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Abstract 
The paper describes and discusses the design and testing of an efficient and high-sensitive calorimetric thermal 

sensor to measure simultaneously the magnitude and the direction of wall shear stress in aerodynamic flows. The main 

technical application targeted is the back flow and the flow separation detection for active flow control. The 

measurement principle is based on the flow-induced forced heat convection transfer on a heater element. The sensor is 

micro-structured with three parallel substrate-free wires presenting a high aspect ratio and supported by periodic 

perpendicular SiO2 micro-bridges ensuring a mechanical toughness and a thermal insulation relatively to the bulk 

substrate with high thermal inertia. The central wire is made of a multilayer structure (Au/TiSiO2/Ni/Pt/Ni/Pt/Ni/SiO2) 

and is composed of a heater element (Au/Ti) and a thermistor (Ni/Pt/Ni/Pt/Ni) enabling to measure the heater 

temperature. The upstream and downstream wires are thermistors enabling to operate in the calorimetric mode. This 

design provides a high temperature gradient and a homogeneous temperature distribution along the wires. The sensor 

operates in both constant current mode and constant temperature mode, with a feedback on current enabled by 

uncoupling heating and measure. Welded on a flexible printed circuit, the sensor was flush mounted on the wall of a 

turbulent boundary layer wind tunnel. The experiments, conducted in both attached and separated flow configurations, 

demonstrate the sensor sensitivity to the wall shear stress up to 2.4 Pa and the ability of the sensor to perform flow 

direction sensing for back-flow detection in a separated flow configuration.  
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1. Introduction 

Active flow control systems are developed to promote air safety, reduce energetic consumption or increase 

airplanes efficiency. A potential good candidate for applying flow control strategy is flow separation which is mostly 

unwanted for many applications and even dangerous in aviation.  It is an unstable flow that can increase drag and 

energy losses, and decrease lift. The measurement of wall shear stress is thereby needed for a better location of this 

effect for implementing a control strategy ([1], [2]).   

For Newtonian fluid like air, the shear stress τ on a solid surface is given by Equation (1): 

𝜏 = 𝜇 ∙ (𝜕𝑢 𝜕𝑦⁄ )𝑤𝑎𝑙𝑙       (1) 

where µ is the air dynamic viscosity, u the flow velocity parallel to the wall, and y the axis normal to the wall as 

defined on Figure 1 (a). 

Figure 1 illustrates two main kinds of flow separation: the boundary layer separation due to an adverse pressure 

gradient occurring on a surface with no sharp edges in (a), and another one due to a geometrical obstacle (cavity, 

obstacle, sharp edges...) in (b). 



 

Figure 1: (a) Schematic of a flow separation on an airfoil like surface (b) A geometry-based separation 

On an airfoil-like surface like in Figure 1 (a), it is known that an adverse pressure gradient can produce a 

separation of the boundary layer by stiffening the velocity profile and consequently decreasing the friction, before the 

separation, and creating a back-flow in a separation bubble. In the case (b) the flow separation due to a geometrical 

obstacle that leads by construction to a separation bubble [3]. As shown on Figure 1 and according to Equation (1), the 

wall shear stress, and particularly its orientation, is directly linked with the flow separation phenomena and its 

measurement is a key point to detect the state of the flow, either attached or separated. 

When measuring fluctuation quantities in high Reynolds number turbulent boundary layers, wall shear stress 

sensors have to resolve both small length- and velocity-scales at high frequencies, in the view of Kolmogorov scales 

[4]. Therefore the need of very small, fast and high sensitive measurement devices can be fulfilled by Micro-Electro-

Mechanical Systems (MEMS) technology [5].  Although the present paper does not tackle the fluctuations issue, it 

must be underlined that the technology presented here will be, in a short future, a good candidate for unsteady 

measurement at such small scales.   

Micro-machined flow sensors can be divided into two groups, based on different measurement methods: ‘direct’ 

measurement or ‘indirect’ measurement [6]. For direct measurement of wall shear stress, sensors usually use a floating 

element that is displaced laterally by the tangential viscous forces in the flow. This displacement implies a variation of 

an electrical parameter. For instance, in [7] the authors developed a capacitive wall-shear stress sensor with the 

floating element displacement implying a capacitive variation, reflected in an electric potential variation; the authors in 

