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SUMMARY

This paper proposes deployable vortex generators (VGs) powered by twisted spiral artificial muscles
(TSAMs). TSAMs take inspiration from cephalopods’ papillae and can protrude out of plane upon elec-
tro-thermal actuation with an output strain of 2000% and an input voltage of 0.2 V/cm. Unlike passive
VGs, designed for specific flow conditions, this technology can adjust to changes in flow conditions by
overcoming the limitations of existing active flow control devices in terms of portability and power re-
quirements. Our technology can deploy different VGs configurations on demand, and match a desired
target configuration, optimized for a specific flow condition. Experiments were conducted in a wind tun-
nel using a NASA Langley Research Center LS (1)-0417 GA(W)-1 airfoil. Stall delays and lift increase have
been demonstrated for different flow conditions, with Reynolds numbers between 100,000 and 140,000.
These findings are promising for enhancing efficiency in small unmanned aerial vehicles operating at low
Reynolds numbers.

INTRODUCTION

Small unmanned aerial vehicles (UAVs) have gained widespread interest in recent years owing to their versatility, maneuverability, and endur-

ance. They are particularly valuable for real-time reconnaissance in high-risk areas and operations in challenging environments such as border

patrol, wildlife management, and search and rescue missions.1–3 These UAVs usually operate at high altitudes and low Reynolds numbers,

which are often less than 200,000 as shown in Figure 1A.4 At low Reynolds numbers, the main challenge for small UAVs is the occurrence

of laminar flow separation. When Reynolds numbers fall below 200,000, the laminar boundary layers close to the leading edge of the airfoil

tend to separate due to the formation of an adverse pressure gradient. This leads to the formation of a laminar separation bubble (LSB) be-

tween the separation and reattachment points, which adversely affects the aerodynamic behavior of the airfoil. Laminar flow separation signif-

icantly reduces lift and increases drag, which results in a decrease in the lift-drag ratio and, in some cases, aerodynamic stall.5

One commonmethod to enhance the performance of airfoils operating at low Reynolds numbers is to induce turbulent flowby tripping the

boundary layer. Turbulent flow promotes reattachment of the flow after separation by mixing low and high momentum flow.6 Figure 1B4 il-

lustrates the aerodynamic performance of ‘smooth’ and ‘rough’ airfoils at low Reynolds numbers. The graph shows that ‘smooth’ airfoils expe-

rience a low lift/drag (L/D) ratio when the Reynolds number is less than 100,000 due to the presence of the LSB.1–3 On the other hand, ‘rough’

airfoils do not exhibit the samebehavior because the flow transitions to a turbulent regime, which re-energizes the flow and resists separation.

In order to mitigate the problems of flow separation, static vortex generators (VGs) have been widely used to promote boundary-layer

transition.7 The use of VGs is widespread because they offer cost-effective and easy-to-design solutions.8 VGs can be fabricated in different

shapes, including rectangular, triangular, trapezoidal wishbone, doublet, wedge, ramp, and numerous others.9 Different shapes of VGs can

yield to different separation suppression modes due to the varying strength of their vortices.

The geometry and position of VGs need to be optimized to suite different flow conditions. Specifically, the efficiency of VGs is greatly

influenced by their position with respect to the leading edge of an airfoil, spanwise spacing, and their height in relation to the boundary layer

thickness.10 The chordwise position of a VG can be expressed using the dimensionless parameter, x=c where x is the position of the VG along

the chord and c is the chord length.When VGs are placed too close to the leading edge, they can generate vortices that disrupt incoming flow

thereby causing premature flow separation and reduce lift generation. Conversely, when the VGs are too far downstream, the flow might

separate before reaching the VGs. Generally, a value of x=c between 0.2 and 0.3 has been found to provide the best performance in terms

of lift increment and stall delay.11,12 VG height must be chosen to avoid drag increase.13–15 Conventional VGs are usually characterized by

h=dR 1 where h is the VG height and d is the thickness of the boundary layer. Finally, concerning VGs orientation, they can be placed in a
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co-rotating manner such that each VG is oriented in the same direction, or a counter-rotating manner where VGs in a pair have different

orientations.7,16

It has been demonstrated that each VGorientation offers several advantages over the other.17–19 The counter-rotating VGorientation gen-

erates vortices that promotemore efficient mixing of fluid streams compared to co-rotating vortices. Since counter-rotating vortices are char-

acterized by two or more vortices rotating in opposite directions, when such vortices are formed, the opposing rotation directions of the

vortices results in the formation of a higher-pressure regions between them which results in the generation of additional lift. The co-rotating

