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ABSTRACT 

An innovative optical sensor is presented to investigate rotorcraft-pilot coupling 

phenomena. The device allows the acquire signals related to the activity of the pilot’s 

hand on the inceptors in terms of load direction and intensity variation. An experiment 

is performed in order to prove the sensor capability and to test the first prototype of 

sensorized helicopter stick. Different flight scenarios are simulated in order to 

evaluate the pilot’s workload evolution in time.  

Keywords: Rotorcraft-Pilot Coupling · Optical Sensors · Helicopter control · Human 

Factors · Hands Activity · Workload  
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INTRODUCTION 

Human-machine interactions often represent a difficult yet very important topic in 

engineering research. Related phenomena are present whenever a user needs to 

operate a machine by acting on the control input devices and can involve different 

body parts. 

In the specific case of rotorcraft control, the most common inceptors arrangement 

involves both arms and legs and it is shown in Figure 1. The collective stick (shown 

in red) is operated by the left hand and can pivot so that the pilot can tilt it up or down 

in order to control the magnitude of the main rotor thrust; the cyclic stick (green) is 

operated by the right hand of the pilot to control the pitch and roll of the rotorcraft, 

by modifying the orientation of the main rotor thrust; lastly, the pedals (shown in 

blue), cause the rotorcraft to rotate about the vertical axis acting on the tail rotor 

thrust.. 

During the flight, possible adverse rotorcraft-pilot couplings (RPCs) may arise, and 

lead to incorrect inputs from the pilot. Consequently, wrong or, in general, unintended 

maneuvers could be performed. In rare cases, the result can lead to potentially 

catastrophic consequences. (Quaranta, Masarati, Lanz, Marforio, & Muscarello, 

2014) 

 

 

Figure 1. Typical inceptor layout 
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Enabling the investigation of the pilot hands activity n the control inceptors is thus an 

important area of research. 

It is here underlined that, in addition to the reliability that would be required to such 

measurement systems, it is extremely important to avoid interfering with the pilot 

control action, also in terms of added workload.  

 

RPCs PHENOMENA 

Even if human-machine interactions are present in many vehicle types, they are a 

significant factor in rotorcrafts, and they can in some cases lead to misleading cues. 

The reaction of the pilot to these cues can generate an unwanted behavior of the 

vehicle, possibly with unpredictable consequences. The misleading cues, coupled 

with an incorrect input from the pilot could therefore lead to other misleading cues 

resulting in an inadvertent feedback loop closure that might eventually have 

catastrophic consequences. (Pavel et al., 2013) (Pavel et al., 2011) 

These kinds of events are usually generically referred to as Rotorcraft-Pilot Couplings 

(RPCs) and more specifically, regarding the example presented above, as PIO (Pilot 

Induced Oscillation): they involve the scenarios in which the pilot wrongly reacts 

voluntarily to misleading cues by acting on the inceptors. PIOs events generally occur 

in a frequency band up to 1 Hz. 

Another type of RPC is known as PAO (Pilot Added Oscillation), in which an 

involuntary motion is induced to the pilot’s body and transmitted to the inceptors due 

to structural and aerodynamics vibrations: this kind of RPC, due to its nature, occurs 

in a frequency band between 2 and 8 Hz. 

Higher frequencies are commonly filtered out by the biomechanics of the human body 

and are not relevant for RPCs investigation. (Muscarello, Quaranta, & Masarati, 

2014) 

 

OPT-IN SENSOR DESIGN AND CALIBRATION 

In the context of analysis and prevention of adverse rotorcraft-pilot couplings, 

gathering real-time information about the pilot action on the control inceptor can be 

of great importance. In this work, the design of a sensor able to measure the force 

exchanged between the pilot hand and the inceptor grip, without interfering with the 

piloting experience and without altering the ergonomic of the input device, is 

presented. 
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The sensor relies on a well-known optical working principle commonly referred to as 

frustrated total internal reflection (FTIR) (Zhu, Yu, Hawley, & Roy, 1986a). Such 

physical principle is already used in different fields of application (Castillo, Blanca, 

Cabrera, & Simón, 2006a). The prototype realization is based on existing preliminary 

studies (Lavatelli, Zanoni, Zappa, & Cigada, 2018a), that prove the feasibility of such 

an application. 

