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Recent advances in motion capturing technology9 have enabled detailed studies of bat flight. Tian et al.10 

experimentally measured the wing kinematics using around 20 reflective markers on the left wing in straight and 

turning flight, and performed a simple analysis of the wake structure for straight flight. However, their estimated lift 

using PIV-derived wake data (17gms) could only account for less than half of the bat’s weight (~40gms). This left a 
significant portion of the lift force, and its associated dynamics, unaccounted for. Nevertheless, this was the first 

quantitative experimental study that utilized advances in modern wind tunnel technology and recent developments in 

flow visualization techniques for bat flight11. Muijre et al.12 showed that a slow flying bat (Glossophaga soricina) 

uses an attached leading edge vortex (LEV) to generate 40% of the lift, using DPIV-derived data. Hubel et al.13 used 

a similar experimental approach with 5 markers on the right side of the bat to reveal four typical vortical structures 

across different flight speeds. They discovered that the presence of a tip vortex is not constant at high speeds, which 

contrasts the continuous vortical structure found in bird flight. Subsequently, Hubel et al.14 compared the kinematics 

of two insectivorous bats (Tadarida brasiliensis and Myotis velifer) using 5 markers on the right side of the bats, and 

showed that they differ significantly in prey pursuit at slow flight. They inferred that M. velifer has a better flight 

efficiency for two reasons: a decreased disruption in lift generation between the body and wing, and a characteristic 

root vortex with diminishing strength. They also concluded that generalizations about bat aerodynamic performances 

should be made with proper considerations. Bender et al.9,15 used a much higher density of marker distribution (up to 

200 markers on both of the bat wings), which allowed them to extract a more accurate description of the bat wing in 

motion. Their motion capturing system consisted of a large three-dimensional array of 21 GoPro HERO3+ Black 

action cameras (720p at 120fps) arranged along the walls of a rectangular flight tunnel. Wing kinematics of an 

insectivorous bat species, Pratt's roundleaf bat (Hipposideros pratti), were obtained. Due to the high fidelity of the 

experimental data from this setup, it has been used to prescribe the trajectory for a bat model in this study. 

 

Pivkin et al.16 were the first to simulate bat flight numerically. In their effort, the wing of a bat (Pteropus poliocephalus) 

was represented by an infinitesimally thin tessellation of triangles using around 22 markers placed on the body and 

bones structures. They simulated a low Reynolds number (Re = 100) test flight using an arbitrary Lagrangian-Eulerian 

(ALE) method, and visualized the resulting flow patterns. Wang et al.17 used an immersed boundary method (IBM) 

strategy to simulate a slow flying bat (Re = 1000). The wing outline was obtained using 5 markers on a flying fox in 

maximum wingspan (Pteropus poliocephalus), and this outline was driven by the wing kinematics of another bat 

species, the Pallas long-tongued bat (Glossophaga soricina).  The results from their direct numerical simulation (DNS) 

compared well with PIV results of the same bat flight kinematics. It should be noted here that the data for their 

experiments were obtained from a motion capturing setup with only five markers on the bat wing, with the rest of the 

kinematics being interpolated. Viswanath et al.18, on the other hand, simulated the straight, climbing flight of a species 

of fruit bat (Cynopterus brachyotis) using a similar IBM strategy. The kinematics of a single wing with 50 markers 

was modified into a periodic motion to ensure fully developed flow at two different Reynolds numbers (433 and 5625), 

and the visualized flow structures were used to gain a detailed insight into the effect of the LEV on the generated lift 

and thrust. Nondimensional lift and drag forces were found to be independent of the Reynolds number in these 

simulations. Additionally, they showed that by decomposing the kinematics using proper orthogonal decomposition 

(POD) into the sum of a collection of movements, merely two movements (or modes) could explain almost all of the 

resulting averaged forces. Though their decomposition of wing kinematics was based on a single wing, the overall 

strategy offers excellent potential to choose important kinematics in designing flapping wing MAVs based on bat 

flight data. 