VG orientation tends to generate vortices that are more coherent than the counter-rotating VG orientation. In terms of VG layout, single or

multiple row arrays of VGs have been adopted in several studies. The advantages of single or multiple rows however depend on specific flow

conditions.20–22

Since conventional static VGs are passive flow control devices, they are not able to adapt to different flow regimes, characterized by large

variations in the Reynolds numbers. Several active devices for flow controls have been proposed in the literature. This includes synthetic jet

and plasma actuators, fluid oscillators, jet flaps, microelectromechanical systems and pulse blowing devices.23–26 Active devices can adjust to

changes in flow conditions, reduce parasitic drag, and delay stalls while increasing the lift coefficient. Synthetic jet actuators and dielectric

barrier discharge (DBD) plasma actuators represent the most researched devices for active flow controls. The application of synthetic jet ac-

tuators is mainly limited by their power consumptions since they rely on oscillating membranes that require consistent supply of power for

actuation. Moreover, piezoelectrically driven synthetic jets are characterized by low orifice velocities which are undesirable for applications

where significant flow manipulations are required.27 DBD plasma actuators have been widely employed in controlling flow separation. Apart

from high voltage requirements, they are also limited to relatively low Reynolds number range, due to weak induced flow generated by the

plasma.28 In general, the need for multiple and bulk components for operation, and high-power requirements represent common drawbacks

for all active devices for flow controls proposed so far, by hampering their integration into the wings of small UAVs.

Besides purely passive and active VGs, deployable VGs have also been proposed in the literature.29–31 These solutions deploy static VGs

on demand, using hydraulic actuators,29 or shapememory alloy actuators.30,31 Although stall delay was demonstrated in these works, the pro-

posed solutions are still limited in terms of portability and controllability, considering the high volume and weight of hydraulic actuators, and

the highly hysterestic behavior of shape memory alloys, respectively.

In this study, deployable VGs powered by bioinspired twisted spiral artificial muscles (TSAMs) are proposed for improving the aerodynamic

performanceof small UAVsoperatingat lowReynolds numbers (i.e., lower than200,000). TSAMscanmimic thedynamicbehaviorof thepapillae

musclesof cephalopodsunder electrothermal actuation.32 Figure2Ashows theactivationofpapillae in thecuttlefish,33,34while Figure2Cshows

papillae in theoctopus.35Cephalopodsusepapillae to change the textureof their skin to camouflageor adapt their hydrodynamicperformance

while swimming.35–37 While TSAMs do not mimic the materials structure and working mechanism of papillae muscles (based on the interplay

between muscular structure and hydrostatic pressure35–37), they take inspiration from cephalopods’ papillae to produce a large out-of-plane

vertical displacement uponactuation. They aremanufacturedby twisting inexpensivepolymer fishing lines andare coiled to formArchimedean

spirals. When electrothermally actuated, TSAMs undergo reversible extensions exceeding 2000% strain (see Figure 2B) within a few seconds,

with an input voltage of only 0.2 V/cm. In previous works, we proposed theoretical models32,38 and different manufacturing methods32,36,39 for

TSAMs, and we also demonstrated that TSAMs are promising candidates for the development of fouling release devices.40 In this work, we

demonstrate how TSAMs can be used to actively deploy VGs, by emulating cephalopods’ papillae in terms of flow controls. Thanks to their

ease of manufacturing, low specific cost, low actuation voltage requirements, large output displacement, high specific power, non-hysteretic

behavior, and their compact, lightweight, and single-component nature,41 TSAMs can effectively address the limitations of existing active flow

control and deployable VGs devices in terms of power requirements, portability, ease of integration, and controls.

In this study, rectangular vane VGs are deployed on-demand by TSAMs actuation in response to changes in the flow conditions. The fabri-

cation and design of the proposed setup is first described. Lift measurements are then reported for the airfoil operating at two different

Figure 1. Reynolds number ranges for different aerial vehicles

(A) Reynolds number operating regime for various aircrafts including UAVs under sea level standard conditions.

(B) Effect of Reynolds numbers on maximum L/D ratio for smooth and rough airfoils.4 *Adapted with permission from Lissaman, P B S Annual Review of Fluid

Mechanics, 31 Dec 1982, Vol. 15, Issue 1, pages 223–239. Copyright 1983 by Annual Reviews Inc.
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Reynolds numbers with and without passive VGs. Finally, passive VGs are mounted to electrothermally actuated TSAMs and the correspond-

ing lift measurements are compared with the purely passive case to demonstrate that TSAMs can deploy different VGs configurations on de-

mand, to provide optimal performance under different flow conditions. This approach stands out due to its affordability, minimal component

requirements, ease of integration, and low power requirement. Our solution can be considered a hybrid technology between static and dy-

namic devices for flow control, and it is able to combine the advantages of static and dynamic solutions by proposing adaptive and compact

deployable VGs.

RESULTS

Performance of passive VGs

Experimental tests using static passive VGs were first performed to identify the best VGs configuration for different flow conditions. Figure 3A

shows a plot of lift coefficient versus angles of attack at Re = 100,000. The lift coefficient CL is defined as:

CL =
L

1 =

2 rU2A
(Equation 1)

where r is the air density, U is the free stream velocity, A is the wing area.

For the clean airfoil (dark blue curve in Figures 3A and 3B) the onset of stall can be observed at an angle of 14� and all passive VGs

configurations seem to delay the onset of stall to larger angles of attack. The VG 1, VG 2, and VG 5 configurations appear to delay stall until

Figure 2. Cephalopods and cephalopods inspired papillae muscles

(A) Cuttlefish with actuated papillae muscles (inset showing protrusion of a single papillae).

(B) Out of plane vertical actuation of a TSAM (left: flat configuration before actuation; right: actuated configuration upon electrothermal input).

