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cushion plays a critical role in overall ride comfort. This study presents an integrated computational and experimental
investigation of nonlinear polyether polyurethane seat cushions and their effect on helicopter pilot comfort. Ride
comfort is initially analyzed using a 4-DOF biodynamic model and subsequently extended to a 5-DOF model to
explicitly include seat cushion dynamics. Experimental measurements of both linear and nonlinear stiffness and
damping properties are conducted through modal analysis tests, providing data for model validation. Results
demonstrate that considering nonlinear cushion behavior significantly improves predictions of transmissibility,
mechanical impedance, and apparent mass, showing strong agreement with experimental observations. The findings
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1- Introduction

Helicopters exhibit unique vibration characteristics compared to
ground vehicles, primarily due to rotor dynamics and aerodynamic
interactions. The main excitation frequencies in helicopters are
usually integer multiples of the rotor speed, expressed as N/rev, where
N is the number of main rotor blades. In the case of the Bell 214
helicopter, significant excitation frequencies occur at 1, 2 and 4/rev,
which are associated with structural vibrations transmitted from the
airframe to the pilot's seat. The vibrations of the 214 helicopters are
primarily in the 0-20 Hz frequency range, which can have a
significant impact on ride comfort and pilot fatigue, and are the source
of many health problems such as fatigue and physical injuries to crew

and pilot in the long term [1-5].

In studying the effects of vibrations on the human body, researchers
have investigated multi-degree-of-freedom models of the seated
human body [6]. These models range from a single-degree-of-freedom
model to an 11-degree-of-freedom model observed in previous
research [7-18]. One of the most important studies was conducted by
Griffin and Lewis in 2001, where they replaced parts of the
passenger's body with solid masses and investigated 2 and 3 DOF
models [10]. Suleiman et al. also used a method to reduce the vehicle
suspension system and modeled the vehicle with 7 degrees of freedom
(DOF). In addition, this study discusses the comparison between
control strategies [17]. Among the multi-degree-of-freedom models,
the von Schimmels model is considered one of the best models due to
its good agreement with experimental tests [19]. Marzban-Rad et al.
studied a biomechanical model of the seated human body to calculate
the wvertical vibration transmission capability using a genetic
algorithm. They introduced two new models, one with and one
without support at a certain frequency, to reduce the vibration of the
occupant's body [20].

Some studies have specifically focused on the seat suspension system
and its effects on reducing vibrations on the human body [21-24].
Furthermore, nonlinear characteristics and constraints of the seat and
cushion, similar to saturation effects in dynamic systems, can
significantly influence vibration transmission and passenger comfort
[25-26]. Heydarian studied the technology and development of the
seat suspension system. He concluded that an active suspension
system has a greater effect in reducing vibrations to the passenger at
low frequencies compared to a semi-active system [27]. Rakhja et al.
conducted a review study on the relationship between body vibrations
and apparent mass from 1962 to 2008, comparing it with the ISO 5982
standard. Rakheja also demonstrated that approximately 73% of the
mass of the human body in a sitting position, with feet on the ground,
is supported by the seat, while the remaining weight is borne by the
feet [32].

Early investigations on seat cushions and vibration transmission
began with Corbridge and Griffin in 1989, who analyzed the effects
of vibration intensity, seat type, and position, concluding that passive
cushion characteristics predominantly govern body vibration
mitigation [33]. Gove and Smith further quantified the influence of
cushion material, thickness, and stiffness on vibration attenuation
[34,35]. Nonlinear seat cushion dynamics, particularly hysteresis-
based stiffness and damping, have been shown to enhance vibration
transmissibility predictions, Yin et al. developed a lumped-parameter
nonlinear suspension seat model using polynomial approximations
from experimental hysteresis data, yielding better agreement with
measurements than linear models mirroring the polynomial fitting
(Egs. 9-12) and 5-DOF integration applied here for polyurethane
cushions in helicopter pilot applications [36]. Considering that the
natural frequency of the upper body and spine lies between 4.8 and 8
Hz [37-39], seat and cushion design strategies focus on minimizing

resonance effects within this critical range to enhance pilot comfort.

