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ABSTRACT. This paper discusses an approach to evaluating the prediction accuracy of the
output from a wheelchair-occupant simulation model in comparison with real-world exper-
imental results. Different model setups, in which the wheelchair’s occupant is supported
on three types of seat cushions, are formulated with the model subjected to low-frequency
vibration waves arising from the interaction between wheelchair tires and ground pro-
file. The model’s output, in terms of displacement response of the wheelchair and its
occupant’s body parts, is analyzed and validated for goodness-of-fit against the results of
well-defined published papers. The analysis reveals that the occupant’s torso receives the
largest impact from vibration causing the organ to exhibit maximum displacement; and
the foam-based cushion performs the best in helping to dampen the amplitude of displace-
ment responses.

Keywords: Simulated response analysis, Wheelchair-occupant system, Vibration, Seat
cushion, Transmissibility, Mathematical model, Displacement response, Goodness-of-fit

1. Introduction. The World Health Organization has put the global percentage of
wheelchair users at 1.0 percent of world population [1]. Inevitably, wheelchair riders are
subjected to the impact of vibration associated with their daily wheelchair operation,
which can cause physical discomfort ranging from minor symptoms to severe, chronic ill-
nesses [2, 3]. Griffin [4] and Gao et al. [5] found that sustained exposure to vibration on
the wheelchair can result in harm to the occupant’s anatomy such as the head, neck, tor-
so, and pelvis. Among the efforts to reduce such harmful vibration in modern wheelchair
production, three directions of design approach are generally favored by investigators: (i)
Modification of wheel shape and profile [3, 6], (ii) Redesign of wheelchair component parts
using newly-engineered materials [7, 8] and (iii) Modification of the seat cushion [9, 10].

Considering the effectiveness as well as the cost of the said approaches, the third op-
tion should be the most economical and accessible. Modifying the seat cushion entails
a decision on the choice of seat material to use — a decision that can be made through
experiments with actual cushion products, or through computer simulation of the poten-
tial materials. It is to the latter area of investigation that the authors aim to make a
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contribution through formulating an effective simulation model [11]. With this approach,
the dynamic behavior of the wheelchair cushions can be characterized using laboratory
equipment without the need for a human subject. Early in our literature review, we found
that Garcia-Mendez et al. [9] conducted a set of experiments by placing human subjects
on actual moving wheelchairs with seven types of seat cushion in order to study the vibra-
tion transmissibility of the seat assembly. Therefore, with computer simulation in mind,
we created a wheelchair-occupant system with nine degrees of freedom (9-DOF) which
was employed to study the vibration transmissibility of the seat cushion materials — see
Weerapong et al. [12, 13]. Results from the initial 9-DOF model were found to corrobo-
rate well with the actual experimental results reported by Garcia-Mendez et al. [9]. From
this initial model, we chose to extend it by isolating the previous model’s wheels from its
suspension, thereby adding two additional dimensions to the setup. The greater dimen-
sionality of the current 11-DOF model was to enable direct analyses of the forces acting
on the seat cushion — an improvement that was lacking in the previous 9-DOF model.

In terms of the seat transmissibility and displacement ratio of the occupant’s body
parts [14], the results obtained from the 11-DOF model exhibited a much-improved cor-
relation with the reported findings of Garcia-Mendez et al. [9]. This was indicated by the
high ratios of the goodness-of-fit of the seat transmissibility values between the actual
experiments and the simulated output of the model; some as high as 84[%] were obtained,
as shown in Table 4. This model may be used by designers or clinicians to conveniently
predict the requirements of the cushion materials so that the assembled wheelchair will
provide its human occupant with greater levels of ride comfort. The seat materials cho-
sen for our model are commercially available products in three categories: air-, gel- and
foam-based cushions. Wider ranges of material type may be simulated on the model where
necessary provided their stiffness and damping parameters can be determined for input
into the model.

This paper is organized in 5 sections. Section 2 analyzes the wheelchair and occupant
regarding properties of human tissue, spring and damper, and defines the force vectors
upon the masses in the free body diagram. Section 3 has the model’s equation of motions
(EOMs) rearranged, using Fourier transformation and Euler’s formula, into matrices con-
taining equations and frequency response functions. Section 4 concerns the evaluation and
validation of the wheelchair-occupant model, and application of transmissibility and the
displacement responses to assess the prediction accuracy of the model. Section 5 delivers
concluding remarks.

