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A whisker-like device has been designed and tested that simultaneously measures the 

speed and the direction of a flow in which it protrudes. The device consists of a thin 

cylindrical probe longer than the thickness of the local boundary layer whose aerodynamic 

drag produces a moment at its base which is measured by a solid-state torque transducer. 

With proper calibration, the orthogonal components of the moment can be used to measure 

the speed and the direction of the flow. Measurements have been performed in a wind tunnel 

to validate the design at flow velocities ranging from Mach 0.15 to Mach 0.87 and for flow 

angles relative to the probe ranging from -88° to +88°. The results obtained indicate that the 

aero-whisker is capable to accurately measure the Mach number and direction of the flow 

with potential for further optimization for aircraft applications. 

I. Nomenclature

Cd = drag coefficient of a smooth, infinite-length, circular cylinder 

d = drag per unit length of the probe’s shaft
E = Young’s modulus of the material of the probe’s shaft
F = magnitude of the force at the top of the transducer 

I = area moment of inertia of the probe’s shaft section

L = length of the probe’s shaft
Lb = thickness of the probe’s base

M = Mach number measured by the aero-whisker 

M∞ = freestream Mach number 

r = radius of the probe’s shaft
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Re = Reynolds number 

St = Strouhal number 

t = time 

T = magnitude of the moment at the top of the transducer 

x = streamwise coordinate 

y = spanwise coordinate 

 

 = displacement of the tip of the probe 

 = viscosity of the air 

 = flow angle measured by the aero-whisker 

∞ = freestream angle relative to the aero-whisker 

 = density of the air 

 

II. Introduction 

The aim of this project was to investigate the feasibility of whisker-like devices to be used as sensors for 

simultaneous measurements of the airspeed and flow angle of an aircraft flying at subsonic conditions. 

With few exceptions, the current approach to collect such data is to use relatively large air data probes placed in 

a few selected locations on an aircraft. In some cases, the size and weight of these devices cannot be reduced 

without compromising their performance. This and their cost prevent their application to small or very small 

vehicles such as autonomous unmanned aerial vehicles (UAVs) and micro air vehicles (MAVs). Since only a few 

such probes are installed on an aircraft, the malfunction of one of them can upset its control and lead to its 

catastrophic loss, an example of which was the failure of the pitot probes in the crash of Air France flight 447 (June 

2009) [1] or of the angle-of-attack sensors in the crashes of Lion Air flight 610 (October 2018) [2] and Ethiopian 

Airlines flight 302 (March 2019) [3-5]. 

Solid-state transducers, on the other hand, continue to demonstrate increased performance and a decrease in size 

and cost. In particular, the piezoelectric, piezoresistive and semiconductor types are among the most robust, compact 

and reliable. In recent years they have been used to replace a vast array of sensors traditionally used for measuring 

pressure, force, and strain. Potentially they can be used to measure aerodynamic parameters directly, with a suitable 

design implementation. 

For this, inspiration can be drawn from nature. Birds in flight sense the airflow around them largely by using 

their feathers, which transfer the aerodynamic forces to the innervated body areas to which they are attached. The 

highly evolved and varied structure of feathers challenges their artificial replication. Hair and whiskers (or vibrissae) 

are the mammalian sensing counterpart of feathers. Bats use tiny hairs on the surface of their wings to detect and 

adapt to changing airflow [6]. Whiskers are more specialized hairs with a much simpler structure than feathers. They 

are connected to hair follicles that are heavily innervated by sensory nerves, which allow some mammals to use 

them to finely probe their surroundings. Such sensory hair structure can be replicated by connecting a thin shaft to a 

solid-state transducer measuring the moments about three orthogonal axes. When bent by an external force the shaft 

induces a moment in the transducer whose magnitude and direction can be used to characterize the external force. 

Jiang et al. summarize the recent progress for this type of bio-inspired flow sensor [7]. Research in this area has 

mainly focused on creating MEMS sensors mimicking the hair of arthropods [8-19] or seal whiskers for underwater 

applications [20-23]. 

For aerodynamic applications, an element in the shape of a sphere (or another suitable shape) can be added to the 

tip of the shaft to stabilize and amplify the effect of the aerodynamic forces. The velocity and the direction of the 

flow producing the aerodynamic force can then be reconstructed from the signals of the solid-state transducer. This 

would allow the simultaneous measurement of the airspeed and of its direction relative to an aircraft. Thus, two 

parameters of vital importance for the ability of air crew to safely operate an aircraft can be measured by a single, 

simple, reliable, solid-state device with the potential of miniaturization and mass production. The latter might 

facilitate the implementation, even in small aircraft, of distributed sensor-rich systems providing more flight 

information than traditional sensors [24, 25]. The redundancy in these systems that supply both the airspeed and its 

direction and that, compared to traditional air data probes, have very different mechanisms for failure would prevent 

the total loss of available information in the case of failure of one or more duplicate sensors. 

