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Abstract 
Bio-inspired microfibers are applied to the suction wing surface of a small flying wing UAV and their 
effect on aerodynamics and control surface performance is analyzed via wind tunnel experiments.  
The effects of fiber height, coverage area, flow regime and angle of attack are studied in the use of  
microfibers as a passive flow control method. Taller microfibers, when compared to a smooth wing,  
provide a drag reduction of up to 24.7% for CL = 0.9 at higher Reynolds number, whereas shorter fibers 
perform better at lower Reynolds, with a 24.2% drag  reduction for the same lift coefficient. Control  
surface testing shows that when applying microfibers to the  elevon and its upstream wing region, there  
is an improvement in pitch moment authority at higher angles of attack, with an increase in the pitch  
coefficient magnitude of up to 22.4%. Microfiber coating films, while being incredibly practical for use,  
have the potential to improve the performance of small flying vehicles in certain conditions. 

1. Introduction

Passiveflow control techniques of diverse natures are commonly used in fixed-wing aircraft to enhance aerodynamic 
efficiency by delaying flow separation or to mitigate undesirable stall behavior. Vortex generators, wing fences, 
notches and strakes are some flow control methods commonly employed in conventional aircraft [1], [2]. For these high 
Reynolds number applications, the turbulent boundary layer has greater resistance to separation, which results in better 
aerodynamic performance [3]. In the case of small unmanned aerial vehicles (UAV), operation usually occurs at low or 
transitional Reynolds number range, where laminar separation can occur, increasing pressure drag significantly. The use 
of passive flow control has the potential to provide great improvements in performance by causing the flow to transition 
early, therefore delaying separation and reducing pressure drag as a consequence [4]. Some examples of enhancement 
techniques are the use of vortex generators, bumps, trips or roughness elements [5–8] 

In recent years, more attention has been given to bio-inspired surfaces in aerodynamic or hydrodynamic applications, 
primarily involving features observed on the skin of marine mammals, fish, unique bird feathers [9], or flight techniques 
inspired by insects and bats [10–12]. The use of protrusions that resemble the tubercles found on humpback whale 
flippers has been studied by [13–15], to satisfactory performance improvements. Ridges mimicking the ones found on 
fish skin have been analyzed in experimental and computational studies, showing that small surface features can 
improve aerodynamic performance of small wings and delay stall similarly to vortex generators, and increase 𝐿 𝐷 ratio 
at low angles of attack [16–20]. Along the same lines, micrometric structures found on shark skin called denticles (Fig. 
1 a) have been analyzed and determined to reduce pressure drag by keeping the flow attached for longer [21–27]. In this 
study, similar structures in the form of bio-inspired microfibers in gecko feet called ‘setae’ (Fig. 1b and c) are used on 
the surface of a small fixed-wing UAV and their performance is evaluated experimentally via wind tunnel testing. In 
an experimental study, these bio-inspired microfibers have been shown to reduce flow separation by re-energizing the 
boundary layer due to pressure modulations at the surface of microfibers leading to smaller flow re-circulation areas in 
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the separated region (Fig. 1d) [28, 29]. These microfibers have been shown to mitigate flow separation without the 
disadvantage of producing higher turbulent kinetic energy, and as a result, higher viscous losses — an issue that is 
present in passive flow control methods that rely on boundary layer transition. Additionally, the microfibers used  in 
this work have an advantage over shark skin denticles in that they are manufactured onto adhesive films that can be 
easily applied to any smooth surface instead of being 3D printed. This avoids the limitations associated with additive 
manufacturing, such as increased time and cost to manufacture intricate structures.  

 
In this research, the airplane model utilized is derived from a design called Switchblade, which is an unmanned aerial vehicle 
created as part of a series of reconfigurable vehicles sharing a modular platform [30]. This reconfigurability allows for 
various UAV versions with identical central body structures but distinct mission profiles, such as ’low-speed high 
endurance’ (LSHE) and ’high-speed long range’ (HSLR), to be prepared for flight. This study examines the application 
of microfibers to the UAV-HSLR variant to assess the potential for further improving its aerodynamic performance. 

 
 

Figure 1: A) Geometry of a shark denticle, B) Side view of the bio-inspired microfibers; scale bar = 100 µm, C)     
Top view of an array of microfibers, and D) Pressure modulations and momentum transfer along the microfiber 

surface. Adapted from Bocanegra et al. [28] 
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2. Methodology 

The Switchblade UAV consists of a tailless blended-wing-body that offers the capability of swapping wing modules for 
distinct mission performances. In this work, the High Speed, Long Range (HSLR) variant was used for microfiber 
performance testing. This aircraft is characterized by its low aspect ratio and wing area, with moderate leading edge 
sweep to achieve a cruise speed of Mach 0.1. The concept is shown in Figure 2 and some of its design parameters 
in Table 1. The balloons in the drawing show the distinct regions of the wing upper surface that were covered with 
microfibers. Region 1 is upstream from the control surface (Region 2), and region 3 is the remaining wing surface area 
up to the center body. The model was not totally covered due to difficulties in applying the adhesive film to tight corners, 
such as the nacelle fillets and the leading edge, although it was ensured that fibers were located upstream of the wing’s 
maximum thickness line. 