Notations
m Mass, (kg). k Stiffness of the spring, (N/m).
c Damping coefficient, (Ns/m). [M] Mass matrix.
Yy Displacement, (mm). [C]  Damping matrix.
t Time, (s). [K] Stiffness matrix.
w Frequency, (rad/s). [Ko] Input stiffness matrix.
i v/—1, Index. [Co] Input damping matrix.
T Transmissibility. {F} Input force excitation vector.
{vo}, {00} Displacement and velocity vectors of excitation.

{y},{y},{y} Displacement, velocity and acceleration vectors of response.

2. Analysis of Lumped Mechanical System. The construction of our model, con-
sisting of a wheelchair and its occupant, is outlined in Figure 1. The wheelchair, with
four degrees of freedom, is represented by four blocks: (i) the seat, padded with a cushion
of negligible mass, denoted by mg; (ii) the chair frame, denoted by myg; (iii) the front
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Fi1GURE 1. Eleven lumped parameter model of wheelchair-occupant assembly

TABLE 1. Parameter values of manual wheelchair [9, 15]

Mass[M] (kg) | Damping constant[C] (N/m/sec) | Spring constant[K] (N/m)
my; = 1.6 c11 = 9500 k11 = 6000
myo = 1.0 c10 = 500 k10 = 60000
mg = 15 cor = 700 Koy = 13400
o = 700 kg, = 74600
mg = 1.5 Coq = 834 koo = 94220
cop = H71 kap = 39970
Coc = 1507 koe = 174900
Input magnitude vibration, Yy = 5.00 mm.

f and r denote the parameter value for suspension f, for front; r, for rear. a, b, and ¢ denote
the cushion types: a, for air-based (Roho High Profile); b, for gel-based (Jay J2 Deep Contour);
and ¢, for foam-based (Zoombang Protective Gear with Foam).

tires, denoted by mjp; and (iv), the rear tires, my;. Wheelchair characteristics, listed
in Table 1, have been obtained from published international standards, and whose val-
ues have been validated through calculations using the EOMs of our model as described
in Section 4.1 below. The occupant is treated as a 7-DOF frame emulating the work of
Liang and Chiang [16], which employed an idealized anatomy of the sitting human body
whose parts are isolated at the joints where relative movements are allowed, and the parts
considered as lumped masses. The seven blocks, comprising head (mq), back (ms), torso
(mg3), thorax (my), diaphragm (ms;), abdomen (mg), and pelvis (my7), are connected by
springs and dampers, representing the resilient characteristics of the connective tissues
between the components. The parameter values of such human tissues, obtained from
various published studies of anatomical subsystems, are listed in Table 2. The seated oc-
cupant has its lower segment(s) supported by the seat cushion, while its upper segments
unsupported by a backrest. The wheelchair is modeled as a typical manual device for use
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TABLE 2. Parameter values of occupant model [16]

Mass[M] (kg) | Damping constant[C] (N/m/sec) | Spring constant[K] (N/m)

my = 27.7 cr = 378 k7 = 25500
me = 6.02 ce = 298 ke = 894.1
ms = 0.46 cs = 298 ks = 894.1
my = 1.38 cy = 298 ks = 894.1
mgz = 33.33 c3 = 298 ks = 894.1
C32 = 3651 k3o = 53640

me = 6.94 co = 3651 ko = 53640
mp = 5.5 c1 = 3651 k1 = 53640

on typical urban traffic surfaces. Input vibrations on it are limited to those coming from
the sinusoidal functions of the springs and dampers on its tires and emanating through
the seat cushion to the occupant’s body. Amplitude of the input wave is set at 0.005[m].
The real-world vibration waves through the wheelchair foot support are ignored in the
simulation as they are negligibly small in magnitude and will not affect the occupant’s
trunk. The wheelchair-occupant system is shown in cross-section having eleven blocks of
mass, denoted by my, (k= 1,2,...,11), that are connected in pairs with a spring and a
dashpot whose respective stiffness and damping coefficients, k; and ¢, are listed in Tables
1 and 2.

3. Assumptions and Formulation. The dynamics of the wheelchair-occupant assem-
bly is treated as a system in steady state where forces acting on its components are
externally originated. The governing equations of motion (EOMs) of the system were
derived from the FBD in Figure 1 through the application of Newton’s Third Law of Mo-
tion. After appropriate mathematical adjustment, the EOMs were transformed into linear
polynomials. Thus, the eleven degrees of freedom gave rise to eleven EOMs as explained
below.

