours shown for Re 5 and Re 30 are different than those shown for Re 60 and Re 120. 692 
This is due to the fact that the velocities used to achieve the Re were different. 693 

 694 

Figure 9. LEV and TEV circulation at mid-span during clap and fling. Top row (A,B,C) shows 695 
circulation in clap, bottom row shows circulation in fling. A & D: Re=10; B & E: Re=60; C&F: Re=120. 696 

  697 



  

Re Density [kg m
-3

] Kinematic Viscosity 
[mm

2 
s

-1
] UST [m s

-1
] fcutoff [Hz] Clap/Fling 

Duration [ms] T [ms] TR-PIV frame rate 
[frames/s] 

10 1215 860 0.19 24 820 2060 244 
60 1234 142 0.19 24 820 2060 244 

120 1260 72 0.19 24 820 2060 244 

Table 1 
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