To validate the aero-whisker concept above, two initial prototypes were designed and tested in a low-speed wind 

tunnel at flow velocities up to 30 m/s [26]. The aero-whisker probe consisted of a shaft whose tip was terminated by 

a sphere and whose base was connected to a solid-state torque transducer. Once calibrated, the aero-whisker was 
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able to use the signals of the transducer to accurately reconstruct the velocity and the direction of the flow producing 

the aerodynamic drag of its probe. The current paper presents the results of a follow-on research project where the 

aero-whisker concept has been tested in a range of subsonic Mach numbers pertinent to the flight of commercial 

aircraft. 

 

III. Aero-whisker Design 

An aero-whisker comprises a probe and a solid-state force/torque transducer at its base. The probe is a circular 

shaft (tube or rod) that placed in an air flow generates aerodynamic drag whose force    and moment (torque)     at 

the bottom of the probe base are measured by the transducer, Fig. 1. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Schematic of the aero-whisker setup. 

 

 

If the boundary-layer thickness is small compared with the length L of the probe, the shaft can be modelled as a 

cantilever beam of length L with a distributed force d corresponding to the drag of a circular cylinder (drag per unit 

length), Fig. 2. 

 
 

Fig. 2 Cantilever-beam model with distributed (drag) force. 
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The magnitude F of the force and T of the moment measured by the transducer and the displacement  of the 

probe’s tip in the flow direction can be calculated as: 

 

 𝐹 = 𝑑𝐿  
                                                    (1) 

 𝑇 =
1

2
𝑑𝐿2 + 𝐹𝐿𝑏  

 
                                                    (2) 

 𝛿 =
1

8

𝑑𝐿4𝐸𝐼  
 

                                                    (3) 

 

where E is the Young’s modulus of the shaft material and 

 𝐼 = 𝜋
4
𝑟4

 
                                                    (4) 

is the area moment of inertia of the shaft section having external radius r. The drag d is obtained as: 

 𝑑 =  1
2
𝜌𝑎2𝑀∞2  2𝑟𝐶𝑑  

 
                                                    (5) 

where  and a are the density and speed of sound of the air, respectively, at the freestream Mach number M∞ and Cd 

is the drag coefficient of a smooth, infinite-length, circular cylinder, Fig. 3. 

 

 

Fig. 3 Drag coefficient of a smooth, infinite-length, circular cylinder as a function of its Reynolds number in 

the range relevant to the current aero-whisker design (based on data from [27]). 

 

IV. Experimental Setup 

The probe was mounted on an ATI Mini 40 solid-state force/torque transducer capable of measuring the forces 

and torques (moments) along three perpendicular axes. The range (and resolution) of the force measurable along the 

x and y axes of the transducer aligned with the streamwise and spanwise directions of the wind-tunnel test section 

was 20.0 (±1/200) N. The range (and resolution) of the moment measurable along the same axes was 1.0 (±1/8·10-3) 

N·m. The values of the force and moment were obtained from the sensor output using the factory-supplied 

calibration. 
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AISI 1080 steel was selected for fabricating the probe’s shaft due to its combination of strength, elasticity and 

availability as standard diameter rods. Equations 1, 2 and 5 were used to predict the magnitude F of the force and T 

of the moment at the top of the transducer for different values of the length L and of the radius r of the shaft at 

freestream Mach numbers between 0.05 and 0.9 at standard, sea-level atmospheric conditions. The shaft radius 

should be minimized to increase its bending in the freestream direction [26]. However, this is limited by the 

maximum stress at the base of the shaft that should not exceed the tensile yield strength of its material. Calculations 

indicated that AISI 1080 shafts with radius r = 1 mm and length L up to 100 mm would not plastically deform in the 

range of Mach number explored. An aluminium probe’s base with thickness Lb = 20 mm was selected to ensure a 

stable and secure insertion of the probe’s shaft and connection to the transducer. 

