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Abstract 

This research focuses on the integrated simulation of helicopter-pilot system to predict pilot’s physiological and 
psychological responses to the vibration. This paper describes the approach of integration of helicopter structural 
model to the aerodynamic forcing function and to the pilot-seat model. The physiological and psychological 
responses at 5 Hz are calculated based on vibration  transmission ratio of the pilot’s body segments.  The pilot’s 
Physiological responses including heart rate, highest blood pressure, lowest blood pressure, respiration rate and 
saliva secretion quantity are presented. Tired eyes, irritation, dizziness, yawning, sleepiness and headache as 
psychological reactions are provided. The integrated simulation approach of helicopter-pilot system can be used 
for pilot health and comfort assessments, helicopter structural and cockpit and seat design. 

 

1. INTRODUCTION 
 One of the extreme conditions exists in man-made 
environments is the vibration[1]. Long-term exposure 
to vibration can affect human health, safety, comfort, 
performance and working efficiency [1-6].It cannot be 
supposed that a complicated and intelligent system 
as the human body responds to the vibration in a 
simple way and the responses cannot be predicted 
easily [7]. The complexity of the human body system 
is because of its physical, physiological, 
psychological characteristics. In addition, the 
interaction between physiological and psychological 
features makes the modelling of human behavior 
more difficult[5]. 

Running vibration experiments to measure the 
human responses is expensive, time consuming and 
risky for the human body. Additionally, few computer-
aided programs are available for predicting human’s 
responses to the vibration [5, 8, 9]. Therefore, 
modeling of the human behavior through an 
integrated approach of vibration simulation is 
proposed in this research. The helicopter pilot works 
in a dynamic environment and experiences different 
maneuvers including take-off, level flight with 
different speeds, landing, etc. These different 
working missions can cause changes in pilot’s 
physical, physiological and psychological responses 
due to changing in the exposure to the vibration. 

The aim of this paper is to model the physiological 
and psychological responses of the helicopter pilot 
through the changes in physical characteristics of the 

pilot’s body in different flight conditions. In other 
words, the pilot’s responses are modeled based on 
physical parameters created by the vibration. There 
are few organized studies for modeling the human 
behavior through mathematical equations such as 
Kubo, Terauchi [5] that evaluate the physiological 
and psychological parameters based on the vibration 
transmissibility of the body segments. However many 
previous research have investigated the 
measurement and analyzing of human vibration and 
its effects on health, comfort, ride quality, etc. Kubo’s 
study uses a synthetic vibration model to predict the 
psychological and physiological human feedbacks, 
this paper is used in this research. 

2. METHODOLOGY 
 In order to simulate the vibration on the pilot’s head, 
chest, abdomen, thigh and the lower leg in the 
different flight conditions, an integrated approach has 
been used. The integrated approach considers two 
steps of simulation of forced vibration at the cabin 
floor through modelling of helicopter structure and 
aerodynamic forcing function. In the next step the 
forced vibration is required to be integrated to the 
pilot-seat model. 
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2.1. Simulation of forced vibration at the 
cockpit floor  

First, a finite element method (FEM) model of 349 
Gazelle helicopter is developed in ABAQUS as given 
in Figure 1. 

 
Figure 1: 3D FEM model of Gazelle helicopter developed in ABAQUS 

The structural model replicates the full-scale 
helicopter model with its primary and secondary 
components. More information on the model, its 
dimension, material, basic vibration characteristics 
and natural frequencies can be found in [10]. 

In the next step, the forcing function acting on the 
main rotor of the helicopter as the main source of 
vibration of helicopter needs to be determined. The 

forces and moments on the rotor hub are in forms of 
Fourier series that is a function of blade azimuth 
angle (Ψ)  [11].When the forces and moments are 
transferred from rotating frame to non-rotating frame 
or the shaft plane (s) only the loads which are 
harmonics of number of blades (3 blades in this case) 
will remain and the relationship can be written  as 
Equation 1. 