3.1. Model description of the 11-DOF. The mass, stiffness and damping charac-
teristics of the model are expressed as 11 by 11 matrices denoted by [M], [K] and [C].
Each matrix, upon being multiplied with {§(¢)}, {y(¢t)} and {y(¢)} yields acceleration,
velocity and displacement vectors of the system — all of which being dependent on the
characteristics of force F'. {F'} is the harmonic excitation force vectors; w represents the
excitation frequency; while [K] and [Cy], the stiffness and damping matrices at excitation;
and {yo(t)} and {yo(t)}, the resulting displacement and velocity vectors upon excitation.
Relationships of these variables can be expressed in matrix and vector forms as shown in
Equations (1) and (2):

[M]{g(0)} + [CT{o(0)} + [K{y(t)} = {F}sinwt, (1)
{F} = [Kol {yo(1)} + [Co] {#io(t)} - (2)

3.1.1. Derwation of EOMs in matrixz form. The governing EOM for each mass consists
of its inertia term and forces exerted on it by the stiffnesses and dampers due to the
relative motion of the connected masses. In an EOM, each of the variables — including
[M] = my, [K] = ki, [C] = c&, {y(t)} =y, {9(£)} = gr and {§i(t)} = §ix — is subscripted
with a number from 1 to 11 that represents an assigned component (i.e., (k=1,2,...,11)
whereby 1 to 7 denote the body parts; and 8 to 11 being the wheelchair components).
In addition, {yo(t)} and {yo(t)} respectively refer to the input displacement and velocity
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vector of the tire contact points to the floor. As the floor surface will cause the tires to
compress, yo(t) and go(t) are, respectively, the amplitude of input displacement excitation
and circular frequency of this displacement applied at the tire contact points. The EOMs
and their mathematical notations are shown as Equations (3) to (32).

The elements of these matrices are obtained from the EOMs. With the mass matrix,
[M] € R*™*11 its elements are zero except those on its diagonal, and it is written as

fm;y 0 0 0O O O O 0 0 0 0 ]
0O me 0 O O O O 0O O 0 0
0O 0 my 0 0 O O O O 0O 0
O 0 0 mg O O O O O 0 0
O 0 0 0 ms O O 0O O 0 0
M= 0 0 0 0O 0 mg 0O O O 0 0 (3)
o 0 0 0 0 0 my 0 0 0 0
O 0 0 0 0 0 0 mg O 0 0
O 0 0 0 0 0 0 0 mg O 0
0O 0 0 0 0 0 0 0 0 mp O
0 0 0 0 0 0 0 0 0 0 my |

[C] € R is the damping matrix and written as

¢, - O 0O 0 0 0 0 0 0 0 ]
—C A —C32 0 0 —C2 0 0 0 0 0
0 —c3» B —c3 0 0 0 0 0 0 0
0 0 —cz C —c4 O 0 0 0 0 0
0 0 0 —cu D —c5 0 0 0 0 0
[C] = 0 0 0 0 —c FEF —c O 0 0 0 , (4)
0 —c 0 0 0 —c F —c 0 0 0
0 0 0 0 0 0 —c¢ G —cg 0 0
0 0 0 0 0 0 0 —Cg H —Cof —Cor
0 0 0 0 0 0 0 0  —coy I 0
i 0 0 0 0 0 0 0 0 —co, 0 J |
where
A=c+cy+ s, (5)
B = C32 + C3, (6)
C =c3+cy, (7)
D= C4 + Cs, (8)
E = Cx + Cg, (9>
F:CG+C7+CQ, (10)
G = c7 + ¢, (11)

H:CS—FCgf—FCgr, (12)
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I = Cof + C10, (13)
and
J = Cogr + C11- (14)

A to J represent variables in the positions of [C] caused by the sum of the damping
constant (c) as shown in Equations (5) to (14).
[K] € R™*1! is the stiffness matrix and written as

ki —k; 0 0 0 0 0 0 0 0 0

ki K =k 0 0 -k O 0 0 0 0

0 —ks» L —ks O 0 0 0 0 0 0

0 0 —ks M —kis O 0 0 0 0 0

0 0 0 ks N —ks O 0 0 0 0
(K] = 0 0 0 0 -k O =k O 0 0 0 . (15)