 

In this paper, we present a data pre-processing strategy for conditioning the experimental data obtained through motion 

capture to make it suitable for aerodynamic simulations. POD combined with data imputation is used to deconstruct 

the full wing kinematics into a series of modes representing the native kinematics. The most energetic modes are 

discussed in some detail. Aerodynamic simulations are then used to investigate the effect of mode combinations on 

the ensuing unsteady flow field generated by the wing, and on force production. It is shown that POD analysis with 

data imputation can be used as an effective tool for pre-filtering the raw motion capture data without any loss in 

meaningful content. 
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II. Methodology 

A. Experiment setup 

The experimental subjects for this study were 8 adult specimens of Pratt’s roundleaf bat, 6 males and 2 females. The 

animals were kept in indoor aviaries, and put on a diet of mealworms and water provided ad libidum. The experiments 

were conducted in a tunnel with dimensions 1.12m×1.12m×5m, in which the bats were made to fly the length of the 

tunnel. The flights were captured by 21 synchronized high-speed video cameras (GoPro Hero 3+ Black), with the 

resolution set to 1280×720 (720p) and the frame rate set to 120 fps. The cameras were arranged on the walls of a 

tubular flight tunnel, as shown in Figure 1(c) in order to observe the flying bat from various viewing directions. About 

150 small round marker points were painted onto the bats’ wings using a non-toxic paint to facilitate tracking (Figure 

1(a) and (b)).  An example of high-speed video frames overlaid on each other is shown in Figure 1(d). The methods 

used for correlating the motion capture data between different cameras to obtain the trajectory of each marker point 

in space and time are outlined in Bender et al.9   

B. Pre-processing of Motion Capture Data and Educing Native Kinematics 

Processing the motion capture data to build a mathematical model for the wing kinematics, and a three-dimensional 

mesh of the wing for use in a computational fluid dynamics (CFD) simulation, poses a number of challenges. 

Typically, the recorded field data contains data inconsistencies due to issues with the recorded image data. These 

inconsistencies are in the form of occlusions (missing data), as well as spatial and temporal discontinuities in the raw 

recorded data. Pre-processing is an essential step to close gaps in the data set, and to filter out erroneous points.18 

   
(a) left wing marker distribution (b) right wing marker distribution (c) flight tunnel  

 
(d) bat in flight 

Figure 1. Motion capture experimental setup. 
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During the experiment, the bat wings were subjected to a high degree of flapping and twisting, which could result in 

certain feature points not being seen by more than one camera. Since two cameras are needed at minimum to perform 

triangulation, a number of observations could result in void entries. Another source of error in the data is the precision 

of the stereo-triangulation. A feature point observed by two cameras close to each other can display a large degree of 

range ambiguity. Additionally, incorrect association of marker points between cameras, and errors in the cameras’ 
extrinsic/intrinsic parameters, can result in outliers appearing in the final marker point data set. These errors must be 

properly addressed before the kinematics data can be used in CFD analyses.  

 

In the pre-processing step, void entries in the data set were interpolated in time from adjacent frames showing the 

respective landmarks by virtue of piecewise cubic splines19. For void entries that could not be interpolated (occlusion 

at the beginning or the end of frame sequences), data imputation was used, which takes into account not only 

information regarding the observation of missing values and the values themselves, but also considers their 

relationship with the rest of the observations and values. For this, we used the trimmed scores regression (TSR) method 

introduced by Folch-Fortuny et al.20 This was combined with POD. In the current context, the POD was not only used 

to deconstruct the wing motion into its most energetic components, it also served as a pre-filter to eliminate spurious 

noise from the wing kinematics. This was done under the implicit assumption that spurious noise in the measured 

 
 

(a) Variances of each mode including the translational motion (mode 0) of the bat 

 

 
 

(b) Variances of each mode excluding the translational motion (mode 0) of the bat 

Figure 2. Variances of each mode and cumulative distribution 
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2) Modes 0 + 1 + 2 

Combining the first three modes (0+1+2) results in a different kinematics matrix, X = (x0+x1+x2), shown in Figure 

3(b). Significant differences between these two combinations are evident in the third snapshot, in the middle of the 

upstroke: here, the wing is folded inward, thrown forward, and twisted along the wingspan. This is also apparent in 

the trajectory of wingtip points. 