(1)  {𝐹𝐹ℎ𝑢𝑢𝑢𝑢}𝑠𝑠 = 𝐹𝐹ℎ𝑢𝑢𝑢𝑢0 + � {𝐴𝐴3𝑛𝑛 cos  (3𝑛𝑛Ψ) + 𝐵𝐵3𝑛𝑛sin (3𝑛𝑛Ψ)}
+∞

𝑛𝑛=−∞

 

Where n is the harmonic number, 𝐹𝐹ℎ𝑢𝑢𝑢𝑢0 is the mean 
hub load, 𝐴𝐴3𝑛𝑛 and 𝐵𝐵3𝑛𝑛 are harmonic coefficients. The 
forcing function for a single flight condition is 
extracted from literature [11] and the characteristics 
of the corresponding flight condition are as given in 
Table 1. 

 

 

 

 

 

 

 

 

 

 

 

 



Flight condition V3101 
Altitude(m) 306.2 
Load factor  1.0 
Advance ratio 0.14 
Advancing tip Mach 
number 0.73 

Table 1: the characteristics of flight condition for simulation 
([11] 

The forcing function of flight condition is applied to 
the helicopter structural model in ABAQUS and the 
vibration at the cockpit floor, at the pilot seat location 
is obtained.  

The vibration frequencies up to 5 Hz can be 
problematic to the human body because they match 
with the natural frequency of the internal body organs 
and makes resonance. Since this range of vibration 
frequency is common in the helicopter cockpit, only 
the single frequency of 5 Hz has been considered for 
the simulation in this paper. 

2.2. The pilot-seat model   

The corresponding amplitude of the vibration at 5 Hz 
frequency is integrated to two dimensional human 

vibration model that is introduced by Kubo, Terauchi 
[5] that considers the body as 5 segments including, 
“the head, chest (from the upper point of breast stone 
to the third lumbar vertebra), abdomen( from the third 
lumbar vertebra to the trochanteric point), thigh and 
lower leg” [5, 12], as given in Figure 2.The head, 
chest and abdomen are connected to each other 
through spring and dampers, however the abdomen, 
thigh and lower leg with the joints. More information 
on the basic model can be found in [5]. 

The vibration of the cabin floor is transmitted to the 
body from the feet and the seat pan. Kubo’s model is 
modified for a seated pilot with medium weight of 80 
kg and height of 185 cm.The equations of motion of 
proposed human model are formulated and the 
mathematical model is developed in MATLAB. The 
displacement of the cabin floor obtained from the 
integration of aerodynamic forcing function and the 
helicopter structural model is applied to the model as 
shown as 𝑧𝑧0 , in Figure 2.  

The integration procedure is considered for a single 
flight condition as explained in Table 1, and the 
displacement and velocity at the cabin floor along 
with feet and seat pan location are imported as the 
input to the human body.   

  

a) mass spring damper representation of the 
system 

b)abdomen, thigh and lower leg 

Figure2: Two dimensional the human-seated model [5]



2.3. Physiological and psychological 
parameter modelling 

Based on Kubo’s research,  physiological reactions 
including heart rate, highest blood pressure, lowest 

blood pressure, respiration rate and saliva secretion 
quantity for a seated person exposed to 5 Hz 
vibration can be formulated as Equation 2 to 6 [5]. 

(2) 𝒀𝒀𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉 𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉 = 𝟐𝟐.𝟑𝟑𝟑𝟑𝟖𝟖 + 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝑿𝑿𝟏𝟏 + 𝟎𝟎.𝟐𝟐𝟎𝟎𝟎𝟎𝑿𝑿𝟐𝟐 − 𝟏𝟏.𝟑𝟑𝟎𝟎𝟏𝟏𝑿𝑿𝟎𝟎 

(3) 𝒀𝒀𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉 𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 𝒑𝒑𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒑𝒑𝒉𝒉𝒉𝒉 = −𝟎𝟎.𝟖𝟖𝟏𝟏𝟐𝟐 + 𝟐𝟐.𝟎𝟎𝟎𝟎𝟎𝟎𝑿𝑿𝟏𝟏 