(C) Octopus with actuated papillae muscles (inset showing protrusion of a single papillae).

Figure 3. Effects of passive VGs on the coefficient of lift of the airfoil at different angles of attack

(A) Reynolds number 100,000 (B) Reynolds number of 140,000.
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16� while significant delay was recorded for VG3 and VG4 at 18�. In terms of lift generation, it was observed that VG2, VG3, and VG4 generates

more lift than the clean airfoil at angles of attack between 0 and 5� degrees while the clean airfoil generates more lift between 6� up until the

stall angle. A strong stall was experienced with VG4 configuration, which can be attributed to the inability of the configuration to maintain

attached flow. Similar results for similar VGs configurations have been observed in previous study.15 It is also worth noting that the double

rows layout (VG2, VG4, and VG5) configurations outperformed the single rows configuration (VG1 and VG3). This outcome also aligns with

results from previous studies.42,43

Figure 3B depicts the aerodynamic performance of the clean airfoil compared to the various VG layout and configurations at Re = 140,000.

It can be observed that all VGs configurations performed better than the clean airfoil in terms of lift generation. The best performing config-

uration (VG2) in-terms of lift generation at Re = 140,000, increases the lift coefficient by 19% compared to the clean airfoil. These observed

trends are in compliance with previous studies on effect of VGs on the aerodynamic performance of wings.16,44–46 It was also observed that at

angles of attack between 10 and 20� , lift coefficient with the two-row layout of VGs (VG2, VG4, and VG5) are higher thanwith single row layout.

This effect can be attributed to the ability of the double row layout to hold the flow in place even as the angle of attack increases thereby

preventing total stall. This observation also agrees with results from.42

Notably, at a Reynolds number of 100,000, the clean airfoil produces the highest lift for angles of attack between 8 and 14�. Moreover, at

the same angle of attack, different VG configurations have distinct impacts on the airfoil’s performance at the two Reynolds numbers tested.

These findings demonstrate the significance of VGs in enhancing aerodynamic performance and highlight the importance of carefully select-

ing the appropriate VG configuration for a given Reynolds number and angle of attack. It is important to acknowledge that the lift measure-

ments, as illustrated in Figures 3A and 3B, may contain intrinsic uncertainties. Uncertainties in lift measurements in the wind tunnels are

commonly associated with difference in flow conditions, test model geometries, wind tunnel type andmeasurement methods.47 In this study,

repeated trials with identical experimental setup were carried out in the wind tunnel which can exhibit scatter in the experimental data. More-

over, noise and vibrations from the wind tunnel could have affected the sensitivity of the force balance and caused fluctuations in measure-

ments. In order to the mitigate this to the barest minimum, low pass filtering and band-pass techniques as specified in the signal conditioner

operationmanual were used to reduce random fluctuations and as-well eliminate noises that falls outside the range of interest for the lift force

measurements.

Impact of airfoil nose grooves on lift and stall

The airfoil initially designed to test the static VGs does not have grooves on the nose section. However, grooves were added to the airfoil for

the dynamic device (see Figure 4A) to facilitate the protrusion of the TSAM-powered VGs into the flow path upon actuation. Considering that

small amplitude disturbances on the surface could excite separation bubble instabilities and thereby alter the separation behavior over the

airfoil,48 we find it necessary to ascertain aerodynamic performance by conducting a comparative testing between the airfoil with grooves and

the airfoil without grooves. Figures 5A and 5B shows a plot of lift coefficient versus the angle of attack in both scenario at Re = 100,000 and

140,000.

Figure 4. Experimental setup in the wind tunnel

(A) Wing model mounted in the wind tunnel with splitter plates to simulate quasi 2D-flow.

(B) Two-axis force balance system and pitch actuator used for changing the angle of attack of the airfoil.

(C) Two-piece airfoil design with a detachable nose section. Airfoil is mounted to the force-balance system at the quarter-chord point.

(D) Passive VGs affixed in two rows to the airfoil nose.

(E) VG spacing and distance from the LE of the airfoil.
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As depicted in Figure 5A, the clean airfoil with grooves generates 6% higher maximum lift coefficient compared to the airfoil without

grooves at a stall angle of 14+. This can be partly attributed to the ability of the surface grooves to eliminate LSB, thereby improving the aero-

dynamic performance at angle of attack near the stall point, as observed in.49 In this study49 Liu et al. investigated 2D flow around a NACA

4415 airfoil with surface grooves closer to the leading edge. It was observed that surface grooves with optimal parameters can improve the

aerodynamic lift of thewing near the stall angle by 50% compared to the baseline. However, in our tests the difference in lift coefficient was not

that significant. Moreover, at a Reynolds number of 140,000 and a stall angle of 16� the clean airfoil without grooves generates a 2.5% higher

peak lift as compared to the airfoil with grooves (Figure 5A). These differences between our results and results in49 can be attributed to a

different airfoil geometry. Results in Figure 5 show then that the lift profile for the two-piece airfoil with grooves does not perfectly match

that of the clean airfoil for all angles of attack and Reynolds numbers tested. However, these differences are lower than 6% for angles of attack

between 0 and 18. Studying the physical reasons behind such differences is out of the scope of this work, which focuses on proposing an active

flow control device able to produce different static VGs configurations to improve the performance of a clean airfoil under different flow

conditions.