Table 1: Wing characteristics 

Wing area [m2] Aspect ratio Span [m] Sweep Taper ratio 
0.324  6.3  1.43  24𝑜 0.35 

 

 

The model’s construction was primarily achieved through additive manufacturing, using a carbon-reinforced nylon 
material and finishing the surface with fine-grit sandpaper to ensure a baseline surface devoid of flaws that might impact the 
results. Its reconfigurable nature allows the wing module to be attached to the central section via tubular spars, enabling 
various wings to be tested as well, although this aspect is not investigated in the current study. The wind tunnel model is 
fabricated using the same techniques as a flight-worthy prototype, providing the added opportunity to assess its structural 
integrity under flight conditions for future research. The nacelle cover, as illustrated in Figure 3 (a), can also be detached 
to install a motor and propeller for propulsion test
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Figure 2: Top view of Switchblade small flying wing UAV 

 
Microfibers were applied to different regions of the wing to identify potential correlation between the extent of their 

use and effect on aerodynamic performance. Three cases were studied: i) top of wing (all regions covered); ii) outboard, 
covering elevon and upstream (regions 1 and 2 only); iii) smooth wing (baseline case). For each case, two distinct free 
stream speeds were considered: 30 m/s and 17.3 m/s, which correspond to the aircraft cruise speed (or very close) and 
estimated stall speed, respectively. The different flow speeds are meant to produce distinct flow Reynolds numbers — 
yet consistent with the UAV operating conditions. For nomenclature purposes, the higher speed cases are referred to 
as “cruise Re" and lower speed, “stall Re". The microfibers were manufactured and provided by Setex Technologies, 
and were studied with respect to the effect of microfiber pillar height, referring to the height of the cylindrical micro 
structures on the surface shown in Figure 1. The microfibers were provided in two variants with approximately 70 µm 
and 140 µm fiber heights. 

For cases without control surface deflection, aerodynamic forces were recorded across an angle of attack range 
spanning from 2◦ to 17◦. The angle was manually adjusted, and the model secured in place, with the wind tunnel 
switched off between tests to eliminate the influence of hysteresis or bias on the load cell. Control surface performance 
experiments were conducted by deflecting the elevon between 18.7◦ to 24.7◦ at three distinct angles of attack, a: 2◦, 7◦ 
and 12◦. It is important to note that a negative deflection angle signifies a downward movement of the elevon and an 
increase in the generated sectional lift. A summary of the cases can be found in Table 2. 
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Table 2: Experiment cases 
 

Region    Airspeed    MAC 𝑅𝑒  Surface AoA Elevon deflection N/A         
cruise       3.7 × 105 no fibers        −2◦ to 17◦ N/A 

1, 2, 3        cruise       3.7 × 105       140𝜇𝑚 fibers     −2◦ to 17◦ N/A 
1, 2         cruise      3.7 × 105      140𝜇𝑚 fibers    −2◦ to 17◦ N/A 

1, 2, 3        cruise       3.7 × 105        70𝜇𝑚 fibers      −2◦ to 17◦  N/A 
N/A stall        2.1 × 105 no fibers        −2◦ to 17◦ N/A 
1, 2, 3         stall         2.1 × 105       140𝜇𝑚 fibers     −2◦ to 17◦  N/A 
1, 2 stall        2.1 × 105      140𝜇𝑚 fibers    −2◦ to 17◦ N/A 

1, 2, 3         stall         2.1 × 105        70𝜇𝑚 fibers      −2◦ to 17◦ N/A 
N/A        cruise      4.2 × 105 no fibers 2◦ −18.7◦ to 24.7◦ 

1, 2, 3       cruise      4.2 × 105      140𝜇𝑚 fibers 2◦ −18.7◦ to 24.7◦ 
1, 2         cruise      4.2 × 105      140𝜇𝑚 fibers  2◦  −18.7◦ to 24.7◦ 

N/A        cruise      3.7 × 105 no fibers 7◦ −18.7◦ to 24.7◦ 

1, 2, 3       cruise      3.7 × 105      140𝜇𝑚 fibers  7◦  −18.7◦ to 24.7◦ 
1, 2         cruise      3.7 × 105      140𝜇𝑚 fibers  7◦  −18.7◦ to 24.7◦ 