Looking at Figure 2, a transparent cylinder (1) is illuminated by two LEDs placed at 

the top and bottom facing to each other (2): the material of the cylinder is selected 

such that total reflection of the LEDs light is guaranteed. In the developed prototype, 

PMMA is used. 

The individual force transducer is constituted by a hemispherical transparent elastic 

material (3), placed in front of a photoresistor (4). Force transducers are manufactured 

using silicon in the developed prototype. 

When the hemispheric part is in contact with the cylinder, through the contact area 

the light reflected in the cylinder is frustrated, allowing it to be transmitted in the 

hemispheric probe: the photoresistor behind it will vary its resistance according to the 

amount of light passing through, which in turn depends on contact area between the 

hemispheric cell and the cylinder. 

By measuring the voltage drop across the photoresistor, a quantitative measure of the 

luminosity in that point is given. 

   

Figure 2. OPT-IN working principle 
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Since the area of contact varies with the pressure applied on top of the hemispherical 

part, there is a direct relation between the pressure exerted and the voltage drop across 

the photoresistor. 

Two light sources are placed in the center of the stick’s grip: this allows to protect the 

cylindrical surface, that should remain clean in order not to change its local refraction 

coefficient. Furthermore, in this way, the light is not visible by the pilot. 

The load cell is integrated in the handle as well: some small parts of the stick will be 

able to slide with respect to the rest of the stick itself, so that, when pressure is applied, 

they are free to sink by a small amount, which is almost unnoticeable by the pilot, but 

enough to cause a measurable change in contact area. 

The load cell, made of the photoresistor and the hemispherical elastic part, is placed 

below the movable part and in contact with the cylinder.  The number of sensing 

element is limited only by the available space: note that more than one pressure cell 

can be connected to the central light source. 

The size of the hemispherical elastic part, its material and the resistance of the 

photoresistor need to be selected according to the specific application and will 

strongly affect the sensibility and saturation value of the load cell. 

More than one photoresistor can be connected to one load cell to obtain a value which 

is averaged over the area of interest: in this case, they can be connected in series or 

read separately and averaged via software. 

Two wires for each load cell are connected to a voltage reader, which will make the 

values available for any devices that will need this information in a range between 0 

and 5 V. The acquired signal does not need any conditioning.   
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Figure 3. Cyclic prototype 

The final prototype is shown in the  3: it is a helicopter cyclic stick in which four 

OPT-IN sensors are included: two on the sides, one in front and the last one on the 

back. The positions are selected according to the common hand position of the pilot 

on the stick. 

 

EXPERIMENTAL SETUP 

To the capability of the developed sensors, an experiment test has been performed on 

a desktop simulator. The experiment aims to monitor the right hand activity of the 

pilot on the cyclic stick of a helicopter during a flight containing different maneuvers. 

In particular, the workload for each maneuver will be evaluated in terms of the mean 

pressure exerted on the stick by the pilot as well as pressure variation in time. 

The selected software for the experiment is FlightGear Flight Simulator 2020.3 

whereas the cyclic stick is fixed to a flight stick joystick base which is used to control 

the helicopter during the simulated flight. The information about the X and Y inputs 
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from the joystick are detected during the flight using MATLAB Simulink. Data of 

the four sensors are collected directly by the Arduino UNO microcontroller and 

communicated via USB. The acquisition frequency of the OPT-IN sensors is 40 Hz, 

which is the maximum capability of real time USB communication allowed by the 

selected microcontroller, while the acquisition frequency of the joystick input is 10 

Hz: this value is selected in order not to reduce the simulation framerate. 

The post processing of the signals involves the synchronization of the signals coming 

from the two data acquisition systems and the resampling of the OPT-IN signals. It is 

performed in MATLAB with the following steps: 

 The beginning of the signals are removed in order to be synchronized 

with the joystick and the simulation using a cross-correlation after the 

resampling; 

 The mean of the pressure signals is removed in order to make it 

comparable with the joystick signal; 

 a Hampel filter is applied to remove outliers; 

 a fourth order median filter is applied to remove noise; 

 a minimum-order low-pass filter with a stopband attenuation of 60 dB is 

used, with a cut frequency of 10 Hz; 

 a saturation value is then selected according to the quantized saturation 

value of the photoresistor; 

 the signals are normalized with respect to the saturation value, in order to 

be comparable among each other and with the signals from the joystick. 