0 —ko 0 0 0 —k¢ P —k; 0 0 0

0 0 0 0 0 0 —kr Q@ —kg 0 0

0 0 0 0 0 0 0 —ks R —kg —ko
0 0 0 0 0 0 0 0 —kyg S 0
i 0 0 0 0 0 0 0 0 —ky, 0 T |
where
K =k + ko + kso, (16)
L — k’32—|—k3, (17)
M = ks + ky, (18)
N = ky + ks (19)
O = ks + ke, (20)
P =ke+ kr + ko, (21)
Q = k7 + ks, (22)
R = kg + Koy + ko, (23)
S = kos + ko, (24)
and

T = ko, + ki1. (25)

K to T represent variables in different positions of [K] caused by the sum of the spring
constant (ki) as shown in Equations (16) to (25).

{y(®)}, {9(t)} and {i(t)} represent the displacement (y;), velocity (¢x), and acceleration
(Jx) vector of response, respectively, and are denoted by

T
fy)Y={vi v ¥s va Y5 Y Yr Ys Yo Yo Y11 ; - (26)
WY={1 92 9 9 U U6 U7 Us Yo Y0 Un } (27)
and

WY=L G G5 Ga 5 G Gr Gs Fo Fro Y )} - (28)
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{F}is an 11 x 1 force matrix whose elements are zero except those on the 10th and 11st
rows which represent the sinusoidal forces given in steady state vibration. [K,] € R'*!
represents the stiffness matrix of the excitation and is denoted by

[Ko)=[0 0000000 0 ko ki . (29)
(Co] € RM*! represents the damping matrices of the excitation and is written as
[Col=[0 0000000 0 co 1. (30)

{yo(t)} and {go(t)} represent displacement and velocity vectors of excitation and are
written as:

T
{yo)}={0 0 0 0 0000 0 y %} (31)
and
. .. \T
{go®)}={0 00000000 g %} - (32)
The above eleven linear differential equations are solved by computer simulation to
yield ¥k, 9x and yg, (k =1, 2,..., 11) which are the corresponding accelerations, velocities

and displacements occurring as responses to vibration waves at different frequencies. By
dividing the amplitude response of each body part by its corresponding input amplitude,
the amplitude ratio of that body part is computed. Similarly, the amplitude ratios of
the wheelchair parts can be likewise determined. The transmissibility of different seat
cushions is then determined in relation to the responses of the body parts in the 0.5 to
15[Hz| frequency range. The parameters of the body parts and wheelchair, which give the
maximum vibration responses of the body parts, are listed in Tables 1 and 2.

3.2. Frequency-domain solutions.

3.2.1. Frequency response analysis. The frequency response function is analyzed using
Euler’s formula.
e = coswt + i sin wt. (33)

Euler’s formula offers the agility in dealing with the real and imaginary parts of the input
as well as those of the output — a capability that aids in solving the complex equations of
motion. When the linear equation of motion is expressed as Equation (1), we have only
the imaginary part in complex exponential form which is {F'} sinwt = S [{F}e/*].

3.2.2. Exponential function vectors of excitation. The derivatives of equation of excitation
from the base state are given by

{wo()} = {Yo} ™", (34)
where {yo(t)} represents input displacement excitation vector and {Yy} its corresponding
magnitude.

3.2.3. Exponential function vectors of response. The derivatives of equation of response
to vibration are given by

{y(®)} = {y}e, (35)
where {Y'} represents the magnitude of displacement vector.

3.2.4. Ezponential function vectors of all DOFs. Input force excitation vectors on the
wheelchair-occupant assembly are expressed by

{F}ew = (Cl() + 011){Y0}iwem + (k’lo + k11>{}/0}€im, (36)
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where ¢y, k19 and c¢;1, k11 are the damping and spring constants of the front tires (mq)
and rear tires (mq1), respectively. In Equation (36), the forces on the eleven DOF's are
limited to those acting and reacting vectors according to Newton’s Third Law of Motion
which states, “for every force acting on a body, there is an equal and opposite reaction”
[17]. For example, the FBD of the damping and spring constant of front and rear tires
are derived through the following reasoning: Between the mjy and mq; masses and the
ground surface, the tires would exert a stiffness force and a damping force upon the
ground. The ground would respond by pushing on the tires with equal forces upward in
the yo(t) direction.