N/A        cruise      3.7 × 105 no fibers 12◦ −18.7◦ to 24.7◦ 

1, 2, 3       cruise      3.7 × 105      140𝜇𝑚 fibers         12◦  −18.7◦ to 24.7◦ 
1, 2          cruise       3.7 × 105       140𝜇𝑚 fibers          12◦ −18.7◦ to 24.7◦ 

The experiments were conducted in the National Wind Institute (NWI) closed-loop, subsonic wind tunnel at the Reese 
Technology Center. The test section is 1.2 m tall and 1.8 m wide, which is large enough to accommodate the aircraft 
half-model in its true scale, as shown in Figure 3 (a). The half-model is attached to a circular splitter plate and the whole 
system is fixed to an ATI 9150 Net Gamma 6-DoF load sensor with a resolution of 0.025 N for the lift and drag forces 
and 0.00125 N-m for the pitching moment. Figure 3 (b) shows a schematic of the components in the system. Load cell 
data was acquired using a National Instruments DAQ model 6353 with a sampling rate of 1,000 Hz for 30 seconds 
each time. The static angles of attack were set manually using a pitch link and a digital protractor with an error of 0.1◦. 
The setup was also equipped with a microcontroller and servo for setting the control surface at different deflection 
angles. Current and propeller speed (RPM) sensors, electronic speed controller (ESC), and the motor were not used in 
the work discussed here. 

(a)  (b) 

Figure 3: (a) Wind tunnel setup with HSLR variant; (b) Setup diagram 
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3. Results and Discussion 

Aerodynamic forces and pitching moment were made dimensionless by using dynamic pressure and the reference wing 
area, resulting in the calculation of lift, drag, and pitching moment coefficients. Lift coefficients, drag polar and L/D 
ratio are shown in Figures 4 (a), (b) and (c), respectively. There was little difference between baseline and microfiber 
cases at the linear portion of the CL vs. 𝛼 curves, which is consistent with the expected role of the fibers; if flow 
separation is not prevalent, the fibers do not have much impact at increasing lift. Accordingly, there was a small gain in CL 
at high angles of attack, beyond 𝛼 = 10◦. With the top wing surface covered with 140 µm fibers, CL was 3.61% higher 
at cruise Reynolds and 𝛼 = 14◦. With the partially covered case, CL was 3.89% higher in the same conditions. The 70 
µm fibers on the fully covered wing lead to 3.28% increase in CL compared to the baseline case, at 𝛼 = 15◦. For the stall 
Reynolds number cases, the increase in CL with microfibers was less significant for both pillar heights. It is 
hypothesized that microfibers create a periodic, albeit weak, positive momentum transfer mechanism to the external flow, 
slightly raising the mean flow velocity. Additionally, the extent of flow passing over the microfibers before separation 
influences their capacity to postpone flow separation. A greater distance enables momentum transfer to accumulate and 
become effective. In this regard, passive microfibers serve as a weak and distributed flow control mechanism, while 
active synthetic jets, for example, act as potent yet localized flow control devices that must be positioned at or near the 
flow separation point to be effective. 

 
The microfibers have a stronger effect at reducing drag, as seen in the drag polars (Fig. 4 b). At the cruise Reynolds 
number condition, the case with fully covered top wing surface presented a maximum drag reduction of 24.7% for 
CL = 0.90. For the partially covered wing, drag was 23.3% lower than the baseline for the same CL. Microfibers with 
70 µm pillar height reduced the drag by 19.9%. In the stall Reynolds number condition, the maximum reduction in drag 
at CL = 0.9 was 14.8% for the wing fully covered with 140 µm microfibers, 14.9% for the partially covered case, and 
24.2% for the 70 µm fibers fully covering the wing. 
 
The maximum aerodynamic efficiency at cruise Reynolds number is minimally affected by the use of microfibers. The 
greatest improvement in L/D ratio was 1.8%, in the case with 140 µm fibers partially covering the wing (Fig. 4 c). In 
the lower Re regime, the use of microfibers in fact reduced maximum L/D marginally. Here, the case with 140 µm 
fibers covering the elevon and upstream experienced a 6.9% reduction. At higher angles of attack all microfiber cases 
showed an increase in L/D ratio over their baselines (Fig. 4 (d)). At the cruise Reynolds number, the best performing 
condition is 140 µm fibers on top of the wing, with 15.3% higher L/D at 𝛼 = 10◦. At the stall Reynolds number, 70 µm 
fibers covering the top of the wing is most effective, with a 14.9% L/D increase at the same angle of attack. 
 