(4) 𝒀𝒀𝒃𝒃𝒃𝒃𝒍𝒍𝒉𝒉𝒉𝒉𝒉𝒉 𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 𝒑𝒑𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒑𝒑𝒉𝒉𝒉𝒉 = 𝟎𝟎.𝟔𝟔𝟑𝟑𝟎𝟎 − 𝟎𝟎.𝟎𝟎𝟖𝟖𝟖𝟖𝑿𝑿𝟏𝟏 − 𝟎𝟎.𝟏𝟏𝟏𝟏𝟎𝟎𝑿𝑿𝟐𝟐 +
𝟎𝟎.𝟏𝟏𝟎𝟎𝟎𝟎𝑿𝑿𝟎𝟎 

(5) 𝒀𝒀𝒉𝒉𝒉𝒉𝒉𝒉𝒑𝒑𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒃𝒃𝒓𝒓 𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉 = 𝟐𝟐.𝟎𝟎𝟎𝟎𝟎𝟎 − 𝟎𝟎.𝟐𝟐𝟏𝟏𝟐𝟐𝑿𝑿𝟐𝟐 − 𝟎𝟎.𝟎𝟎𝟖𝟖𝟑𝟑𝑿𝑿𝟑𝟑 − 𝟎𝟎.𝟔𝟔𝟔𝟔𝟐𝟐𝑿𝑿𝟎𝟎 

(6) 𝒀𝒀𝒉𝒉𝒉𝒉𝒃𝒃𝒉𝒉𝒔𝒔𝒉𝒉 𝒉𝒉𝒉𝒉𝒔𝒔𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒃𝒃𝒓𝒓 𝒒𝒒𝒑𝒑𝒉𝒉𝒓𝒓𝒉𝒉𝒉𝒉𝒉𝒉𝒒𝒒 = 𝟎𝟎.𝟏𝟏𝟎𝟎𝟔𝟔 − 𝟎𝟎.𝟐𝟐𝟖𝟖𝟎𝟎𝑿𝑿𝟏𝟏 − 𝟎𝟎.𝟎𝟎𝟐𝟐𝟑𝟑𝑿𝑿𝟑𝟑 +
𝟏𝟏.𝟑𝟑𝟔𝟔𝟐𝟐𝑿𝑿𝟎𝟎 

  

Psychological reactions of tiredness, yawing, 
sleepiness, tired eyes, absent-mindedness, irritation, 
loss of patience, distracted attention, headache, 

backache, dizziness, nausea and stiff shoulders for a 
seated person exposed to 5 Hz vibration are 
available formulas [5].Some of the equations are as 
(7) to (12) [5].  

(7) 𝒀𝒀𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒃𝒃 𝒉𝒉𝒒𝒒𝒉𝒉𝒉𝒉 = −𝟑𝟑𝟔𝟔𝟎𝟎.𝟎𝟎𝟔𝟔𝟖𝟖 + 𝟐𝟐𝟑𝟑𝟎𝟎.𝟔𝟔𝟔𝟔𝟖𝟖𝑿𝑿𝟏𝟏 + 𝟎𝟎𝟔𝟔.𝟏𝟏𝟖𝟖𝟏𝟏𝑿𝑿𝟐𝟐 

(8) 𝒀𝒀𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒃𝒃𝒓𝒓 = −𝟑𝟑𝟎𝟎.𝟎𝟎𝟐𝟐𝟖𝟖 + 𝟑𝟑𝟔𝟔.𝟐𝟐𝟑𝟑𝟐𝟐𝑿𝑿𝟏𝟏 