Performance of active VGs deployed by TSAMs

The main goal of this study is to determine if the on-demand deployment of the TSAM-powered VGs can match the peak performance of

different VG configurations corresponding to different angles of attack. As previously discussed, each TSAM powers two VGs. Since there

are 8 VGs in each row, 4 TSAMs are placed in each row of the insert plate (Figure 6B) at the same distance from the leading edge correspond-

ing to the VG configuration. For a given Reynolds number, the TSAM-powered VGs were selectively actuated tomatch the peak values of the

coefficient of lift provided by different VGs configuration for different angles of attack. Tables 1 and 2 depict the corresponding VG config-

urations deployed at each angle of attack when testing the dynamic device at Reynolds number of 100,000 and 140,000, respectively. Each VG

configurations was deployed at themaximum height of the VG element (i.e., 2 mmor 8mm, as described in the caption of the second table in

the method details section).

As shown in Figures 7A and 7B, the black curve depicts the performance of the TSAM-powered VGs. The effects of the active VGs powered

by TSAMs at a Reynolds number of 100,000 are shown in Figure 7A. It can be observed from the black curve that the TSAM-powered VG

Figure 5. Coefficient of lift vs. angle of attack for a clean airfoil with and without grooves

(A) Reynolds number of 100,000 (B) Reynolds number of 140,000.

Figure 6. Pictures of the manufactured airfoil with TSAMs-powered VGs

(A) Airfoil section with the deployable VGs (shown in the inset) and electrical setup for actuating TSAMs.

(B) Top view of the TSAMs powered VGs mounted on an insert plate that can be slotted into the nose of the airfoil.

(C) Side view of the TSAMs powered VGs inside the airfoil nose.

(D) Deployable VGs powered TSAM protruding out of the nose groove upon controlled actuation (VG_TSAM 1: 8mm and VG_TSAM 2: 2mm).
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configuration follows the path ofmaximum lift for the entire range of angles of attack tested. Specifically, this curvewas obtainedby deploying

VG4 for angles of attack between 0 � and 4 �, VG5 at 6 �, no VGs between 8 � and 14 � (this corresponds to the clean airfoil condition), and VG2

between 16 � and 20 �, as listed in Tables 1 and 2.

By deploying different VG configurations in terms of VG height and distance from the leading edge, the lift on the wing can then be

increased. Figure 7B shows the effects of the active VG configuration on the lift coefficient of the airfoil at a Reynolds number of 140,000.

Like Figure 7A, it can be observed that the active device is able to deploy different VGs configuration to always achieve the maximum value

of the coefficient of lift. Specifically, the black curve was obtained by deploying VG1 for angles of attack between 0� and 2�, VG2 at 4�, VG4 at

6�, VG1 at 8�, VG5 at 10�, VG4 at 12�, VG2 at angles of attack between 14� and 16�, VG5 at 18�, and VG4 at 20�, as listed in Tables 1 and 2.

Results in Figure 7 show then that our device is always able to provide themaximum lift coefficient for different values of Reynolds number and

angles of attack by deploying different desired VG configurations.

Conclusion

In this study, the aerodynamic performance of a NASA Langley Research Center LS (1)-0417 GA(W)-1 section airfoil equipped with active VGs

powered by TSAMs was investigated at Reynolds numbers of 100,000 and 140,000. Unlike conventional passive devices, these VGs can be

deployed on-demand while adapting to changing flow conditions. Initially, we explored the performance of passive VGs, experimenting

with various geometries and configurations. Building on the success of our different best-performing case scenario, we designed an active

device able to deploy a desired VGs configuration for different Reynolds numbers and angles of attack with the goal of achieving the

maximum value of lift coefficient for different flow conditions.

Table 1. Angles of attack Vs. VG configuration deployed at Re = 100,000

Angles of attack in degrees ð�Þ
Configuration deployed for TSAM

powered VGs

0 VG4

2 VG4

4 VG4

6 VG5

8 CA

10 CA

12 CA

14 CA

16 VG2

18 VG2

20 VG2

CA, clean airfoil.

Table 2. Angles of attack Vs. VG configuration deployed at Re = 140,000

Angles of attack in degrees ð�Þ
Configuration deployed for TSAM

powered VGs

0 VG1

2 VG1

4 VG2

6 VG4

8 VG1

10 VG5

12 VG4

14 VG2

16 VG2

18 VG5

20 VG5

CA, clean airfoil.
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This paper demonstrated that cephalopods inspired TSAMs can be used to deploy on-demand VG configurations for flow controls, by

mimicking the working mechanism and flow control performance of cephalopods’ papillae, and by combining the main advantages of static

and active solutions for flow controls in terms of portability and low power requirements.

While this study focused on coefficient of lift and stall angles as a simple proof of concept, it opens exciting possibilities for future inves-

tigations, including study of drag, flow visualization analysis, and linearized drag polar.