The superior agreement between experimental data and the nonlinear
model predictions (Figs. 20-22) underscores the importance of
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incorporating hysteresis-derived nonlinearities in cushion modeling.
This finding is supported by prior studies on viscoelastic polyurethane
foams, where hysteresis fitting and Prony series-based identification
significantly improved dynamic response predictions compared to
linear assumptions. For example, the relaxation behavior captured in
our polynomial fittings aligns with the exponential kernel
decompositions used in uniaxial compression tests of flexible foams,
while the rate-dependent effects observed in dynamic impedance and
apparent mass are consistent with characterizations under transient
loading. These enhancements (6.4% in transmissibility, 6.1% in
mechanical impedance, and 4.2% in apparent mass) highlight the
practical value of nonlinear modeling for optimizing polyurethane
seat cushions in high-vibration environments like helicopter cockpits
[40-45].

As mentioned in previous sections, studies have shown that a
significant amount of research has been conducted on whole body
vibration (WBV). However, there has been limited experimental work
done to explore ride comfort and the impact of nonlinear damping and
stiffness in helicopters with polyurethane seat cushions Previous work
by the authors investigated seat suspension and cushion effects on Bell
214 pilot biodynamics using a 4-DOF model. The present study
isolates the nonlinear polyurethane cushion (without suspension),
providing detailed hysteresis characterization, a 5-DOF model with
integrated nonlinear properties, and direct experimental validation on
a real pilot [46,47].

In this study, the helicopter ride comfort is first calculated analytically
using a 4-degree-of-freedom (4DOF) model, which is then compared
and validated against previous experimental models. The linear and
nonlinear damping and stiffness of the polyurethane cushion are then

determined experimentally .

Furthermore, the ride comfort parameters of the pilot are calculated
analytically and experimentally using modal analysis. The results
from both the analytical and experimental approaches for helicopter
pilot ride comfort are compared. It is important to note that this study
focuses on the pilot's seat without a suspension system, and solely
investigates the dynamic effects of the cushion on the pilot's comfort.

2- Biodynamic mathematical modeling and verification

As mentioned earlier, numerous degrees of freedom models have been
proposed to study the response of the human body to seat vibration.
Among these models, the Wan & Schimmels 4DOF model aligns with
the experimental Boileau model [7]. In this 4DOF model, only vertical
vibrations are considered as the primary vibrations introduced to the
pilot's body during flight. Figure 1 depicts the 4DOF model of the
human body, where parts are masses connected by springs and

dampers.

In Figure 1, (m1) represents the mass of the head, (m2) represents the
mass of the upper body, (m3) represents small and accessory mass,
and (m4) represents the mass of the seat and thighs. Ci and Ki
represent damping and stiffness, respectively. The differential
equations related to each degree of freedom can be generally
expressed as equation 1.

[MY{Z} + [C){Z} + [K)(2} = P )

Where, the matrices [M], [C], [K] and {P} represent the mass,
damping, stiffness and external excitation forces matrices,
respectively. Equations 2 to 5 represent the differential equations of
the 4DOF system of a seated human.

myz; + ¢ (2 — 2) + ki (2, —2,) = 0 @

MyZy + ¢1(2 — 71) + k1 (22 — 21) + (2, — 23) + ko (2,
—z3)tcs(z, = 24) Hhs(z2—2)  (3)
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M3z + C3(25 — 75) + kp (25 — 23) + ¢3(25 — 74)