[8] simulated a cantilever-based flow sensor using the piezoresistance effect; and authors in [9] designed and 

manufactured capacitive airflow sensors based on out-of-plane cantilevers.  These sensors present the clear advantage 

of a direct wall shear stress measurement. However the necessary floating element implies an electro-mechanical 

coupling which is sensitive to vibrations. With miniaturization, the mechanical resonance frequency comes close to the 

vibrations of the measured system structure, in case of moving structures like vehicles. Vibrations affect at least the 

measure but can also affect the sensor integrity.  For avoiding these drawback indirect wall shear stress measurements 

were developed with various methods. For example, micro-fences using a cantilever structure and piezoresistors are 

presented in [10]; the exploitation of optical resonances such as whispering gallery modes of dielectric microspheres is 

proposed in [11] (for which the optical resonance shifts with radial deformations of the spheres due to the shear stress); 

the deflection of micro-pillars is presented in [12] and thermal-based sensors are presented in the next paragraphs of 

the present paper. The physical principle used in these latter consists in taking advantage of the convective heat 

transfer between an electrically heated resistor and a surrounding cooler fluid [6]. As they do not involve a mechanical 

moving part, thermal flow sensors are widely adopted when dealing with fluid dynamics including laminar or 

turbulent flows.    

Two main kinds of thermal sensors for velocity and wall shear stress have been developed over the years: hot-

wires sensors and hot-film sensors. The difference between them lies in the designed structure: in hot-wire sensors the 

metallic wire resistor is free from the substrate, fixed by two prongs and placed within the flow. On the other side, the 

metallic wire of hot-film sensors is deposited on a substrate and placed on a surface adjacent to the flow. Hot-wire 

sensors are mainly free from the substrate which enable an optimal heating uniformity and high sensitivity ([13]–[15]) 

but they are fragile and 3D thermal effects occur at the ends of the wire. On the contrary, hot-film sensors are very 

robust in front of their operational constrains. However, they suffer from heat losses through the substrate on which 

the metallic wire is deposited.  Various materials have thus been used to increased thermal insulation such as silicon 



nitride [16], glass [17] or flexible polymer ([18], [19],[20]). These sensors, easy to mount flush to the wall, are often 

used for detecting flow separations and for wall shear stress measurement. To improve the performances (sensitivity 

and time response) of hot-films sensors, the heat losses need to be reduced and using bulk-machining techniques, the 

metallic wire might be deposited on a membrane separated from the substrate by a cavity underneath [21].  

This paper presents a thermal wall shear stress sensor elaborated for taking advantages of both hot-film sensors 

and hot-wire sensors. In the designed structure, the heater and the measurement elements consist of long metallic wires 

free from the substrate and suspended by periodic silicon oxide micro-bridges [22]. This design allows an efficient 

thermal insulation and simultaneously mechanical toughness. The first results on this structure were presented in [23] 

with integration in a micro-channel. Then, an improved design added the measurement of the flow direction parameter 

([24], [25]), using the calorimetric principle. The present paper deals with the same kind of sensor initiated in [25], but 

targeting more specifically on the separation detection for flow control applications. Are presented here all the 

characterizations performed on the sensor, electrical and thermal, with comparisons to numerical studies, and wind 

tunnel experiments in both attached and separated flows configurations. 

 

2. The thermal MEMS sensor: design and fabrication process 

2.1. Design and working principle 

The sensitive part of the sensor, presented in Figure 2, consists in three parallel micro-wires, free from the 

substrate, mechanically supported by silicon oxide micro-bridges over a cavity and designed to be set perpendicular to 

the flow. The central wire combines heating and wall shear stress measurement as a classical hot-wire. The two other 

wires, arranged on both sides of the central wire, use the calorimetric principle and are used to detect the flow 

direction. As they are cooled differently by the flow, the upstream wire being cooler than the downstream one, the 

temperature difference between them indicates the flow direction. 

 

Figure 2: Schematic of the sensor design 

The geometrical parameters are summarized in Table 1. Each wire is separated from the substrate to avoid heat 

losses by solid conduction into the substrate and to increase the flow induced convective heat transfer. The high aspect 

ratio of the heater enables a high temperature gradient in the flow direction and a homogeneous temperature profile 

along the wire. The oxide silicon bridges allow the structure to be mechanically resistant over the flow despite the 

length of the wires. The central wire is multilayer-structured: one layer is the heater, made of Au/Ti, the second one is 

the measurement wire, a Ni/Pt multilayer, and a third one of SiO2 separates the first two layers, acting as insulator. 

The heater layer is the only one powered, and it heats the whole sensor structure. The all three other Ni/Pt layers are 

designed for sensing: there are only crossed by a 100 µA current for measurement using the 4-points measurement 

technique.  