Limitations of the study

One of the biggest challenges encountered in this study was controlling the TSAMs actuation in the wind tunnel to reach the desired deploy-

ment height. As the TSAMs are heated via electrothermal actuation, the flow of air across the airfoil tends to cool themdown even with contin-

uous increase in voltage. Additionally, there is the risk of overheating and then damaging the TSAMs if the input voltage exceeds the allowed

threshold value.We addressed this challenge by implementing a robust controller. However, the controllermust be properly tuned according

to specific flow conditions.

Another limitationwas the identification of the optimal static VG configurations for achieving peak performance in terms of lift increase and

stall delay that necessitated a series of experimental trials. Because of a trial-and-error process, we cannot guarantee that the configurations

identified correspond to the optimal ones.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d METHOD DETAILS

B Design and manufacturing of the airfoil and the vortex generators

B Fabrication and modeling of the TSAMs

B Fabrication of the active device with deployable VGs

B Experimental facilities and design of experiments

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Control architecture
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RESOURCE AVAILABILITY

Lead contact

Further information and requests and reagents should be directed to and will be fulfilled by the lead contact, Caterina Lamuta (caterina-

lamuta@uiowa.edu).

Materials availability

This study does not generate new unique reagents.

Data and code availability

� All raw unprocessed data obtained during the experiments are available from the lead contact upon request.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Design and manufacturing of the airfoil and the vortex generators

The airfoil adopted in the experiments is a NASA Langley Research Center LS (1)- 0417 GA(W)-1 section with a chord of 330mmand 203.2mm

span.16 As depicted in the below image, the airfoil was designed in PTCCreo – 9.0.3.0 software and fabricated using a polylactic acid (PLA) via

fused deposition modeling (FDM) 3D printing technique. To facilitate the installation of both the static and deployable VGs, a two-part pro-

totype airfoil was designed. The prototype is comprised of a nose (see below image) and a receiver section (both sections are shown in below

the image). Thenose sectionextends from the leadingedgeof the airfoil up to a lengthof 50mmalong the chord. This design allows for switch-

ing out the airfoil nose to accommodate various VG configurations, as well as deployable VGs, without requiring removal of the airfoil receiver.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Polylactic acid (PLA) RAISE3D, Irvine, CA, USA #2207300098

Photopolymer resin (Rigid 4000) Formlabs Inc, Somerville, Massachusetts, USA RS-F2-GPBK-04

Isopropyl alcohol Sigma-Aldrich, GmBh #1003500617

Thermally conductive epoxy adhesive MG Chemicals Ltd. Ontario, Canada #8329TCM-6ML

Deposited data

Angle of vs. VG configuration deployed See Tables 1 and 2 N/A

Vortex generators configurations See STAR methods N/A

Repeatability of measured data See STAR methods N/A

Software and algorithms

MATLAB R2023a Mathworks https://www.mathworks.com/products/

new_products/r2023a-transition.html

Other

36 AWG Copper wire Remington Industries, USA MW 79-C

PVDF nylon fishing line KastKing Kovert, USA #X001GH5DU9

Formlabs 3D printer Formlabs Inc, Somerville,

Massachusetts, USA

Form 3B+

Raise 3D printer RAISE3D, Irvine, CA, USA N/A

Wind tunnel facility University of Iowa fluids laboratory N/A

Mitutoyo 3600 digital protractor Mitutoyo corporation, Illinois, USA Pro 360, 950-317, SN: 22100543

Thermistor Mouser Electronics, Texas, USA #GA10K3A1B
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As highlighted in the previous section, in order to achieve optimum performance from VGs, their geometry and configuration in terms of

height, distance from leading edge, span-wise distance, number of rows and orientation with respect to the leading edgemust be carefully cho-

sen.15,20,50 This is usually achieved via computational simulations or experimental tests.15,16,51,52 In this study, different geometries and configu-

rations of vortexgeneratorswere experimentally tested in thewind tunnel to identify the optimal configurations for different flow conditions. The

VGswere fabricated using a photopolymer resin via a stereolithography (SLA) 3Dprinting technique. After 3Dprinting, the VGs are washed in an

isopropyl alcohol bath for 20min to removeany uncured resin and cured inanoven for 20min at 60 �C to achievemaximumstrength and stability.

After several experiments in thewind tunnelwith 3Dprinted static VGswithdifferent geometry, the twogeometries depicted in above the image

were finally adopted since they exhibit better results in terms of lift generation and stall delay at different Reynolds number and angles of attack.

A schematic layout of the VGs configuration in terms of orientation and distance from the leading edge is also depicted in above the image.

Fabrication and modeling of the TSAMs

As detailed in,38,53 the TSAMs used in this study were fabricated from inexpensive polyvinylidene fluoride (PVDF) fishing lines (KastKing Kovert

Fluorocarbon fishing line, KastKing, USA,B= 0.7mm)with an initial length of 70 cm. AnArduino controlled steppermotor was used to apply a

pre-twist to the fishing line while simultaneously wrapping an insulated 36 AWG copper wire (Remington Industries, USA) around it to provide

an electrothermal actuation of themuscle. Upon achieving a length of 18 cmof the copper/PVDFelectrically conducting composite, 240 twists

were further applied until the onset of a spontaneous coiling. The resulting composite was guided into an adhesive substrate to obtain about

five continuous flat coils and then annealed under a constant weight of 3 kg for 2hrs at 135�C to retain the final flat spiral shape. The inner coil

has a diameter of 3 mm while the outer coil has a diameter of 16 mm. As depicted in Figure 2C in the previous section, the TSAM exhibits the

shape changing ability of an octopi papillae skin muscle upon activation by providing a large vertical displacement. The actuation can be

attributed to an anisotropic volume expansion in the radial direction resulting in an internal untwisting and uncoiling of the spiral which

then results in an out of plane vertical displacement.32

Previously developed dynamic and static models32,38 explain how the actuation mechanism of TSAMs can be summarized in three main

steps. The first step in the model relates the input voltage and actuation time to the temperature attained TðtÞ upon Joule heating, as

described in Equation 2.