The data from the joystick on the other hand, are already processed by the joystick 

control board so that they are already denoised and normalized when received. The 

same low pass filter applied to the sensor is used in order smooth out the steps caused 

by quantization. 

The obtained signals from the OPT-IN sensors are combined in different ways in 

order to highlight different aspect of the flight workload: 

 Firstly, left and right sensor are subtracted from each other in order to 

compute the net pressure signal along the X direction and the same is 

done with the front and back sensors to obtain the same data along Y; 

 Also, in order to estimate the workload of the maneuvers, the sum of the 

signals along X and Y, the overall sum and the exerted pressure rate of 

change are computed in order to monitor the overall stress state and effort 

of the pilot. 
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The experiment consists in simulated flight which consists of two parts: firstly, the 

pilot is required to fly forward in a straight line, at a constant speed and altitude, after 

that, a precise hovering at low altitude is performed, during which the pilot is asked 

to maintain a target position and altitude as accurately as possible. Due to the different 

conditions experienced during the simulation, a different effort is expected by the 

pilot throughout the simulation (Zanoni et al., 2021a). 

The two conditions are part of the same flight, which was performed in 225 seconds: 

125 seconds for the cruise flight and 100 seconds for the precision hovering. The 

flight started from a hovering condition so that the pilot can avoid the challenging 

tasks involving the take-off. 

 

RESULTS 

After the flight is performed and the data are collected and filtered, the first result is 

the combination of the four OPT-IN sensors so that a comparison can be made with 

the signals from joystick: this is used to evaluate the consistency of the data from the 

sensors. 

As shown in Figure 4, there is a strong correlation between the direction of the exerted 

pressure and the X and Y inputs from the joystick. Notice how spikes are 

corresponding throughout all the simulations and how the direction of the applied 

pressure is always coherent with the joystick input directions. 

Given this first result, further investigations are performed by summing all the 

pressure values from the OPT-IN sensor. This information is used as an indication of 

the workload that the pilot is experiencing. As expected, an overall smaller pressure 

is exerted on the stick during the cruise flight, whereas greater pressure is detected in 

the most demanding maneuver phase. 

The pressure variation during the simulation is shown in Figure 5, where the separation 

between the two flight phases occurs in correspondence of the red line. 
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Figure 4. X and Y signal from OPT-IN sensors and joystick base 

 

 
Figure 5. Overall pressure in time 
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The result is quantitatively confirmed by the computation of the variance of the signal 

throughout the flight, as reported in the table below. The first six entries of the table 

show that there are no preferential directions in pilot activity, neither during the cruise 

part of the flight nor during the precision hovering. On the other hand, the last three 

entries prove that the variance of the signal during the cruise is smaller than the 

overall one, whereas it increases significantly during the precision hovering. This 

describes a remarkable rise in the effort of the pilot and a more demanding workload. 

 

Table 1. Variances values 

 
Variance Value 
𝜎𝑥
2
𝑡𝑜𝑡

 0.0916 

𝜎𝑦
2
𝑡𝑜𝑡

 0.0857 

𝜎𝑥
2
𝑐𝑟𝑢𝑖𝑠𝑒

 0.0442 

𝜎𝑦
2
𝑐𝑟𝑢𝑖𝑠𝑒

 0.0252 

𝜎𝑥
2
ℎ𝑜𝑣𝑒𝑟

 0.1354 

𝜎𝑦
2
ℎ𝑜𝑣𝑒𝑟

 0.1245 

𝜎𝑡𝑜𝑡
2  0.2707 

𝜎𝑐𝑟𝑢𝑖𝑠𝑒
2  0.0828 

𝜎ℎ𝑜𝑣𝑒𝑟
2  0.3943 

 

CONCLUSIONS 

An innovative tool to detect and analyze the action of the helicopter pilot hands on 

the control inceptors has been presented. A pressure sensor based on the Frustrated 

Total Internal Reflection of light has been designed and several pressure cells have 

been embedded in a cyclic control stick of a desktop simulator. The capability of the 

sensor was proven in a flight simulation environment and metrics have been 

established in order to evaluate the workload and the effort required to the pilot during 

different maneuvers. 

Future developments will focus on applying the sensors in an innovative approach to 

integrate the newly available data set, that will allow to further deepen the 

understanding of biomechanical couplings between pilots and rotorcraft, by 

collecting information about the hand activity on the control grip. 
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