 

3)  Modes 0 +1 + 2 + 3 + 4 +5 + 6  

Combining the first seven modes (0+1+2+3+4+5+6) results in a new kinematics matrix, X = (x0+x1+x2+x3+x4+ x5+x6), 

shown in Figure 3(c). There were no apparent differences between this combination and for modes (0+1+2). Thus, it 

is surmised that higher modes may not contribute substantially to the kinematics, and could be neglected. This is 

validated by aerodynamic simulations in the next section. 

4) Filtered native wing kinematics   

As noted previously, the native measured kinematics can contain sudden localized temporal spatial jumps in one or 

two feature points due to measurement errors. While these localized discontinuities may not contribute to force 

production, they can have detrimental effects on the stability of the aerodynamic simulation. It is hypothesized that 

these spurious discontinuities manifest themselves in the low energy modes of a POD decomposition, and thus can be 

eliminated from the wing kinematics by using truncated POD modes to describe the native kinematics. The modes 

described in the previous section were solely obtained from the measured kinematics. However, no determination was 

made as to how these modes relate to the force dynamics generated by the wing. In this section, aerodynamic 

   

   

   

   
a) Modes 0-1 b) Modes 0-2 c) Modes 0-6 

Figure 3. Kinematics of combinations of modes 
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simulations are conducted by including the first n modes to determine their impact on force production. In particular, 

it is to be established that only the first few most energetic POD modes are necessary to represent the native kinematics. 

This can be shown by establishing that the force production asymptotes to near constant values with the inclusion of 

more modes. 

 

Unsteady aerodynamic simulations were conducted to calculate the dynamic forces generated by the flapping wing 

using an immersed boundary method. These simulations were performed over three flapping cycles of the bat as 

captured by the experiments. Details of the governing equations, numerical method, geometry, boundary conditions, 

surface and volume grid resolution, and grid independence study are given in the following Numerical Setup section.  

Figure 4 shows the variation of the cycle averaged forces for the first n POD modes being used to describe the 

kinematics. Note that n=2 refers to modes 0+1, n=10 refers to modes 0-9, and so on. Thus, 11 separate unsteady 

aerodynamic calculations up to n=30 were done to construct Figure 4, each over three flapping cycles, with different 

truncated kinematics characterized by the first n POD modes. Three characteristic normalized forces are plotted: the 

lift force, drag force, and the lateral force. Since the translational velocity of the bat accelerates slightly over the three 

flapping cycles, the resultant thrust force settles to a very small value of ~0.5, whereas the lateral force asymptotes to 

~1.0, which is in agreement with the observed trajectory of the bat.   

 

It can be seen that there is a sharp change in the force magnitudes when going from n=2 to 3, but the forces quickly 

settle down to a near constant value after n=6, with small changes after that. This affirms the hypothesis that force 

production is dominated by the most energetic modes, and using a truncated POD modal series does not impact the 

dynamics. Thus, in the present work, a series containing up to seven POD modes (n=7) has been taken to be 

representative of the native kinematics. 