Ct
_TðtÞ =

VðtÞ2
R

� hðtÞAðtÞðTðtÞ � TambÞ (Equation 2)

where R is the electrical resistance of the TSAMs, VðtÞ is the input voltage that provides the actuation,Ct is the thermalmass of the TSAM, hðtÞ
is the heat transfer coefficient between air and TSAM, AðtÞ is the total area of the TSAM exposed to cooling and Tamb is the ambient room

temperature.

Design of the airfoil and VGs

(A) Nose section of the airfoil revealing the groove for the deployment of the VGs.

(B) Rear view of the nose section of the airfoil for the incorporation of the dynamic device and the receiving end.

(C) Static vortex generators for experimental trials (VG_B for the big VGs and VG_S for the small VGs).

(D) Sketch of model installation: L-E, leading edge; TE, trailing edge; LED, leading edge distance, b; orientation.
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The second step relates the radial expansion of the TSAM to the rise in temperature through the coefficient of thermal expansion using

Equation 3.

diðtÞ= DTd0CTEðtÞ+d0 (Equation 3)

where diðtÞ is the radial expansion of the TSAM,CTE(t) is the coefficient of thermal expansion, d0 is the initial fiber diameter andDT = TðtÞ �
Tamb.

The final step gives a theoretical expression for the output vertical displacement of the TSAM as a function of the radial expansion of

the fiber.

ðm + m1Þ€xwðtÞ +
pdiðtÞ4

4
h�

D2
1+D

2
2

�
n0

4D2KW

�
1 � d0

diðtÞ
�

� 2na

�
D2

1+D
2
2

�ðD1+D2ÞW
GdiðtÞ4

_xwðtÞ

+
mg+W�

D2
1+D

2
2

�
n0

4D2KW

�
1 � d0

diðtÞ
�

� 2na

�
D2

1+D
2
2

�ðD1+D2ÞW
GdiðtÞ4

xwðtÞ = mg + W
(Equation 4)

Where, W is the external weight applied to the TSAM (i.e., VG weight for the device proposed in this work),m is the TSAM’s mass,m1 is the

mass of the external compression load (in the case, VGs), xðtÞ is the vertical displacement, m is the mass of the TSAM, h is the viscosity of the

TSAM fiber,D1 is the inner spiral diameter of the TSAM,D2 is the outer spiral diameter of the TSAM, n0 is the number of turns inserted during

twisting, KW is Wahl’s curvature correction factor, na is the number of spirals in the TSAM, and G is the shear modulus of the PVDF fiber. The

TSAM was modeled as a second-order spring-mass-damper system to obtain the model summarized above.36

Fabrication of the active device with deployable VGs

Active flow control devices as referred to in this study consist of arrays of two VGs mounted on a single TSAM such that upon actuation they

protrude out of the groove in the airfoil nose (shown in Figure 6D). A single TSAMcan deploy two VGs at a time. The starting procedure for the

development of the active device involves 3D printing a flat rectangular insert plate (L = 203.2 mm,W= 46mm, H = 2.47mm) with dimensions

carefully tailored to fit into the rear portion of the nose section of the airfoil. Eight TSAMs were mounted on the plates using a hot-melt ad-

hesive while a total of 16 VGsweremounted on the topmost spiral of the TSAMswith fast-curing silicone elastomer as depicted in Figure 6B. In

this study, a fully deployable systemof VGs, powered by TSAMs, comprises a total of sixteen VGs and eight TSAMs, arranged in two rows. This

arrangement forms a single deployable active flow control device that underwent testing in our research.

The electrothermal actuation of the dynamic devices was achieved using aDCpower supply through amicrocontroller andNPN transistor.

The overall control circuitry was embedded inside the hollow section of the receiving end of the airfoil (Figure 6C). Before electrothermal

actuation, the TSAMs and VGs are in an initial flat state and embedded inside the airfoil’s nose section. Once actuated, the TSAMs move

vertically, causing the VGs to deploy through the nose groove (Figure 6D) into the incoming free stream of air, thereby promoting bound-

ary-layer transition and enhancing the overall aerodynamic performance.