Measure and heating are thereby electrically uncoupled to improve the signal to noise ratio and to allow the 

choice in materials. Therefore, the measurement wires are Ni/Pt/Ni/Pt/Ni multilayers reaching about 130 nm height in 

total. This material was chosen for its temperature-dependent resistivity, as it will be shown on paragraph 3. The heater 

is mainly made of Au (200 nm), a material more stable to temperature. The Ti layer of 20 nm is an adhesion layer. The 

measurement is based on the 4-points technique: the measurement wires are crossed by a 100 µA current enabling the 

resistance measurement without heating the wires. 

Parameters Sensing wires Heater Brides 

Length 1 mm 1 mm 30 µm 

Width 3 µm 3 µm 7 µm 

Thickness 130 nm 220 nm 500 nm 

Cavity depth 20 µm   

Number 3 1 33 

Table 1: Geometrical parameters of the sensor 

Finite element simulation was performed using COMSOL Multiphysics to study the sensor working behaviour. 

As seen on Figures 3 (a), (b) and (c), when the gold resistor is heated by an electric current, the heat is transferred to 

the measurement wires and the surrounding fluid by conduction. Figures 3 (a) and (b) present the heat distribution in 

the sensor structure (wires and bridges) and the fluid for a 10 mW heating power. With a low power consumption, an 

increase of about 90 K is reached with flow at rest.  

 

Figure 3: COMSOL Finite element simulations - 10 mW : (a) heat distribution in the wires plane with flow at 

rest, (b) heat distribution in the plane perpendicular to wires with flow at rest, (c) heat distribution in the plane 

perpendicular to wires for 10 mW and flow at 20 m/s 

In Figure 3 (c), the flow velocity cools the structure by forced convection leading to a temperature decrease, and 

the thermal boundary layer is deformed. Here, the boundary layer flow was modelled using Equation 2, valid because 

the velocity field is modelled in the linear sublayer region of a boundary layer.  

𝑢 = 𝑦 ∙ (𝜏 𝜇)⁄            (2) 



2.2. Micro-fabrication and packaging on flexible printed circuit 

The micro-machining process was performed on a 3 inches (100) silicon wafer for the fabrication of more than a 

hundred sensors. The detailed process steps are presented in [25]. It contains six main steps and need four masks. 

Compared to [25], ], the layer thickness of SiO2 was decreased from 300 nm to 200 nm, the Ni/Pt multilayer 

deposition was followed by a vacuum annealing to relax mechanical stress and improve stability, and the etch time to 

release the wire was increased resulting in a deeper cavity. All these modifications were made to perform a higher 

temperature elevation and provide a higher sensitivity.  

Figure 4 (a) and (b) are Scanning Electron Microscopy (SEM) pictures of the manufactured micro-sensor. 

Figure 4 (a) displays the complete structure with the micro-bridges supporting the wires. Figure 4 (b) focuses on the 

central multi-layered structure (central wire) and allows to distinguish bright metal layers, which are respectively the 

heater on top and the measurement wire at the bottom, separated by a dark silicon oxide electrical insulator layer.   

 

Figure 4: SEM pictures of the sensor: (a) global structure (b) central wire multilayer structure [24] 

The final sensor chip is about 4 mm long by 3 mm wide, the main part of it being occupied by the large pads 

enabling the electrical contacts recovering at millimeter scale (Figure 5 (a)). The sensor was then welded on a flexible 

electronic printed circuit, as shown on Figure 5 (b), enabling it to adapt to a wind tunnel wall. 

 

Figure 5: (a) Sensor chip compared to euro cent (b) Flexible packaging of the sensor 

3. Electrical and thermal response measurements 

 

The first set of measures were devoted to determinate the Temperature Coefficient of Resistance (TCR) and the 

temperature elevation with power. The TCR is a material characteristic and is defined by Equation (3): 



𝑇𝐶𝑅 = ∆𝑅 (∆𝑇 ∙ 𝑅0)⁄        (3) 

where R0 is the resistance of reference at 25°C, ΔR the resistance variation and ΔT the temperature variation. The 

measured resistance variation with temperature (Fig. 6) exhibits a linear behaviour between 20°C and 70°C resulting 

in a TCR of about 2380 ± 70 ppm/°C, with a TCR dispersion measured along the 3 inches diameter wafer. 

 

Figure 6: Pt/Ni/Pt multilayer resistance versus temperature 

 

Afterwards, the temperature elevation by joule effect is determined. The measurement setup uses a Keithley 

2400 source-meter. Experimental results without flow, compared to numerical ones, are presented on Figure 7. The 

numerical results are in agreement with the experimental data. Experimentally the temperature gradient reaches 

9.1 ± 0.3 K/mW for the central measurement wire and 5.7 ± 0.4 K/mW for the lateral wires, with the dispersion 

measured across the wafer. The lateral wires are indeed distant from the heater with a 3 µm air gap between them, 

whereas the central wire is only separated from the heater by 200 nm of silicon oxide, used for electrical insulation and 

not for thermal insulation.  