D. Numerical Setup 

1) Governing Equations 

All the calculations were performed using an in-house developed code, GenIDLEST23 (Generalized Incompressible 

Direct and Large Eddy Simulation of Turbulence). It is a parallelized solver developed for time-dependent fluid flow 

and heat transfer calculations. GenIDLEST solves the incompressible Navier-Stokes equations (Eqns. 2 and 3) in the 

generalized coordinate framework. More details about the formulation can be found in Ref. 24. 𝜕𝑢𝑖𝜕𝑥𝑖 = 0 
(2) 

 

 𝜕𝑢𝑖𝜕𝑡 + 𝜕𝜕𝑥𝑗 (𝑢𝑖𝑢𝑗) = − 𝜕𝑝𝜕𝑥𝑖 + 𝜕𝑥𝑗 [( 1𝑅𝑒 + 1𝑅𝑒𝑡) 𝜕𝑢𝑖𝜕𝑥𝑗 ] 
(3) 

 

 

 

where the state variables are non-dimensionalized as: 

 
Figure 4. Comparison of average force production over three flapping cycles by including the first n POD 

modes in describing the kinematics. The forces are normalized by (ρUref
2Lref

2). In all simulations, Lref  = 

0.07m,  corresponding to the maximum chord length and the average freestream velocity is Uref  = 2.8m/s. 
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𝑥𝑖 = 𝑥𝑖𝐿𝑟𝑒𝑓 ; 𝑢𝑖 = 𝑢𝑖𝑢𝑟𝑒𝑓 ; 𝑡 = 𝑡 𝑢𝑟𝑒𝑓𝐿𝑟𝑒𝑓 ; 𝑝 = 𝑝 − 𝑝𝑟𝑒𝑓𝜌𝑟𝑒𝑓𝑢𝑟𝑒𝑓2 ; 𝑅𝑒 = 𝜌𝑟𝑒𝑓𝑢𝑟𝑒𝑓𝐿𝑟𝑒𝑓𝜇𝑟𝑒𝑓  

Here, the superscript ‘*’ and the reference parameters are dimensional quantities. In the present work,  𝐿𝑟𝑒𝑓 = 𝑐, the 

maximum wing chord = 0.07m*, and 𝑢𝑟𝑒𝑓 = 2.8 m s⁄ , the average flight velocity, 𝑝𝑟𝑒𝑓is the atmospheric pressure, and 𝜌𝑟𝑒𝑓 = 1.25 kg m3⁄ . Note that a previous study25 showed that the nondimensional forces (lift, thrust, etc.) are 

independent of the Reynolds number under these conditions, and considering the fact that at low Reynolds numbers, 

flows display more well-defined large steady structures, we therefore increased  𝜇𝑟𝑒𝑓to 𝜇𝑟𝑒𝑓 = 6.2 × 10−4. Thus, 𝑅𝑒 = 𝜌𝑟𝑒𝑓𝑢𝑟𝑒𝑓𝐿𝑟𝑒𝑓𝜇𝑟𝑒𝑓 = 1.25∗2.8∗0.076.2×10−4 = 395.  𝑅𝑒𝑡  is the turbulent Reynolds number based on the subgrid turbulent 

viscosity, which is calculated using the dynamic Smagorinsky subgrid scale model26.  

 

The above equations were transformed to generalized coordinates, and solved using a conservative finite-volume 

formulation on a non-staggered grid topology. The Cartesian velocities, pressure and temperature were calculated and 

stored at the cell center, whereas the contravariant mass fluxes were calculated and stored at the cell faces. For time 

integration, a projection method using second order predictor-corrector steps was used. The predictor step calculates 

an intermediate velocity field, and the corrector step calculates the updated divergence free velocity at the new time-

step by solving a pressure-Poisson equation. A second-order central difference operator were used for the convection 

and diffusion terms. Linear systems resulting in the implicit treatment of the momentum and energy equations, and 

the solution of the elliptic pressure equation are solved using a preconditioned BiCGSTAB method.  