(9) 𝒀𝒀𝒃𝒃𝒉𝒉𝒅𝒅𝒅𝒅𝒉𝒉𝒓𝒓𝒉𝒉𝒉𝒉𝒉𝒉 = −𝟎𝟎𝟎𝟎.𝟖𝟖𝟎𝟎𝟎𝟎 + 𝟎𝟎𝟏𝟏.𝟎𝟎𝟑𝟑𝟎𝟎𝑿𝑿𝟏𝟏 

(10) 𝒀𝒀𝒒𝒒𝒉𝒉𝒍𝒍𝒓𝒓𝒉𝒉𝒓𝒓𝒉𝒉 = −𝟏𝟏𝟎𝟎𝟖𝟖.𝟔𝟔𝟖𝟖𝟔𝟔 − 𝟏𝟏𝟔𝟔.𝟏𝟏𝟎𝟎𝟎𝟎𝑿𝑿𝟐𝟐 + 𝟏𝟏𝟏𝟏𝟎𝟎.𝟐𝟐𝟖𝟖𝟎𝟎𝑿𝑿𝟎𝟎 

(11) 𝒀𝒀𝒉𝒉𝒃𝒃𝒉𝒉𝒉𝒉𝒑𝒑𝒉𝒉𝒓𝒓𝒉𝒉𝒉𝒉𝒉𝒉 = 𝟔𝟔𝟔𝟔.𝟖𝟖𝟔𝟔𝟏𝟏 − 𝟔𝟔𝟔𝟔.𝟔𝟔𝟔𝟔𝟎𝟎𝑿𝑿𝟏𝟏 

(12) 𝒀𝒀𝒉𝒉𝒉𝒉𝒉𝒉𝒃𝒃𝒉𝒉𝒔𝒔𝒉𝒉𝒉𝒉 = −𝟐𝟐𝟖𝟖𝟎𝟎.𝟏𝟏𝟏𝟏𝟑𝟑 + 𝟑𝟑𝟐𝟐.𝟎𝟎𝟏𝟏𝟎𝟎𝑿𝑿𝟏𝟏 + 𝟏𝟏𝟔𝟔.𝟏𝟏𝟎𝟎𝟏𝟏𝑿𝑿𝟐𝟐 +
𝟏𝟏𝟏𝟏𝟏𝟏.𝟎𝟎𝟔𝟔𝟔𝟔𝑿𝑿𝟎𝟎 

 
In which 𝑋𝑋 is the transmission ratio (the ratio of 
output acceleration at the body segments to the input 
acceleration at the cockpit floor). 𝑋𝑋1 represents the 
transmission ratio of the head, 𝑋𝑋2 is the transmission 

ratio of the chest, 𝑋𝑋3 is the transmission ratio of the 
abdomen, 𝑋𝑋4 is of the thigh and 𝑋𝑋5 is of the lower 
leg. In the following the results of psychological and 
physiological response of the pilot model to 5Hz 
vibration are provided. 



3. RESULTS AND DISCUSSION 
The results on pilot’s physiological responses to the 
cockpit floor vibration are obtained through 
simulation of vibration transmission ratio of the pilot’s 
body segments. The vibration transmission ratio 
indicates how the body segments are able to absorb 
the input vibration. If the vibration transmission ratio 
of a body segments is higher than “1” then the body 
segments has amplified the vibration. It is possibly 
because of the fact that the frequency of excitation 
force to the body is equal or in the vicinity of the 
natural frequency of the body organs.   The vibration 
transmission ratios of the pilot’s body segments 
during the flight condition (V3101) are simulated. All 
of obtained ratios [13] are higher than one, which 
verifies the fact that 5 Hz is the natural frequency of 
majority of body organs especially internal organs. 

The equations on the physiological responses 
indicate the ratio of changing variables after being 
exposed to vibration. The simulated physiological 
response of the pilot during the flight condition of 
simulation (V3101) is given as Figure 3. 

 As can be seen in Figure 3, due to the transmitted 
vibration to the pilot’s body the pilot’s heart rate 
increased (20%).  The cabin vibration has induced an 
increase in pilot’s highest and lowest blood pressure 
and the respiration rate, and only saliva secretion 
quantity has experienced a small reduction (0.02%). 
The results on physiological responses are similar to 
values found by[5]. 

 

 

 
Figure 3: Simulated pilot's physiological reactions 

The evaluated psychological reactions including tired 
eyes, irritation, dizziness, yawning, sleepiness and 
headache of the pilot are presented in Table 2. The 
values represent the transition of feeling of the 
psychological responses that is based on semantic 
differential method. In other word “0”value indicates 
there is no difference between psychological reaction 
before and after being exposed to vibration. The 
values can be positive or negative as showing 
increase or decrease in the psychological variables. 