+ky(z3—2,) =0 *)
Head m
Myzy + C3(Zy — 23) + koZy + o2y + C5(24 — 23) 5) &neck D 1 Zy
+ ks(zy — z3) = F sin(wt) 1
. . K, &1
Therefore, all the equations of motion related to the human body and
the seat and cushion are in the form of a system with 4 degrees of
freedom are related to the seated human body is shown in equations 2 Upper Torso [4}] ms I 7
to 5, that in these equations, Z; ,Z; and z; represent acceleration, 2
velocity and displacement values, respectively. m; represents the mass K J. C
matrix and k; represents the stiffness matrix of the spring and c; 2 LI'I 2
represents the damping matrix. K- 4
1 viscera e ms Z
. . 3
2y =01,V = —[—c;(V; — V3) — ki (21 — 25)] (6)
m Cs J. C
. o1 K3 LIJ 3
Zy =V Uy = oy [—e1(vy = v1) — ki (22 — 21) — € (v, e
2
—v3) —ky(2; — 23) — cs(v, — V3) Lower Torso [43] my I
— ks(z; — z3)] J_ Zy
. . 1 K4% Ll—, C
Z3 = VU3, V3 :m_[_cz(v3_vz)_k2(23 —z3) — c3(vs 4
3
=) — k3(z3 — 2,) — c5(v3 — v,) ®) Fig. 1 4DOF Wan & Schimmels model [10].
—ks(z3 — 2)]
Table 1 Characteristics of the mass, stiffness and damping of the human
, . 1 body [13]
Zy = Vg,V = o [—c3(vy —v3) — k3(z4 — 23) — cuvy
4 9
—k4zy — 5 (V4 — V) —ks(24 — 73) ©) Parameter Value Parameter Value
+ F, sin(wt)]
The governing equatl‘ons of the 4-DOF model are expressed‘ in state- mi 6.5(kg) K4 173 (kN/m)
space form as Equations (6) — (9) and were solved numerically by
applying the Runge-Kutta integration scheme. In the investigating the
helicopter ride comfort and effect of vibrations on the pilot’s body, the e Miatez) KS 127 (i)
biodynamic equations of motion are usually evaluated by
transmissibility, drwmg point mechanical impe(:ianc‘e and apparent m3 9.5(kg) C1 400 (N.s/m)
mass. the transmissibility of the seat, the mechanical impedance, and
the apparent mass are introduced by equation 10 to 12.
X, (jo) m4 13.5(kg) 2 4750 (N.s/m)
STHT (jw) = ——— (10)
X1(jw)
F(jw
DPMI(jw) = LU (n K1 310(kN/m) c3 4600 (N.s/m)
V(jw)
. F(jw)
APMS(jw) = i) (12) K2 183 (kN/m) c4 2600 (N.s/m)
Where STHT represents transmissibility, which is the ratio of seat-to-
head displacement, DPMI represents driving point mechanical K3 162 (kN/m) C5 3750 (N.s/m)

impedance, which is the ratio of excitation force and velocity, and

APMS represents the apparent mass which is the ratio of excitation
force and acceleration, jo represents the complex vector of Fourier

transform. Equations (10) to (12) represent classical definitions for O W A S
linear systems. In this study, they are applied approximately to the ‘ = —4DOF Present model
fundamental harmonic of the response obtained from the numerical
integration of the nonlinear 5-degree-of-freedom system, following
common engineering practice for relatively nonlinear chair dynamics
[36].

For results verification, as shown in fig.1, a seated pilot body model,
similar to the 4 DOF model of the Wan & Schimmels, with the
specifications in Table 1 was analytically, modeled In MATLAB
software and the results were examined and compared.Table 1 shows
the mass, spring stiffness, and damping Characteristics for the 4DOF
Wan & Schimmels mode. Figure 2 shows an analytical comparison of
the seat to head transmissibility parameter in a 4DOF biodynamic

Transmissibility

0.2

0 2 4 6 8 10 12 14 16 18 20

model of a seated occupant with the validated 4DOF Wan & Frequency (Hz)
Schimmels model. As can be seen, there is a good agreement between Fig. 2 Seat to head transmissibility verification

the present analytical model and the Wan & Schimmels model.

Modares Mechanical Engineering Volume 26, Issue 09, September 2026
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Fig. 4 Apparent Mass verification

Figure 3 displays an analytical comparison of the Driving Point
Mechanical Impedance parameter in a 4DOF biodynamic model of a
seated occupant with the validated 4DOF Wan & Schimmels model.
The peak and trend of the graph in the analytical model closely
resemble the experimental results of Wan & Schimmels.

Figure 4 shows an analytical comparison of the Driving Point
Mechanical Impedance parameter in a 4DOF biodynamic model of a
seated occupant with the validated 4DOF Wan & Schimmels model.
It is evident that there is a strong agreement between the present
analytical model and the Wan & Schimmels model. The first peak is
observed at a frequency of 4 Hz, suggesting that the natural frequency
of the lumbar vertebrae falls within the range of 4-5 Hz.

As shown in Figures 2, 3, and 4, the analytical models of the ride
comfort parameters in the current 4DOF model align well with the
findings of previous experimental studies [10]. Thus, the analytical
results for the ride comfort parameters (STHT, DPMI, and APMS) can
be trusted for subsequent analysis.

In the next section, the damping and stiffness of the polyurethane seat
cushion will be obtained through experimental tests. Subsequently,
the ride comfort parameters for the pilot will be obtained both
analytically and experimentally.