Experimental facilities and design of experiments

Theexperimentswere carriedoutat theUniversityof IowaFluidsWorkshop.Theangleof attackof thewingwasmeasuredusingaMitutoyo3600

digital protractor,whichhasa resolutionof 0.01� in accordancewith themanufacturer’s specifications. Two splitterplateswithdimensionsof 2.5c

weremountedat either extremity of the airfoil span in the test sectionwith a clearanceof dc = 0:15whered is thedistancebetweenoneextremity

of the airfoil and splitter plate (Figure 4A). The splitter plates help simulate 2D quasi flow and prevent the formation of tip vortices which could

interfere with flow of air on the surface of the airfoil and cause inaccurate measurements in lift force. A pitot tube attached to a pressure trans-

ducer (model PX653–05D5V from Omega Engineering Incorporation, Norwalk, Connecticut, USA) measures the dynamic pressure of the flow

upstream of the airfoil. The velocity of the test section was kept at 4.59 m/s and 6.43 m/s (corresponding to a Reynolds number of 100,000 and

140,000 based on the airfoil chord length) respectively for twodifferent experimental runs. These Reynolds number were selected because they

liewithin theoperating rangeof small UAVs.54 TwoSMS-type load cells (Interface forcemeasurement solutions, Scottsdale, Arizona,USA)with a

maximum load capacity of 50N in the lift direction and a sensitivity ofz 3.0 mV/V were used in measuring lift forces. Analogue output signals

from the load cells were amplified using SGAAC/DC signal amplifiers (Interface forcemeasurement solutions, Scottsdale, Arizona, USA). Exci-

tation voltage of 10 V Signals were transmitted from the amplifiers to NI BNC-2110 data acquisition system (National Instruments, Texas, USA).

Output voltages from the data acquisition systemwere collected using a LabView program and then exported toMATLAB for further analysis.

To conduct experiments on passive VGs without the use of TSAMs, two rows of VGs, designated as Row 1 and Row 2, were placed on the

wing. Row 1 is positioned at 20 mm from the leading edge (LE) and 25 mm from one end of the wing, with a spanwise spacing of 20 mm.

Meanwhile, Row 2 was situated at 35 mm from the LE and 40 mm from one end of the wing, with the same spanwise spacing of 20 mm

(Figures 4D and 4E). The study assesses five distinct VG configurations by interchanging VGs with heights of 8 mm and 2 mm between the

two rows. The table below depicts the layout of VG configurations adopted for this study. These configurations were selected as the most
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effective in terms of stall delay and lift increase, after several experimental tests which included more than 20 different configurations (where

the main four parameters listed in Table 1 were varied).

QUANTIFICATION AND STATISTICAL ANALYSIS

To validate the repeatability of the measured data using our experimental setup at Re = 100,000 and 140,000, three experimental runs were

performed at each angle of attack. The relative standard deviation (RSD) was used to quantify the repeatability of the data at each angle of

attack. RSD is a statistical measure used to assess the variability of data relative to its mean. It is expressed as a percentage and calculated by

dividing the standard deviation by the mean, thenmultiplying by 100. The result on the outcome of this test is depicted in the table below. As

expected, higher RSD values are measured for higher angles of attack, due to increased fluctuations.

To obtain the calibration curve for lift force measurement, a direct approach was employed whereby known masses were added to

the top surface of the airfoil, and the output voltage readings from the strain gauges were performed using LabView. For an average

output voltage of 0.375 V determined from the lift calibration, the corresponding level of uncertainties was determined to be G0.074

at 95% level of significance. The resulting data was used to generate a calibration curve, allowing for accurate lift force measurements

to be obtained.

Control architecture

A robust L 1 adaptive controller55,56 was used to control TSAMs actuation and guarantee a desired actuation temperature, considering envi-

ronmental uncertainties. The temperature feedback for the proposed controller was provided by a micro thermistor attached to each TSAMs

using conductive thermal paste that ensured a sufficient transfer of heat from the TSAMs to the thermistor. By adjusting the actuation tem-

perature of each TSAM using the adaptive controller we can accurately control the TSMAs vertical displacement and then the vertical deploy-

ment of each VG. Furthermore, using the controller, VGs can be held at a given height without overheating the TSAMs thereby allowing for the

flow to settle over the airfoil.

In previous works we proposed a displacement feedback controller with a temperature observer for Twisted and Coiled Artificial Muscles

(TCAMs).56–58

Re = 100,000 Re = 140,000

a� %RSDa a� %RSDb

0 2.91 0 4.34

2 3.37 2 4.59

4 3.75 4 4.66

6 3.64 6 4.17

8 3.68 8 3.62

10 4.31 10 6.15

12 4.71 12 7.05

14 5.09 14 8.34

16 5.25 16 7.39

18 5.59 18 8.19

20 5.61 20 9.68

aRDS values for CL measurements at different angles of attack at Re = 100; 000.
bRDS values for CL measurements at different angles of attack at Re = 140; 000.

VG configurations

Distance from

leading edge (x =cÞa
Spanwise distance

between VGs x=c b ð�Þ Number of rows

VG1 0.06 for VG_B 0.06 15 � Single row

VG2 0.06 for VG_B and 0.1for VG_S 0.06 15 � Double row of VG_B and smaller VG_S

VG3 0.1 for VG_S 0.06 15 � Single row VG_S

VG4 0.06 and 0.1 for VG_B 0.06 15 � Double rows of VG_B

VG5 0.06 for VG_S and 0.1 for VG_B 0.06 15 � Double rows of VG_S and VG_B

aVG_B: Big VGs with dimensions 8 mm 3 0.4 mm x 8 mm; VG_S: Small VGs with dimensions 6 mm 3 0.4 mm 3 2 mm.
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The results have shown that L 1 adaptive control can avoid overheating and withstand any environmental uncertainties during the actu-

ation of bioinspired artificial muscles. The controller is here extended to TSAMs.