 

 
 

 

Fig. 4 Predicted force (top) and moment (bottom) at the transducer for a probe with circular shaft of radius r 

= 1 mm inserted in the 20 mm-thick base for different values of the shaft length L and of the freestream Mach 

number M∞. 
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Figure 4 shows the magnitude F of the force and T of the moment at the top of the transducer predicted using 

Eqs. 1, 2 and 5 for a probe with circular shaft of radius r = 1 mm inserted in the 20 mm-thick base for different 

values of the shaft length L and of the freestream Mach number M∞. The moment predicted for using a 100 mm-long 

probe at Mach 0.9 is close to the maximum value measurable by the transducer. To avoid saturation of the signal 

and potential overload of the transducer, an 80 mm-long probe was selected for fabrication and testing for which the 

predicted largest force and moment are slightly higher than 1/2 and 2/3 of the corresponding maximum measurable 

values, Fig. 4. Since the moment spans a larger portion of the measurable range, it should provide a better resolution 

of the velocity and the direction of the flow acting on the probe. 

 

Using Eqs. 3 and 4, the displacement  of the tip of the selected probe was found to reach 4.5 mm at Mach 0.9. 

This value is less than 6% of the shaft length and indicates that, different from the more flexible polystyrene probe 

tested at low velocity [26], this probe only moderately bends in the direction of the freestream. 

 

Figure 5 details the components of the aero-whisker fabricated for the flow measurements in the transonic wind 

tunnel of the Aeromechanical Systems Group (ASG) of Cranfield University. This an ejector-driven tunnel with a 

229 mm-wide and 205 mm-high test section. Although the tunnel was designed primarily for measurements at high 

subsonic and transonic flow conditions, the flow in its test section can be manually adjusted to achieve Mach 

numbers as low as Mach 0.15. 

 

 

 

Fig. 5 Components of the aero-whisker fabricated for flow measurements in the ASG transonic wind tunnel. 

 

 

The aero-whisker was installed in a turntable placed on left-side wall of the wind-tunnel test section, Fig. 6. The 

turntable allowed full 360° rotation with reference markings at 1° increments. Measurements were made at 

freestream Mach numbers from 0.15 to 0.87 measured with a pitot-static probe protruding 107 mm into the 

freestream from the opposite side wall in a position clear of the aero-whisker and its wake. The total temperature 

was measured by a thermocouple located in the plenum upstream of the contraction to the test section. This together 

with the total and static pressure from the pitot-static probe allowed calculating the other characteristics of the 

freestream. The corresponding Reynolds number based on the shaft’s diameter ranged from 0.67·104 to 2.85·104. 

Probe base 

Turntable connector 

ATI Mini 40 

Probe 
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The local thickness of the boundary layer at the highest Mach number was 8 mm. For selected Mach numbers, 

measurements were recorded by changing the turntable-set angle ∞ of the freestream relative to the probe from -88° 

to +88° with 10° increments (8° between ±88° and ±80°). Measurements were not made at ∞ = ±90° since the 

alignment of the x axis of the transducer relative to the centerline of the test section could only be set within an 

estimated ±2.0°. 

 
 

 

Fig. 6 Aero-whisker in a Mach 0.85 flow inside the ASG transonic wind tunnel. 

   

V. Results 

The signals of the components of the moment along the x and y axes of the transducer were acquired for 1 

second at a sampling frequency of 1 kHz. The mean value of the samples was used to obtain the average 

components      and      during the acquisition time. The magnitude of the moment T was then obtained as: 

 𝑇 =  𝑇𝑥2 + 𝑇𝑦2 

 
                                                    (6) 

Figure 7 shows how the magnitude T of the moment measured by the transducer changes with the freestream 

Mach number M∞. Circles indicate the experimental data whose values are somewhat lower than those, repeated 

from Fig. 4, predicted in the design of the 80 mm-long probe. At Mach numbers above 0.7 the magnitude of the 

moment starts following a lower trend with increasing the freestream Mach number. 

Wind-tunnel measurements by Knowder and Pruden [28] and Matt [29] and flight tests by Welsh [30] indicated 

a dip of the cylinder drag coefficient as the freestream Mach number increases above about 0.7 to 0.8. Macha 

showed that this dip is caused by compressibility effects [31]. Figure 8 compares the drag coefficient of the shaft 

with L/2r = 40 from the current wind-tunnel measurements with the drag coefficient of cylinders with L/2r = 30 

from flight tests [30] and confirms that the aero-whisker probe experiences a drag-coefficient dip at freestream 

Mach numbers higher than 0.75. This dip lessens the increase of the shaft’s drag with the freestream Mach number 

and thus the corresponding moment measured by the transducer, Fig. 7. Accordingly, we divide the freestream Mach 

range of the current measurements in two subranges: the first comprising Mach numbers up to M12 = 0.75 

𝑇𝑦𝑇𝑥
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corresponding to the onset of the drag-coefficient dip, Fig. 8, and the second comprising Mach numbers higher than 

M12. Denser measurements were taken in the second subrange to clearly resolve the local trend of the magnitude of 

the moment. 