Modares Mechanical Engineering
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P

Fig. 5 Polyurethane seat cushion

Table 2 Characteristics of the polyurethane cushion (manufacturer data
and ISO 2439-compliant measurements [48])

Parameter Value
p 47 kg/m3
Porosity 83%
Operating Temperature —40°C — 105°C

3- Ride Comfort Investigation

In this section, passenger comfort for a 96 kg pilot is calculated both
analytically and experimentally, and then compared. First, the
dynamic parameters of the polyurethane seat cushion, such as
damping and stiffness, are obtained through experimentation. The
analysis in this study is conducted in accordance with the ISO 2631-1
standard, which provides a reference for evaluating human exposure
to whole-body vibration and ride comfort.

3-1- Measurement of Seat cushion Damping and stiffness
Choosing the correct materials for helicopter pilot seat cushions is
essential, as these materials need to provide comfort, safety, and
durability in challenging operating conditions. Utilizing polyurethane
foam to absorb energy, diminish shocks from vibration and impact,
and conform to the pilot's body shape for ergonomic support and
reduced vibration transmission is a wise option for helicopter pilot seat
cushions. Therefore, polyurethane foam was selected for helicopter
pilot seat cushions in this study. Figure 5 illustrates the polyurethane
cushion sample used in this study.

Figure 6 shows a polyurethane seat cushion sample with dimensions
of 10x10x8 cm placed in a 5-ton axial fatigue testing machine. The
cushion specifications are shown in Table 2. In this experimental test,
the cushion's damping and stiffness were determined according to ISO
2439.

Table 2. Characteristics of the polyurethane cushion (manufacturer
data and ISO 2439-compliant measurements and [48])

Volume 26, Issue 09, September 2026
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Fig. 6 Experimental test for cushion Damping and stiffness

60 . .
——Force-velocity curve

— = -central line
50

40

Force (N)
(5]
o

20

0 0.02 0.04 0.06 0.08 01
velocity (m/s)

Fig. 7 Hysteresis loop of Damping and central curve for
Polyurethane Cushion

60 T T T T T T T T T
- = -Cushion Force-velocity central line (Nonlinear Damping)
—— Cushion linear Damping /
50 B

10 L . . . L . . L .
0 0.01 002 003 004 005 006 007 008 009 01

velocity (m/s)
Fig. 8 linear and nonlinear cushion damping.

In order to determine the damping characteristics of the polyurethane
cushion, according to ISO 2439, a sample was compressed at various
speeds to 25% of its original thickness and then allowed to return to
its initial position. The force values during both loading and unloading
cycles were recorded, and the resulting curve illustrating the residual
cycle of cushion damping is depicted in Figure 7. The central line of
this cycle represents the nonlinear function of the cushion's damping
coefficient.

Modares Mechanical Engineering

1400

— Force-Deflection curve

- = -central line
1200

1000 [ A

Force (N)
Y

6001 - 4

400 - 1

200F s

0 2 4 6 8 10 12 14 16 18
Deflection (mm)
Fig. 9 Hysteresis loop of Stiffness and central curve for
Polyurethane Cushion

1400 : . : . - T : -
= =-Cushion Force-Deflection central line (Nonlinear Stiffness)

1200-— Cushion linear Stiffness 4
1000/
800

600)

Force (N)

400

200

2 4 6 8 10 12 14 16 18
Deflection (mm)

Fig. 10 linear and nonlinear cushion Stiffness

The centerline of the cushion force-velocity and the linearization of
this curve are shown in Figure. 8.

After obtaining the cushion damping curve as shown in Figure 8, the
fitted function for the central curve was determined using MATLAB
software based on Equation 13. Additionally, the linear function for
this curve was obtained using Equation 14.

F(Cc—non linear) = (112 + ﬁlzz + Y123 (13)

F(Cc—linear) =ayz—f, (14)
Where the a; = 0.48, f;, =0.2,y; =04, a, =576 and 8, = 9.8

To determine the stiffness characteristics of the polyurethane cushion,
the procedure is similar to that for determining the damping
coefficient, except that here, instead of measuring velocity,
displacement is measured. The resulting curve, which is the cushion
stiffness recovery cycle, is shown in Figure 9. The center line of this
cycle represents the nonlinear function of the cushion stiffness
coefficient. The centerline of the cushion force-deflection and the
linearization of this curve are shown in Figure 10.

F(Kc—non linear) = a3Z + ﬁSZz (15)

F(Kc—linear) =z + ﬁ4 (16)

Where the a3 = 14.2, 3 =0.25,a, =743 and £, =-171

Volume 26, Issue 09, September 2026
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Fig. 11. Seat Cushion Model with Nonlinear Damping and stiffness

3-2- Analytical Ride Comfort Investigation

In order to analyze the pilot's riding comfort, a mass-spring-damper
model related to the cushion was incorporated into the 4-degree-of-
freedom model depicted in figure 1. This modification resulted in a 5-
degree-of-freedom model representing the seated pilot, as illustrated
in figure 11.