The results show the following trends: i) there was little difference between the cases where the entire top surface was 
covered and the elevon section only (regions 1 and 2). This indicates that in this design, microfibers are most effective 
at mitigating flow separation outboard of the wing at high angles of attack. ii) Microfibers perform differently according 
to the flow regime; At elevated Reynolds numbers, all cases demonstrated comparable L/D advantages at 𝛼 = 10◦, 
although the 70 µm fibers exhibited a marked reduction in their impact at 𝛼 = 11◦. In contrast, at lower Reynolds 
numbers, all cases displayed diminished L/D enhancements at 𝛼 = 11◦, followed by an additional decline at higher 
angles. Analyzing the results for all microfiber cases at 𝛼 = 10◦, it is postulated that microfiber pillar size significantly 
influences aerodynamic performance improvement at the beginning of flow separation, as smaller microfibers offer fewer 
benefits at higher Re. In the presence of increased turbulence, the 70 µm fibers do not re-energize the boundary layer 
to the same extent as the 140 µm fibers, owing to the smaller secondary vortices generated and, consequently, the 
reduced turbulent kinetic energy. On the other hand, in a less turbulent flow, the smaller fibers provide the most 
significant performance improvement, as they can boost momentum in the external flow without introducing an 
excessive amount of turbulent kinetic energy. 
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Figure 4: (a) Lift coefficient as a function of angle of attack; (b) Drag polar; (c) Lift-to-drag ratio, L/D; d) High  AoA 
L/D enhancement. 

 
The control surface performance shown in Figure 5 indicates that changes in pitching moment by use of microfibers on 
the surface depend on the angle of attack of the aircraft, and at certain conditions the fibers have opposing effects.         At 
𝛼 = 2◦, microfibers covering the top surface of the wing reduced the CM magnitude by 11.1% for an elevon deflection 
𝛿𝑒 = 15◦. At medium angle of attack 𝛼 = 7◦, the fibers showed negligible effect on control surface pitching performance. 
For 𝛼 = 12◦, the use of fibers revealed to be beneficial to elevon performance, with a maximum increase in CM magnitude 
of 15.6% for 𝛿𝑒 = 15◦ with the fully covered top surface, whereas for the partially covered wing, the increase was of 
22.4% at same deflection. This behavior exhibits a nonlinear spanwise interplay in the flow between microfiber 
regions, where supplementing the wing surface with more microfibers becomes counterproductive or less efficient. A 
comparable effect was observed on a rotor utilizing synthetic jets at transitional Reynolds numbers [31]. In that case, the 
optimal application of synthetic jets for enhancing the rotor’s figure of merit was found in the blade tip area. Activating 
more synthetic jets towards the central and root sections of the blade demonstrated diminishing returns in rotor thrust, 
given the extra energy input required for the jets. A distinct parallel between the fixed-wing in this study and the 
referenced rotor blade lies in the significantly three-dimensional (3D) flow, featuring spanwise movement on both the 
wing and blade tip regions. The findings indicate that microfibers can serve as an efficient passive flow control method for 
finite wings with 3D flow and at elevated angles of attack, where preventing stall and maintaining flight control are 
crucial. 
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Figure 5: Elevon deflection performance 

 
4. Conclusion 

 
In this work, bio-inspired microfibers were applied to the top suction surface of a small fixed-wing UAV and their effect on 
aerodynamic performance was studied with wind tunnel experiments. Dependence on flow regime, angle of attack, area 
of coverage, and fiber height was assessed for lift and drag coefficients, as well as L/D ratio. For a cruise Reynolds 
number of 3.7x105, 140 µm fibers provided the greatest reduction in drag, 24.7% when covering the entire upper 
surface of the wing. At the stall Reynolds number of 2.1x105,  70𝜇𝑚 fibers perform better, reducing the drag by a 
maximum of 24.2%. It was observed that improvements in performance by use of microfibers are obtained at higher 
angles of attack, when flow separation is prevalent and where the fibers are able to delay flow separation and restore 
aerodynamic performance. At lower angles of attack, such as 𝛼 = 5◦, the fibers only had marginal effect on aerodynamic 
efficiency; at cruise Reynolds, L/D was increased by 1.8%, and at stall Reynolds it was reduced by 6.9%.     With control 
surface experiments, fibers covering the elevon and upstream region increased the pitching capability of the aircraft at 
a = 12◦, enhancing CM by 22.4% with a surface deflection of 15◦. The results show that there is great potential in 
applying bio-inspired microfibers to the design of small-scale UAV design, in particular for their benefits at higher angles of 
attack, or high-a flight which is associated to a highly maneuverable UAV with superior pitch and roll performance. It is 
posited that a favorable enhancement in the L/D ratio can be attained through meticulous microfiber design, including 
the optimization of microfiber pillar height, particularly at lower Reynolds numbers. Future work will focus on flow 
measurement techniques, such as particle image velocimetry, to supplement load cell data and deepen the understanding 
on microfiber performance. 
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