 

Figure 7: Electrical characterization (without flow) of the sensor for both central and lateral wires and 

comparison with numerical results 

In order to ascertain the thermal behaviour of our device, a thermal imaging is performed using a thermal 

microscope equipped with an infrared camera (reference MWIR-512 from QFI, 12 × Objective magnification 

corresponding to 2 µm /pixel). Figure 8 (a) displays the temperature distribution of the heater and the surrounding 

surface when supplied by a power close to 7 mW.  

The micro-bridges structure allows a homogeneous temperature distribution along the wires and a high 

temperature gradient in the perpendicular direction. The heat distribution is compared to the numerical data on Figure 

8 (b) which shows the result for the heat distribution perpendicular to the wires, at the location of a silicon oxide 

bridge. The experimental and numerical data were normalized by the maximum temperature. The experimental 

temperature profile is coherent with the simulation.   



 

 

Figure 8: (a) Thermal camera picture along the length of the manufactured sensor heated with 6 mA current (b) 

Temperature profile comparison between the experimental and numerical results, perpendicularly to the wires, at the 

location of a SiO2 bridge. 

 

4. Wind tunnel experiments for turbulent boundary layer  

4.1. Experimental setup 

The shear stress measurement by the sensor was tested in a turbulent boundary layer during a wind tunnel 

experiment (Fig. 9 (a)). This 30 cm x 30 cm test section wind tunnel operates with velocities from 10 m/s to about 

40 m/s. The flow velocity is measured by a Dantec hot-wire probe, referenced as 55P11, and placed at the center of the 

test section (15 cm away from the wall). The MEMS sensor is flush mounted at the wind tunnel wall (Fig. 9 (b)). A 

hot-film sensor (Dantec 55R47) is placed at the vicinity of the MEMS sensor, in the same cross section of the wind 

tunnel. 

 

Figure 9: Turbulent boundary layer wind tunnel in ONERA Lille (b) Flush-mounted IEMN MEMS sensor in the 

wind tunnel wall 

 



The boundary layer in the wind tunnel was previously characterized with a conventional hot-wire probe 

mounted on a motorized system allowing displacements normal to the mean flow from the center of the wind tunnel to 

0.3 mm close to the wall. The velocity profile of the boundary layer gave the experimental momentum thickness 𝜃 of 

the boundary layer at the MEMS sensor position in the wind tunnel and the corresponding skin friction coefficient 𝐶𝑓, 

using the relation of Coles-Fernholz developed in [26]:  

𝐶𝑓 = 2 ∙ [
1

𝑘
∙ ln(𝑅𝑒𝜃) + 𝐶]

−2
      (4) 

with 𝑘 =  0.384, 𝐶 =  4.127 and 𝑅𝑒𝜃 = (𝜃 ∙ 𝑈∞) 𝜈⁄ , where 𝑈∞ is the flow velocity at the center of the wind tunnel 

and 𝜈, the cinematic viscosity. The wall shear stress is linked with the skin friction coefficient by Equation 5: 

𝜏 =
1

2
∙ 𝜌 ∙ 𝑈∞

2 ∙ 𝐶𝑓       (5) 

with 𝜌 being the air density. 

4.2. Sensor response to wall shear stress variations 

In traditional thermal anemometry, three main operating modes exist:  the ‘constant current (CC) mode’, the 

‘constant voltage (CV) mode’ and the ‘constant temperature (CT) mode’.  

In Figure 10 (a), the sensor was used in CC mode with a 6 mA heating current, corresponding to about a power 

of 7 mW. The results express the resistance variation ∆𝑅 in percent versus the wall shear stress given by equation (5) 

and the velocity profile measurements, for both the central and the lateral wires. ∆𝑅 is calculated by  Equation (6): 

∆𝑅(%) =
(𝑅(7 𝑚𝑊,0 𝑃𝑎)−𝑅(7 𝑚𝑊,𝜏))

𝑅(7 𝑚𝑊,0 𝑃𝑎)
     (6) 

 

 

Figure 10: (a) Measured resistance variations versus wall shear stress for both the central and the lateral wires 

with the sensor operating in CC mode (b) Calibration comparison between CC and CT modes of operation 