In this 5-DOF model, the seated pilot is assigned a total mass of 96
kg, with an effective seated mass of approximately 70 kg (excluding
leg support effects). The nonlinear equations of motion were solved
numerically in the time domain, and the effective transmissibility,
mechanical impedance, and apparent mass were extracted from the
fundamental component of the steady-state response to sinusoidal
excitation. The parameters in Table 3 were adapted from the validated
Wan & Schimmels baseline (Table 1, based on Boileau et al. [13]) to
reflect the specific conditions of the 96-kg pilot tested in this study.
Masses mi—ms were proportionally scaled to correspond to an
effective seated mass of ~70 kg (consistent with the ~73% body
weight supported by the seat [32]), while stiffness and damping
coefficients were minimally adjusted to preserve physiological
resonance frequencies (4—5 Hz for the lumbar spine and upper body)
while accurately incorporating the experimentally derived nonlinear
cushion properties from hysteresis measurements (Figs. 7-10). This
scaling and fine-tuning approach aligns with standard practices in
subject-specific biodynamic modeling [13] and ensures that the 5-
DOF model (Fig. 11, Egs. 13—17) provides a realistic representation
of the helicopter pilot under the tested vibration conditions.

myZy + ki(zy — 25) +c1(2, — 2,) =0 (17)

myZy + (2 — 21) + ki (2, — 21) + €2(2, — Z3)
+ ky(z, — 23) + c5(2, — 24) (18)
+ks(z;—2,)=0

MyZy + €3 (23 — 2;) + ka(23 — 2,) + C3(2c — 24) (19)
+k3(z3—2,)=0

MyZy + C5(Za — 25) + ks (24 — 25) + ¢3(24 — 73)
+ k3(z4 — 23) + c4(24 — 2,) (20)
+ky(za—2)=0

MeZe + ka(ze — 24) + €4 (Zc — 24) + F + Fe,

= F sin(wt) @b
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16 - : - : -
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Fig. 12 Seat to head transmissibility with linear and nonlinear
seat cushion model

Table 3 Mass, stiffness, and damping characteristics of seated pilot body

Parameter Value Parameter Value

m 8.3(kg) Ks 127 (kN/m)
m; 30.5(kg) Ci 400 (N.s/m)
ms 12.7(kg) C2 4850 (N.s/m)
ms 18.5(kg) Cs 4550 (N.s/m)
mc 0.25(kg) Ca 2100 (N.s/m)
Ky 325(kN/m) Cs 3750 (N.s/m)
Kz 183 (kN/m)

Ks 162 (kN/m)

Ks 190 (kN/m)

In these equations, the variables mc, Fy_ and F, represent the mass,
force resulting from stiffness, and force resulting from damping of the
cushion, respectively. Table 3 displays the characteristics for the
SDOF model.

The parameters in Table 3 were scaled from the well-established Wan
& Schimmels baseline [13] to reflect the effective seated mass of the
96 kg pilot (=70 kg [32]), with minor adjustments to stiffness and
damping coefficients to preserve physiological resonance frequencies
while incorporating the experimentally measured nonlinear cushion
properties.

3-2-1- Transmissibility

The seat-to-head transmissibility parameter is crucial in evaluating
occupant comfort. Figure 12 compares transmissibility while
considering both linear and nonlinear cushion damping and stiffness.
The curves shown in the figure are analytical, with only the cushion
stiffness and damping coefficients being obtained experimentally. At
a frequency of 5 Hz, the transmissibility value for the cushion with
linear damping and stiffness is 1.58, while for the cushion with
nonlinear damping and stiffness, it is 1.48. This represents an
improvement of approximately 6.4% in occupant comfort when
nonlinear cushion damping and stiffness are taken into account.

3-2-2- Driving Point Mechanical Impedance

The mechanical impedance parameter is considered an important
parameter as an indicator that indicates the ability of a mechanical
system to resist vibrations and external forces. Therefore, in figure 13
shows a comparison of the mechanical impedance in the case where
the cushion damping is linear and nonlinear. As can be seen, at a
frequency of 5 Hz, the mechanical impedance for the cushion with
linear damping is 2410 N.s/m and for the cushion with nonlinear
damping is 2270 N.s/m. Therefore, the effect of the nonlinear damping
of the cushion in reducing the mechanical impedance was about 6.1
percent.