 

The bat wing was represented in the calculations as a moving immersed surface in a volumetric background mesh 

using an indirect forcing sharp-interface immersed boundary method (IBM) for infinitesimally thin surfaces.  The 

wing surface, which comprises the fluid-solid interface, was defined by a triangulated surface mesh in which each 

surface element or cell is defined by an outward pointing unit normal, element vertices, and element centroid. Surface 

element values of flow variables were defined at the centroids. For the wing in motion, the fluid-solid interface was 

tracked in the flow at each time step. Based on the location of the boundary, all the nodes in the background volume 

mesh were designated as “fluid nodes” on the fluid side of the interface, “solid nodes” on the solid side of the interface, 
and “fluid IB nodes” directly adjacent to the interface on the fluid side. In the thin surface implementation, there are 

no solid nodes. 

 

Boundary conditions at the IB surface were implemented by defining “probes” along the surface normal passing 
through the fluid IB nodes.  The flow variables were interpolated from the surrounding fluid nodes at the probe location 

using tri-linear interpolation. Using this value and the appropriate boundary condition (Dirichlet or Neumann) at the 

IB surface, a representative value of the fluid IB node was obtained. Subsequently, the fluid IB nodes were used to 

provide boundary conditions for the solution at the fluid nodes. The node identification procedure and implementation 

of boundary conditions are described in detail in Nagendra et al.27. It has been shown that the IBM maintains second-

order accuracy.  

 

2) Fluid Domain and Boundary Conditions 

The computational domain, shown in Figure 5 consisted of a rectangular channel (1.12m×1.12m cross-section, and 

2.1m in the streamwise direction) representing the experimental flight tunnel. In normalized form, the dimension of 

the computational domain was 30×16×16 wing chords (along the streamwise, lateral and vertical directions, 

respectively). Along the streamwise direction, from the inlet to the outlet, the background mesh was divided into three 

sections, as shown in Figure 5: (i) a relatively coarse section that extends 7 chord-lengths, (ii) a refined section around 

the bat geometry to resolve the flow around the wings that extends 7 chord-lengths, which is represented by the black 

box, and (iii) a long coarsened section leading to the outlet that extends 16 chord-lengths. A similar strategy was 

applied to the y and z directions.  A total of 31.4 million background grid-cells were used. 

 

Inlet and outlet boundary conditions were specified along the inflow and outflow planes, respectively. A moving frame 

of reference was used in which the coordinate frame is attached to the bat with an inlet air velocity of 2.8m/s. The 

                                                           
* The chord length is defined as the ratio of the maximum tip-to-tip planform area subtended by the bat and the tip-

to-tip wingspan. 
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where 𝑖 is an index for the 𝑥, 𝑦, 𝑧 component of the force, and 𝑛 stands for the timestep.  𝐹̂𝑛 is the baseline force 

calculated on the 70 million cells mesh.  It has been shown that the forces are grid independent for all the grids tested, 

with a maximum difference of 1.6% in the lateral force for the 20 million cells mesh. Based on these results, all 

calculations were done on the 31.4 million cells mesh.  

B. Effect of POD modes on unsteady force production 

To take a closer look at the trends in the cycle-averaged forces shown in Figure 4, the instantaneous normalized lift, 

thrust, and lateral forces are plotted in Figure 7 against normalized time over three flapping cycles, for n=2, n=3 and 

n=7, the native kinematics. The forces have been normalized by 𝜌𝑈𝑟𝑒𝑓2 𝐿𝑟𝑒𝑓2 , whereas time has been normalized using 

the reference time scale (𝑡𝑟𝑒𝑓 = 𝐿𝑟𝑒𝑓 𝑈𝑟𝑒𝑓⁄ ). In all these simulations, 𝐿𝑟𝑒𝑓   = 0.07m, which is the chord length of the 

bat wing, and 𝑈𝑟𝑒𝑓  = 2.8m/s, the average freestream velocity.  

 

The averaged forces associated with modes 0+1+2 are similar to those of the first 7 modes. However, significant 

differences are evident between modes 0+1 and modes 0+1+2. For example, at around 130ms, an opposite trend in 

the thrust plot is evident: dynamics from modes 0+1+2 generate thrust, whereas the resulting kinematics due to 

combination of modes 0+1 only show the evidence of a drag force. Also, the lift curve associated with modes 0+1 

falls below that of modes 0+1+2 and the first 7 modes, indicating a lower mean lift. This is remarkable because the 

only difference is mode 2, which contributes less than 1% to the overall kinematics, or ~20% if the rigid translational 

motion is excluded.  