 

 

 

Fig. 7 Magnitude of the moment predicted in the design of the 80 mm-long probe, measured experimentally 

and calculated based on the experimental data for different values of the freestream Mach number. 

 

 

 

Fig. 8 Drag coefficient of the shaft with L/2r = 40 from current wind-tunnel measurements and of cylinders 

with L/2r = 30 from flight tests [30]. 
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 Since, except at the lower freestream Mach and Reynolds numbers, the shaft has a drag coefficient of about 1.2, 

Fig. 8 and Fig. 3, and it bends little in the flow [32], we can assume that Eq. 5 is fundamentally a function of       . 

Thus, the function describing the increase of T with M∞ in the first subrange has form: 

 𝑇 = 𝑘1 ⋅ 𝑀∞2                                                       (7) 

for which the coefficient k1 can be calculated as:  

 𝑘1 =
𝑇1H𝑀1H
2

 

 

                                                    (8) 

where T1H is the value of T at a freestream Mach number M1H close to M12. The coefficient k1 = 0.605 was found 

using the experimental datum M1H = 0.719 with T1H = 0.313, marked as a black circle in Fig. 7. By using Eq. 7, the 

value of T12 corresponding to M12 was then found to be 0.340. 

A quadratic-Mach-number law did not fit well the data in the second subrange. By allowing the exponent of M∞ 

to assume any value b2, the increase of T with M∞ in the second subrange takes the form: 

  𝑇 − 𝑇12 = 𝑘2 ⋅  𝑀∞ −𝑀12 𝑏2                                                     (9) 

for which the exponent b2 and the coefficient k2 can be calculated as: 

 𝑏2 =

log  𝑇2H − 𝑇12𝑇2L − 𝑇12 
log  𝑀2H −𝑀12𝑀2L −𝑀12

  

 

                                                  (10) 

 𝑘2 =
𝑇2H − 𝑇12 𝑀2H −𝑀12 𝑏2  

 

                                                  (11) 

where T2L and T2H are the values of T at two suitably-spaced Mach numbers M2L and M2H higher than M12. The 

exponent b2 = 0.923, almost a linear law, and the coefficient k2 = 0.357 were found using the experimental data M2L 

= 0.780 with T2L = 0.353 and M2H = 0.870 with T2H = 0.387, marked as black circles in Fig. 7. 

The increase of T with M∞ calculated as indicated above is shown in Fig. 7 as a black line passing through the 

experimental data. The inverse function: 

 

         

𝑀 =  𝑇𝑘1 1/2 for  T  T12                             (12a) 

 𝑀 =  𝑇 − 𝑇12𝑘2  1/𝑏2 +𝑀12 

 

for  T > T12                             (12b) 

can then be used to calculate the Mach number M measured by the aero-whisker from the magnitude T of the 

moment measured by its transducer. This represents the calibration curve of the aero-whisker which is shown in Fig. 

9 together with the experimental data. 

 

 

𝑀∞2
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Fig. 9 Mach number measured by the aero-whisker as a function of the magnitude of the moment measured 

by its transducer. 

 

Angular measurements were recorded at nominal values of M∞ = 0.59, 0.69, 0.77 and 0.85 by changing the 

turntable-set angle ∞ of the freestream relative to the probe from -88° to +88°. Figure 10 verifies that these 

measurements are consistent with those discussed above by comparing the magnitude of the moment at different 

angles, shown as colored circles, with the increase of T with M∞ calculated using Eqs. 7 and 9. The actual Mach 

number of each angular measurements is in the neighborhood of its nominal value with a spread becoming larger at 

lower Mach numbers for which the manual control of the flow conditions was more difficult. Because of this, 

angular measurements were not taken for M∞ < 0.59. 

 

 
Fig. 10 Magnitude of the moment measured with changing the angle  ∞ of the freestream relative to the probe 

at selected Mach numbers (circles) and calculated using Eqs. 7 and 9 over a larger Mach range (line). 

 

          ∞              ∞ 



11 

 

The angle  of the flow measured by the aero-whisker was obtained from Tx and Ty as: 

 𝜃 = tan−1  𝑇𝑥𝑇𝑦  

 

                                                  (14) 

Figure 11 shows that the angle  of the flow measured by the aero-whisker closely match the true angle  ∞ of the 

freestream relative to the aero-whisker probe. 