 

Psychological 

reaction 

Tired 
eyes 

Irritation Dizziness Yawning Sleepiness Headache 

Values 12.30785 1.795071 2.79948 -2.6869 -0.27485 5.457131 

Table 2: The results on pilot's psychological responses during the simulated flight condition 

These psychological factors indicate transition of 
tiredness feeling. The results illustrate that the pilot 
has an extremely feeling of tired eyes and headache, 
however there is a less predicted feeling of the 
sleepiness and yawning reactions. The results are 
consistent with literature [5]. Therefore this integrated 
approach of simulation can be used as a powerful 
tool especially at the design stage, to have a 
comprehensive assessment of the helicopter-pilot 
system. 

4. CONCLUSION 
The approach of integrated simulation of helicopter-
pilot system to predict the psychological and 
physiological response of the pilot is proposed in this 
research. This model has the capability of integration 
of aerodynamic forcing function for different 
maneuverers to the helicopter structural model and 
to the pilot-seat model. So, the structural vibration, 

0 0.5 1 1.5

Heart rate

Highest blood
pressure

Lowest blood
pressure

Respiration rate

Saliva secretion
quantity



the vibration at the seat, vibration at the pilot’s body, 
and pilot’s physiological and psychological reactions 
can be simulated comprehensively. This model can 
provide designers with information on structural seat 
design when the helicopter and its cockpit design is 
in early stages. Moreover, it can be used to examine 
some abnormal conditions like unbalance and out of 
track of the main rotor head that can be applied to the 
structural model and its effects on the pilot’s 
responses. 

5. REFERENCES 
[1] Rosen, J. and M. Arcan, Modeling the 

human body/seat system in a vibration 
environment. 2003. 

[2] Abbas, W., et al., Optimization of biodynamic 
seated human models using genetic 
algorithms. Engineering, 2010. 2(09): p. 710. 

[3] Corbridge, C. and M.J. Griffin, Effects of 
vertical vibration on passenger activities: 
writing and drinking. Ergonomics, 1991. 
34(10): p. 1313-1332. 

[4] Griffin, M. and M. Brett, Effects of fore-and-
aft, lateral and vertical whole-body vibration 
on a head-positioning task. Aviation, space, 
and environmental medicine, 1997. 68(12): 
p. 1115-1122. 

[5] Kubo, M., et al., An investigation into a 
synthetic vibration model for humans:: An 
investigation into a mechanical vibration 
human model constructed according to the 
relations between the physical, 
psychological and physiological reactions of 
humans exposed to vibration. International 
Journal of Industrial Ergonomics, 2001. 
27(4): p. 219-232. 

[6] Van Den Bogert, A.J., Analysis and 
simulation of mechanical loads on the 
human musculoskeletal system: a 
methodological overview. Exercise and 
Sport Sciences Reviews, 1994. 22(1): p. 23-
52. 

[7] Griffin, M.J., Handbook of human vibration. 
2012: Academic press. 

[8] Arslan, Y.Z., Experimental assessment of 
lumped-parameter human body models 
exposed to whole body vibration. Journal of 
Mechanics in Medicine and Biology, 2015. 
15(03): p. 1550023. 

[9] Wei, L. and M. Griffin, Mathematical models 
for the apparent mass of the seated human 
body exposed to vertical vibration. Journal of 

Sound and Vibration, 1998. 212(5): p. 855-
874. 

[10] Khaksar, Z., et al., The Vibration Impact 
Determination of the Helicopter Structural 
Components, in Presented at Engineering 
and Innovative Materials (ICEIM 2016). 
2016: Malaysia. 

[11] Heffernan, R., D. Precetti, and W. Johnson, 
Vibration analysis of the SA349/2 Helicopter. 
NASA Technical Memorandum 102794, 
1991. 

[12] Hiemenz, G.J., Y. Choi, and N.M. Wereley, 
Semi-active control of vertical stroking 
helicopter crew seat for enhanced 
crashworthiness. Journal of aircraft, 2007. 
44(3): p. 1031. 

[13] Ceruti, A., A. Liverani, and L. Recanatesi. 
Improving Helicopter Flight Simulation with 
Rotor Vibrations in International conference 
on Innovative Methods in Product Design 
2011. Venice, Italy  

 


	1. Introduction
	2. Methodology
	2.1. Simulation of forced vibration at the cockpit floor
	2.2. The pilot-seat model
	2.3. Physiological and psychological parameter modelling

	3. Results and discussion
	4. Conclusion
	5. References