C. Flow field analysis 

The flow field evolution for one cycle (50ms – 183ms) for modes 0+1 and modes 0+1+2 are discussed below. Three 

vertical planes normal to the y axis are used to better illustrate the pressure contours around the wing. For modes 0+1, 

Figure 8-Figure 10 show the temporal evolution of pressure contours around the wing at y = 1.5, y = 1.65 and y = 1.8 

planes, respectively. Similarly, Figure 11-Figure 13 describe the pressure contours for modes 0+1+2 at the same three 

locations. Note that t = 0 to 1 is used to indicate the nondimensional time period, where t = 0 represents the beginning 

of the upstroke at 50ms, and t = 1 represents the end of the downstroke at 183ms. The presence of an LEV or a TEV 

will be manifested in the form of a low pressure region.  

 

1) Modes 0 + 1 

For modes 0+1, from t = 0.1 – 0.2, an LEV is generated that grows in strength on the ventral side of the leading edge. 

By comparing Figure 8–Figure 10 at the same time instants, we can see that its strength also increases towards the 

wingtip. This low pressure region is reflected in Figure 7 (1), in the middle of the upstroke (60ms – 80ms), where a 

large negative lift force can be observed, with a positive thrust as the wing is slightly pitching up. 

 

From t = 0.3, the LEV starts to separate from the ventral side of the leading edge and as a result, the thrust becomes 

smaller and the negative lift is alleviated.  

 

The upstroke ends at around t = 0.4, when the LEV completely separates from the leading edge and dissipates quickly 

downstream. It begins to form on the dorsal side of the wing, and a positive lift is thus observed. At the same time, 

the thrust is small because the wing is not pitched. 

 

At the beginning of the downstroke around t = 0.5, a TEV separates from the dorsal side of the wing and is convected 

downstream. In the meantime, a large LEV starts to form on the dorsal side of the wing. Because the wing is slightly 

pitching up with a low pressure region on the dorsal side, drag is produced, as well as a large lift force. 

 

The wing continues to move downward at t = 0.6. While the LEV gains strength across the span, comparing Figure 

8–Figure 10, we see that the outer part of the wing grows faster. As a result, the low pressure region almost covers the 

entire dorsal side of the wing, and a peak lift is observed, while at the same time, because the wing has a large positive 

pitching angle, a large drag is also produced. 

 

Past t = 0.6, this large LEV becomes unstable, and between t = 0.7 – 0.8, the separation of the LEV starts from the 

outer part of the wing. As a result, the low pressure region starts to move away from the dorsal side of the wing, thus 

the lift is seen to drop, as well as the drag force. 
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From t = 0.9 – 1.0, the LEV separates completely, and becomes part of the wake, as the wing slows down to commence 

the next upstroke. 

 

4) Modes 0+1+2 

For modes 0+1+2, at the beginning of the upstroke, at around t = 0 – 0.1, the wing does not intersect with any of the 

cut planes as it is folded inward. 

 

From t = 0.1 - 0.2, the wing is seen to have a large positive pitching angle and is almost vertically positioned. As a 

result, though no LEV is formed, a low pressure region is still observed on the ventral side of the wing which 

contributes to the thrust.  

 

 
1) Force evolution for modes 0 + 1 

 
2) Force evolution for modes 0 + 1 + 2 

 

3) Force evolution for the first 7 modes (native kinematics) 

Figure 7. Force history associated with different POD mode combinations. 
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At around t = 0.2, the trailing edge of the wing is seen to be interacting with the wake structure from the previous 

downstroke. Comparing Figure 11-Figure 13, the interaction is more pronounced in the inner part of the wing. The 

wing is seen to be experiencing a fast rotation, and an LEV starts to form, as a result, the negative peak lift and thrust 

are observed. 