The second-order dynamic equation governing the TSAM motion can be simplified from Equation 4 as follows:

m €l ðtÞ + b _l ðtÞ+ kl ðtÞ = Fe (Equation 5)

where Fe = mg+W is an external force applied on the TSAM,m is the total mass of the system,b and k are damping and spring coefficients of

the TSAM, and l is the TSAMs length. In,38 it was shown that both the damping and spring coefficients are a function of temperature TD: i.e.,

bbbðTDÞ and kbkðTDÞ:
Then,

bðTDÞ =
hAskðTDÞ

Fe

kðTDÞ =
mg+W"�

D2
1+D

2
2

�
n0

4D2Kw

�
1 � d0

diðtÞ
�# : (Equation 6)

Here, h is the viscosity of the TSAM polymer fiber. During the actuation, bD = bðTDÞ�b where b = bð0Þ is the damping coefficient when

TD = 0. Similarly, the stiffness also can be written as kD = kðTDÞ � k with k = kð0Þ. Then we can rewrite the dynamic equation as

m €l ðtÞ + b _l ðtÞ+ kl ðtÞ = mg+W � bDl ðtÞ � kDl ðtÞ: (Equation 7)

The right-hand side of the equation can be approximated to a linear relationship as

cTDðtÞzmg+W � bDl ðtÞ � kDl ðtÞ; (Equation 8)

for some c > 0. The system of equations can be presented as a state-space model that consists of both linear and nonlinear, as in

_xðtÞ = ApxðtÞ+BpuðtÞ+ f ðx; xðtÞÞ;

yðtÞ = CpxðtÞ; (Equation 9)

where ðAp;Bp;CpÞ are realization triplets with state vector xðtÞ = ½ l ðtÞ _l ðtÞ TDðtÞ �u, input uðtÞ = V2ðtÞ � V2
max

2 with Vmax is the maximum

supply voltage to the system, and output yðtÞ = dðtÞ.
Any unknown time-varying nonlinear functions that accounted for system uncertainties are represented in f ðt; xðtÞÞ. With the dynamic

equations mentioned above, the realization triplets can be expressed as

Ap =

2
666664

0 1 0

� k

m
� b

m

c

m

0 0 � hAs

m

3
77777775
;

Bp =

2
666664

0

0

1

CtR

3
777775;Cp = ½1 0 0 �: (Equation 10)

Here, h = hð0Þ andAs = Asð0Þ are the initial conditions of heat transfer coefficient and cross-section area of the TSAM affecting convection

when TD = 0.

The controller architecture is shown in the below image. The temperature requirement for each TSAM was determined based on our pre-

viously published physics-based model.38 Then that temperature was used as a desired input to the L1 adaptive controller. The controller

determines the desired voltage for the actuation based on Equations 5, 6, 7, and 8. The real-time temperature of the TSAM was measured

using a thermistor by measuring the change of resistance. This actual temperature measurement was used as feedback to the controller to

maintain the position of the TSAM.
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The above image shows the hardware used to control a single TSAM. A thermistor was attached to the TSAMusing a thermal paste. As the

temperature changes, the resistance of the thermistor changes.

The resistance was measured via a voltage divider circuit as a digital voltage (0 � 5V ) using a microcontroller analog input port. Then the

voltage measurement was converted back to the resistance in the algorithm and converted into the temperature based on thermistor specifi-

cations. Upon the temperature requirement, the voltage was provided to the TSAM from a DC power source ð0 � 4VÞ and the supply voltage

was controlled by a pulsewidthmodulation (PWM) signal providedby themicrocontroller connected to theDarlingtonpair transistor (TIP 122). A

maximum supply voltage of 4Vwas used to avoid thermal degradation of TSAMs due to overheating. Themicrocontroller was connected to the

CPU via a USB, and MATLAB/Simulink was used to implement the control algorithm and data acquisition. The TSAM displacement was calcu-

lated based on the temperature measured by the thermistors, and the static and dynamic models developed in our previous work.38,56 The

below image depicts the displacement and voltage plots for two TSAMs maintained at different heights using the adaptive controller.

TSAM 1 in the below image is actuated and maintained at a height of 8 mm (corresponding to an actuation voltage of 4 V, as shown in the right

plot). The below image depicts TSAM 2 in row 2 maintained at a height of 2 mm (corresponding to an actuation voltage of 4 V, as shown in the

plot on the right). TSAM 1 and TSAM 2 actuate VG_B and VG_S (dimensions are shown in the image, p. 11), respectively.

Control diagram and hardware

(A) The control architecture for position controlling of a single TSAM.

(B) The hardware setup for TSAM actuation.

Displacement (left) and voltage (right) plots for two TSAMs actuated to and maintained at different heights using the L1 controller

(A and B) Row (A) refers to TSAM 1 actuating VG_B, while row (B) refers to TSAM 2 actuating VG_S, as shown in the insets.
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