 

 

 

Fig. 11 Comparison of the angle of the flow measured by the aero-whisker with the angle of the freestream 

relative to its probe. 

 

 

 

Small vibrations of the probe in the flow were observed and an analysis was performed to check if these would 

affect the results discussed above. 

The probe’s shaft is a long cylinder in a cross flow. Accordingly, vortex shedding past the shaft could lead to 

periodic vortex-induced vibration (VIV) of the probe. The proximity (indicatively within 10%) of the VIV 

frequency to that of the dominant vibration mode of the probe could excite resonant oscillations affecting the values 

measured by the transducer. 

The frequency of the dominant vibration mode of the probe and transducer was obtained by displacing the shaft 

in still air and releasing it to oscillate along the x and y axes. Timetraces Ty (t) and Tx (t) of the components of the 

moment measured along the transducer’s axes normal to the direction of oscillation were acquired at a sampling 

frequency of 10 kHz. Each timetrace was low-pass filtered at 4.9 kHz by a Butterworth filter to avoid aliasing and 

its narrowband power spectrum was computed using a 5000-point short-time Fourier transform providing a spectral 

resolution of 2 Hz. The spectra in both the x and y directions showed a strong peak at about 170 Hz corresponding to 

the dominant vibration mode of the probe and transducer. This frequency recast as Strouhal number in the Mach 

number range of the experimental data spans from 2·10-2 to 1·10-3. At the matching Reynolds number these values 

are significantly lower than the VIV Strouhal numbers from 0.21 to 0.19 [33] of an infinite-length, circular cylinder 

which is assumed to approximate well the VIV characteristics of the L/2r = 40 shaft. This indicates that the vortices 

shed by the probe’s shaft should not excite resonant oscillations of the probe and the transducer.  

 

The impact of the observed small vibrations was also assessed by evaluating their magnitude relative to the 

displacement induced by the drag. To this aim the oscillating components T(t) – T of the moment magnitude about 

the steady component T, Eq. 6, were normalized by T itself. The corresponding timetraces were low-pass filtered at 
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499 Hz by a Butterworth filter to avoid aliasing, their narrowband power spectra were computed using a 500-point 

short-time Fourier transform providing a spectral resolution of 2 Hz and the results were converted to decibels. 

 

 

Fig. 12 Power spectral density of the oscillating components relative to the steady component of the moment 

magnitude measured at M∞ = 0.371. 

 

The power spectral density of the oscillating components relative to the steady component of the moment 

magnitude measured at the freestream Mach number 0.371 is shown in Fig. 12. The highest peak of -26 dB at 210 

Hz indicates that the magnitude of the largest vibratory component of the moment is about 400 times smaller than 

the steady component which represents the overall drag effect. Similar spectra with lower values were obtained for 

all the other measurements shown in Fig. 7. 

 

The analysis above suggests that the vibrations of the probe in the freestream do not affect the measurement of 

the velocity and direction of the flow by this aero-whisker configuration and that its probe’s shaft does not require 

vortex-shedding suppressors. 

 

VI. Conclusion 

An aero-whisker was developed and tested that can be used to measure the velocity and the direction of a 

subsonic flow in which it protrudes. The probe of the aero-whisker is a circular shaft longer than the local thickness 

of the boundary layer and supported by a base. The probe is connected to a torque transducer placed at its base that 

measures the moment induced by the drag of the probe immersed in the flow. A prototype aero-whisker was 

designed and fabricated for testing the concept in a high-speed wind tunnel. Measurements were made with the 

probe in the freestream at Mach numbers from 0.15 to 0.87 and angles relative to the probe from -88° to +88°.  The 

drag coefficient of the aero-whisker was found to slightly decrease at Mach numbers higher than 0.75 which is 

consistent with the drag of circular cylinders in high-speed crossflows and is caused by compressibility effects. With 

a calibration that accounts for this phenomenon, the aero-whisker was able to accurately measure the Mach number 

and the direction of the freestream. This performance was not affected by small vibrations of the probe in the flow. 

Further research on aero-whiskers for aircraft applications can explore: flight-testing the concept on an aircraft; 

optimizing the probe’s shape and materials to obtain desirable bending characteristics in the freestream; study how 
the data from multiple aero-whiskers in a distributed sensor configuration can fuse with those from traditional air 

data probes and create fault-tolerant systems. 
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