 

At around t = 0.3, this LEV stays attached even though the wing is continuously rotating. As a result, the wing is able 

to escape the wake from the previous downstroke, and starts to generate lift. Because the wing is almost horizontal 

now, the thrust is not as pronounced. 

 

At the end of upstroke, at around t = 0.4, a TEV can be seen and the wing is already generating lift as the low pressure 

region has covered the entire dorsal side of the wing. Comparing with Figure 11-Figure 13, it can also be seen that the 

TEV grows in strength along the span. 

 

As the wing starts to move downward, at t = 0.5–0.6, the TEV is no longer stable and starts to separate from the dorsal 

side. In the meantime, an LEV starts to form and grows in strength along the span (Figure 11-Figure 13).  As a result, 

these two counter rotating vortices creates a stagnation region with high pressure at the middle of the wing, and lift is 

seen to drop. Quite remarkably, the wing has slightly pitched downward and as a result, the thrust is produced instead 

of drag similar to modes 0+1.  

 

From t = 0.7 – 0.8, a part of the TEV on the dorsal side of the wing rolls towards the ventral side, thus effectively 

reducing the high pressure region on the ventral side of the wing decreasing lift. At the same time, the wing is rapidly 

pitching upward and as a result, drag is produced. 

 

At t = 0.9, the wing is highly cambered, as well as in rapid upward pitching. The LEV starts to separate from the dorsal 

side of the wing starting at the outer part of the wing. 

 

Finally, at t = 1, the wing is seen to fold inward, to get ready for the next upstroke. 

 

5) Key comparison between modes 0+1 and modes 0+1+2 

For both combinations, quite remarkably, towards the end of upstroke, lift is already positive, in other words, lift is 

also generated during the upstroke for both cases, which was also observed in Viswanath et al.28 On closer 

examination, we noticed that the rotation speed of the wing is small, as the wing is getting ready for the downstroke, 

resulting in smaller instantaneous unsteadiness levels. In other words, the flow around the wing during that short 

amount of time could be assumed to be steady around a stationery wing (there is no wake interaction), and because 

the wing in both cases has a positive curvature, pressure becomes smaller on the dorsal side for both cases just like in 

a conventional airfoil. 

 

There are two time periods that highlight the importance of mode 2:  

Between t = 0–0.3, the orientation of the wing plays a crucial role in thrust and lift generation; with mode 2 included, 

the wing not only mitigates the peak negative lift compared to modes 0+1, it also harvests the LEV on the ventral side 

to produce thrust. The outer part of the wing also generates more thrust per area due to a more favorable orientation. 

  

Between t = 0.5- 0.8, the orientation of the wing plays a crucial role in lift generation; with mode 2 included, the LEV 

tends to grow and stay attached on the dorsal surface, generating substantially more lift. 

E. Conclusion 

In this work, we have identified two modes (1 and 2) of the bat wing kinematics that are essential for the generation 

of lift and thrust. Mode 1 acts like a rigid flapping wing in place, and mode 2 provides the wing with extra spanwise 

and chordwise cambering. Subsequently, we simulated three cases using motion prescribed by mode combinations 

(modes 0+1+2, modes 0+1+2 and modes 0+1+2+3+4+5+6). The results show that by recovering modes 1 and 2, the 

aerodynamic forces are nearly identical with those generated by the full motion. This can provide guidelines for the 

design of flapping wing MAV where a good trade-off between motion complexity and overall performance is 

constantly desired. Detailed flow field analyses for modes 0+1 and modes 0+1+2 revealed that the addition of mode 

2 has two major effects: 1) during the upstroke, the wing is pitched up, which alleviates the negative lift, 2) during the 
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downstroke, the slight downward pitching makes the wing generate thrust instead of drag and the LEV stays attached 

on the dorsal side longer, thus generating more lift. 
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