Volume 26, Issue 09, September 2026
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3-2-3- Apparent Mass

The apparent mass parameter, which combines the actual mass and
inertial effects of the system, is known to significantly impact
passenger comfort. Figure 14 illustrates a comparison of the apparent
mass when cushion damping is linear versus nonlinear. It can be
observed that at a frequency of 5 Hz, the apparent mass for the cushion
with linear damping is 92 kg, while for the cushion with nonlinear
damping it is 89 kg. This means that the nonlinear cushion damping
reduced the apparent mass by approximately 4.2 percent.

3-3- Experimental Ride Comfort Investigation

In this section, using the modal analysis method, parameters related to
passenger comfort are obtained. First, the required laboratory
equipment is introduced, and then, after obtaining the seat and head
acceleration, driving force, and excitation frequency, the pilot's riding
comfort parameters are calculated. They are described below

3-3-1- Test schematic and device setup

The test equipment consists of a rigid chair, a polyurethane cushion, a
2 kN shaker, two accelerometers, one force transducer, one 4-channel
analyzer, data acquisition, and connecting wires. in figure 15 shows
the schematic of the device setup and the arrangement of parts.

As shown in figure 16 a 96 kg passenger is seated in a freely
suspended seat. Vibrations in the frequency range of 0-20 Hz are
applied to the seat by a 2 KN shaker to simulate the vibration of a
helicopter floor. The seat was configured as freely suspended, with the
pilot's feet suspended freely and having no contact with the ground or
a fixed support. Excitation was applied solely at the seat base via the
shaker, with no direct vibrational input to the feet. This arrangement
was deliberately adopted to isolate the dynamic contribution of the
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Fig. 15 schematic of test setup

Fig. 16 Experimental Test Ride Comfort

polyurethane cushion. Consequently, the mass of the legs was
excluded from the 5-DOF model, resulting in an effective seated mass
of approximately 70 kg, in accordance with the reported 73% body
weight supported by the seat [32]. The excitation force is transmitted
to the analyzer through a cl-yd force transducer with a sensitivity of 4
pc/n. Two accelerometers of the 352¢33 model with a sensitivity of
100 mV/g are utilized. One accelerometer is attached under the seat,
while the other is placed on the pilot's head. The measured
accelerations are then sent to the analyzer, and all information from
the analyzer is transferred to the data acquisition system. The data
received from the force and acceleration sensors is then used to
examine ride comfort parameters.

3-3-2- Transmissibility

In Figure 17, experimental result for the seat-to-head transmissibility
for the pilot is shown. It can be seen that the transmissibility rate
gradually increases from zero frequency until the peak of the graph
occurs in the frequency range of 5 Hz and the transmissibility rate at
this frequency reaches 1.4, then with increasing excitation frequency,
the seat-to-head transmissibility rate gradually decreases and at a
frequency of 20 Hz, the transmissibility rate reaches approximately
0.4, which means that the polyurethane foam has been able to reduce
the seat-to-head transmissibility by about 60%.
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3-3-3- Driving Point Mechanical Impedance

Figure 18 displays the experimental result for mechanical impedance
diagram of the pilot's body. It is evident that when the excitation force
applied to the seat from the helicopter floor falls within the 0-5 Hz
range, the mechanical impedance rises, with the peak of the diagram
reaching 2270 N.s/m at 5 Hz. Subsequently, as the excitation
frequency increases, the mechanical impedance decreases and reaches

1600 N.s/m at a frequency of 20 Hz.

3-3-4- Apparent Mass

During this test, the pilot remains seated with feet planted on the floor,
eliminating any foot-related effects from the equation. Studies from
earlier work indicate that roughly 73% of the pilot's body weight—
around 70 kg gets distributed to the seat cushion [32]. Figure 19
illustrates the experimental result for apparent mass curve for a 96-kg
pilot. We observe that the apparent mass peaks at 87 kg around the 5
Hz mark before gradually declining through to 20 Hz. Thanks to the
polyurethane cushion's damping, the mass reading at 20 Hz falls to 44
kg, marking a 37% reduction from the baseline.

3-3-5- Ride Comfort Assessment according to ISO 2631-1
To quantitatively assess ride comfort and human exposure to whole-
body vibration (WBV) in compliance with international standards,
frequency-weighted acceleration and vibration dose value were
evaluated following ISO 2631-1:1997.