The results in Figure 10 (a) show the measured resistance variations for both the central wire and the lateral 

wires. As the wires are placed perpendicular to the flow, the lateral wires are distinguished as upstream and 

downstream the flow. The central wire presents up to 0.53 % of resistance variation for 2.4 Pa while the upstream wire 



achieves 0.6 % of variation for the same wall shear stress and the downstream wire, only 0.45 %.  The lateral wires 

share the same electrical and thermal characteristics implying that the difference between their variations of resistances 

is induced by the flow. The wire upstream is indeed more cooled by the flow than the downstream one, implying that 

higher amplitude of resistance variation. The Figure 10 (b) presents a comparison between CC and CT modes, 

considering only the central wire maintained at about 65°C in CT mode. The sensor presents the same behaviour in 

both modes but it performs a higher response in CT mode with more than 1 % of current variation for 2.4 Pa.  

The impact of the heating current on the sensor sensitivity is shown in Figure 12, for CC mode. As the heating 

current increased, the sensor sensitivity was improved. Therefore, depending on the aimed application, one can choose 

to decrease the heating current to save power:  (i.e) for 4 mA, the power consumed is close to 3 mW whereas for 6 mA 

the heating power is about 7 mW (cf. Figure 7). 

 

Figure 11: Measured resistance variations of the central wire versus wall shear stress for different heating 

currents - sensor used in  CC mode 

 

4.3. Separated flow detection 

In [25], flow direction experiments were performed by changing the orientation of the sensor on its support. The 

results demonstrated the sensor ability to distinguish the flow direction in both senses, in attached flow situations. 

Here, the aim is to study the sensor capacity to detect separation and  the induced back-flow. This was done by 

inserting, upstream of the sensor, a 2D step-like obstacle on the wind tunnel wall, as shown in Figure 12 (a) and (b). 

 

Figure 12: (a) Schematic of the obstacle experiment set up (b) Picture of set up in the wind tunnel 



Two different obstacles heights were considered with respectively 18 mm and 38 mm height. The sensor was 

flush mounted behind the obstacle, inside the recirculation region. The results are presented in Figures 13 and 14. The 

upstream flow velocity is taken at the entrance of the test section out of the boundary layer.  

 

Figure 13: (a) Response of the sensor central wire in CT mode, in attached flow situation and separated flow 

situation with the two obstacles (b) Response of the Dantec hot-film sensor in the same situations 

 

The behaviour of the MEMS central wire in attached and separated flow configurations is presented in Figure 

13 (a), with the sensor used in CT mode (65°C, 7mW). Figure 13 (b) shows the response of the Dantec hot-film sensor 

(CT mode, 120 °C, 100 mW) in the same situations. 

 On both results, the response is gradually less important consistently with the expected flow reversal 

attenuation when approaching the sensor toward the step from 𝑥/ℎ = 2.3 (for the 19 mm high obstacle) to 𝑥/ℎ = 0.9 

(for the 38 mm high obstacle), as 𝑥 and ℎ defined on Figure 12. However, even if the global behaviour of the two sensors is 

similar, they do not measure the same wall shear stress, implying that they are not exposed to the same flow. 

Visualization techniques, like Particle Image Velocimetry, are needed to fully understand the measurements results. 

 

 



Figure 14: Response of the lateral wires difference in attached flow situation and separated flow situation with 

the two obstacles (CT mode) 

Figure 14 presents the difference of resistance between the two lateral wires. It is clear that the sign changes 

between the attached and the detached flows. This demonstrates the sensor ability to provide simultaneously the 

modulus of the wall shear stress and its sign, enabling to detect recirculation bubbles due to separations.  

 

5. Conclusion 

Design, numerical simulations, fabrication, electro-thermal characterizations and wind tunnel experiments 

results of a novel hot-wire based wall shear stress sensor were presented in this paper. The design is a compromise 

between conventional hot-wires and hot-films sensors, taking advantages from both structures, as it consists in free 

hot-wires supported by silicon oxide micro-bridges. The sensor experiences a high temperature gradient, up to 

9 °C/mW and a high sensitivity to wall shear stress with up to 0.5 % of resistance variation for 2.4 Pa in CC mode, and 

more than 1 % of current variation in CT mode. It was also able to detect the sign of the stress due to its 3-wires based 

design. Experiments conducted in attached and separated flow situations demonstrated the capacity of the sensor to 

detect separation. In separated flow, the sensor detected the reduction of the wall shear stress modulus and its sign. 

Further characterizations will investigate the dynamical behaviour of the sensor for detecting shear stress fluctuations 

in unsteady flows. Then, further work, on a flap model similar to the one used in [2], will perform a flow control using 

the presented MEMS sensors in unsteady situation. This work will take advantage of this technology for open and 

closed-loop control strategies. 
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