The primary evaluation parameter is the frequency-weighted root
mean square acceleration a,, calculated as:

1T 1/2
0, = (F fo aﬁ,(t)dt) @2)
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where a,, (t)is the time-dependent frequency-weighted acceleration
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Table 4 Ride comfort metrics according to ISO 2631-1 for the
experimental pilot tests (nonlinear cushion model)

Parameter Value
Head Seat
Frequency-weighted acceleration aw,z 035-048  045—0.62
) L ! ! !
Vibration Dose Value (VDV) over 10
min representative exposure 2.1-34 2.8-42
Crest Factor (at peak 5 Hz) ~6-9 ~7-11

For exposures involving occasional shocks or high crest factors (>9),
the vibration dose value (VDV) is more suitable for assessing
cumulative effects:

T 1/4
VDV = [ f aﬁ,(t)dt] @3)
0

Frequency weighting was applied using the vertical axis (z-direction)
W, filter (as recommended for seated postures at the seat surface, per
Table 1 of ISO 2631-1). The W,filter is a band-limited function with
peak sensitivity in the 4-8 Hz range, critical for pilot lumbar
resonance. The filter transfer function (in Laplace domain, p = jw)
combines high-pass (corner ~0.4 Hz), low-pass (~100 Hz), and
weighting components, as detailed in Annex A of the standard.

In this study, vertical acceleration signals from the experimental setup
(Section 3.3, accelerometers at seat interface and pilot's head) were
processed with the W filter. The resulting a,,, and VDV were
computed for representative 10-minute exposure segments simulating
helicopter flight conditions. Results are summarized in the new Table
4, showing moderate exposure levels (e.g., a,, ,~ 0.35-0.48 m/s* at
head, VDV = 2.1-3.4 m/s"{1.75}), below ISO caution thresholds for
discomfort. These metrics confirm that the nonlinear polyurethane
cushion reduces cumulative vibration exposure relative to linear
models, consistent with the observed 4-6.8% improvements in
transmissibility, mechanical impedance, and apparent mass.

4- Discussion

In this study, the effects of linear and nonlinear polyurethane seat
cushion models (damping and stiffness) on pilot ride comfort were
compared with experimental results from modal analysis tests on a 96-
kg seated pilot. The analytical predictions for seat-to-head
transmissibility, driving-point mechanical impedance, and apparent
mass (Figures 20-22) were derived from the 5-DOF biodynamic
model, built upon the rigorously validated 4-DOF Wan & Schimmels
baseline [13] (validated in Figures 2—4). This initial validation
confirms the reliability of the analytical framework, making
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comparisons between linear/nonlinear models and experimental data
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The nonlinear model exhibits strong agreement with experimental
results, especially near the 5 Hz peak (natural frequency of the upper
body and spine), with deviations <5%. In contrast, the linear model
overpredicts transmissibility (1.58 at ~6 Hz vs. experimental 1.47 at 5
Hz), highlighting its limitation in capturing real-world hysteresis and
amplitude-dependent behavior of the polyurethane cushion. At mid-
frequencies (10-14 Hz), all three datasets (linear, nonlinear, and
experimental) align closely, while beyond ~14 Hz, experimental
results increasingly match the nonlinear predictions. This trend
demonstrates that incorporating nonlinear damping and stiffness
derived from experimental hysteresis loops (Figures 7—-10)—Ileads to
significantly more accurate simulations of cushion performance under

helicopter vibration conditions.

These findings align with related literature. For example, Chen et al.
[19] reported similar transmissibility reductions (~5-10%) in the low-
frequency range using hybrid seat cushions for helicopter aircrew,
where nonlinear material properties played a key role in vibration
mitigation. Likewise, Yin et al. [36] developed a nonlinear lumped-
parameter suspension seat model using hysteresis-derived
stiffness/damping functions, achieving improved prediction accuracy
over linear assumptions—mirroring the polynomial fitting approach
and 5-DOF integration in the present work. The observed
improvements (6.4% in transmissibility, 6.1% in mechanical
impedance, and 4.2% in apparent mass) are qualitatively consistent
with these studies, while the focus on a simple polyurethane cushion
(without active suspension) offers a practical contribution for
helicopter pilot seats with limited modification potential.4.7s

In figure 21 the nonlinear model closely matches experimental results
across the frequency range, with particularly strong agreement near
the 5 Hz resonance (natural frequency of the upper body and spine),
where deviations are <5%. Below resonance (<4 Hz), both linear and
nonlinear models align well with experimental data because
displacement amplitudes are small, and cushion behavior remains
nearly linear (low activation of nonlinear stiffness/damping). Around
resonance (4-7 Hz), large relative displacements in the cushion
activate the nonlinear regions of the stiffness (hardening/softening)
and damping curves (Figs. 8 and 10), resulting in effective softening
and increased energy dissipation. This reduces the impedance peak
more accurately than the linear model, which overpredicts by ~6.1%
(2410 N-s/m vs. experimental ~2270 N-s/m at 5 Hz) due to its inability
to capture amplitude-dependent effects. At higher frequencies (>10
Hz), displacement amplitudes decrease, shifting cushion behavior
toward the linear regime; thus, linear and nonlinear predictions
converge, and both agree reasonably with experimental trends, though
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slight deviations arise from higher-order body modes not fully
captured by the 5-DOF model.
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Fig. 22 Comparison of apparent mass between linear and nonlinear
cushion models using experimental and analytical methods

Figure 22 about the Comparison of nonlinear and experimental model
and shows excellent agreement near 5 Hz (peak ~89 kg experimental
vs. ~92 kg linear), with deviations <5%. Below resonance, apparent
mass increases gradually in all cases due to mass-like behavior
dominating at low frequencies. Around resonance, large cushion
deformations engage nonlinear damping, reducing the effective mass
contribution and lowering the peak more realistically than the linear
model (which overpredicts by ~4.2%). Above ~10 Hz, apparent mass
decreases as the system exhibits spring-like behavior; however, minor
deviations between nonlinear predictions and experimental data at
high frequencies stem from (i) the fixed cushion mass inertia (m_c =
0.25 kg), which becomes more influential at higher accelerations and
remains identical in both models, and (ii) the 5-DOF model's
limitation in simulating higher-order body modes or local soft-tissue
dynamics that contribute to the measured response beyond the primary

resonances.

These physical mechanisms explain why the nonlinear model
(incorporating hysteresis-derived, amplitude-dependent damping and
stiffness from Figs. 7-10) provides significantly more accurate
simulations, particularly near resonance, while both models perform
comparably at higher frequencies where nonlinear effects diminish.
The results underscore the importance of nonlinear cushion modeling
for reliable prediction of biodynamic responses in helicopter vibration
environments.
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5- conclusion

This study provides a comprehensive experimental and analytical
investigation of the effects of polyurethane seat cushions on helicopter
pilot whole-body vibration (WBV) and ride comfort. The key findings

and contributions are summarized as follows:

. Linear modeling of seat cushion damping and stiffness
introduces significant errors—up to approximately 6% —in
predicting  occupant  comfort metrics  (seat-to-head
transmissibility, driving-point mechanical impedance, and
apparent mass) in the critical low-frequency range (4-8 Hz),
where resonance of the upper body and spine occurs.
Incorporating nonlinear behavior, derived from experimental
hysteresis loops, substantially improves prediction accuracy,
resulting in enhancements of 6.4% in transmissibility, 6.1% in
mechanical impedance, and 4.2% in apparent mass compared to

linear assumptions.

e The experimental protocol developed in this work—quasi-static
compression testing to capture hysteresis loops followed by
polynomial fitting of the central curves (Equations 9-12) offers
a simple, repeatable, and reliable method for identifying
nonlinear damping and stiffness coefficients of foam cushions.
This approach can serve as a standardized protocol for
characterizing and evaluating new cushion materials in
vibration-sensitive  applications,  including  helicopter,

automotive, and aviation seating systems.

e  The strong agreement between the nonlinear analytical model
and experimental data underscores the critical importance of
accurate dynamic modeling for optimal seat design in
helicopters. Reliable predictions of biodynamic responses
enable engineers to minimize resonance amplification in the
physiologically sensitive frequency band, thereby reducing pilot
fatigue, enhancing long-term comfort, and mitigating health
risks associated with prolonged WBYV exposure (e.g., lower back

pain and spinal disorders).

e These results highlight that neglecting nonlinear cushion effects
can lead to underestimation of vibration isolation performance
and overprediction of discomfort. The proposed nonlinear
modeling framework, validated against both the Wan &
Schimmels baseline [13] and experimental pilot tests, provides
a practical tool for designing more effective passive seat
cushions without requiring complex active suspension systems.
Future work could extend this methodology to multi-axis
vibrations, multi-subject variability, or advanced materials to
further improve helicopter pilot ergonomics and safety.
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