3.3. Matrix form of the complex Fourier transformation. Fourier transformation
is applied to Equations (34), (35) and (36); and the transforms then brought to substitute
into Equation (1) of the steady-state response. We obtain the matrix equation for the
MDOF system as

[—w?[M] + iw[C] + [K]] {Y }“" = {F}e™". (37)

3.4. Solving for displacement in the complex function. EOMs of the 11-DOF
system are substituted into the complex terms in the transfer function (expressed in
hertz) in Equation (1). Further manipulation of this equation enables us to eliminate the
time-dependent part, thereby yielding Equation (38):

(Y (iw)} 1 38)

{F(iw)}  [-w?[M]+iw[C] + [K]]’
where {Y (iw)} and {F(iw)} are the corresponding complex Fourier transform vectors
of Y;(iw) and Fj(iw), and on the mass, damper and stiffness matrices of the body and
wheelchair segments: [M] = My, [C] = Cy, and [K]| = Ky, (k,] = 1,2,...,11), as a
function of w, the excitation frequency. Upon setting the input force excitation vectors
{Fr(iw)} = Fi(iw), followed by substituting into Equation (38), we obtain the displace-
ment values of each DOF of the body and wheelchair components as

: {Yi(iw)}
{Yi(iw)} My + Koy +iwCh]’ (k,l=1,2,...,11). (39)
3.5. Approaches for solving the EOMs in MDOF. The responses from the model
are evaluated against published results of experimental measurement of whole-body vibra-
tion which are adopted as our test datum. For this study, key attributes of the responses
are assessed in terms of transmissibility. The proximity of the model results to the test
datum is expressed as goodness-of-fit.

Next, we examine (38). The [—w?[M] + iw|[C] + [K]] term therein is the impedance
matrix for assessing mechanical responses from the human and vehicle frames, and it may
be expressed in displacement function of vectors as shown below. {Yj(iw)} and {Fy(iw)}
are the corresponding complex Fourier transform vectors of Y (iw) and Fj(iw); and w,
the excitation frequency. Upon substitution in (38), we obtain

Me(iw)} = [Quiw)] " {Fy(iw)},  (k1=1,2,...,11), (40)
where Qy, (iw) is response at mass of k per unit force excitation at [. The [—w? My + iwCly
+ Kjy] portion has been generated by the equations of mass, damping and stiffness ma-
trices. Its inverse, as shown in (40), becomes the impedance matrix which is [Q(iw)].
This give us the set of matrix equations as
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(Vi(iw) )
Y5 (iw)
Y3 (iw)
\}/HGM) y,
[ Quiv)  Qualiw)  Qs(iw) Qi (iw) | - (Fy(iw) )
(21 (iw) Qa2 (iw) Q23(iw) Q2011 (1w) Fy(iw)
= | Qauliw) Qs(iw) Qss(iw) Q311 (1w) F(iw) & (41)
| Quni(iw) Quupe(iw) Quiys(iw) Qunan(iw)|  (Fu(iw))
where .
le(iw) :ZZKkl—l—ikal—szkl, (n: 1,2,,11) (42)
k=1 1=1

As laid out above, [Qu(iw)], (k,1 =1,2,...,11) is an 11 by 11 impedance matrix with
121 possible contributions. By using Y} (iw) and setting the input force vectors Fy(iw) = 0,
(k=1,2,...,9); setting the front tires input Fig(iw) = (iwcig + k1) Yo(iw) and rear tires
input Fiy(iw) = (iwer + ki) Yo(iw), followed by substituting into Equation (41), we
obtain the displacement values of each DOF of the body and wheelchair components for
computing the vectors and magnitudes of the displacement function in complex terms.
Assuming that [le(iw)]_l = ay; + byt and [le(iw)]_l = ¢ + dyi are their complex
values, plugging them into Equation (41) thereby yielding {Y}(iw)} as shown in Equation
(43).

3.5.1. Vectors and magnitude of the displacement function in complex terms.
{Yi(iw)} = (am + biat) [(k10 + c1o(iw)) {Yo(iw) }]

+ (e + dyt) [(k11 + 11 (iw)) {Yo(iw) }] (43)
picio)l = [y/tah + 800y (o) + (e
(e B (k) + (wen)?) | Yo(iw) . (44)

Here {Y)(iw)} and |Yy(iw)| are the vectors and magnitudes of the displacement function
in complex terms associated with response displacement and force excitation.

3.5.2. Transmissibility ratio (T). This function is defined as the ratio of the magnitudes
of displacement for output response to input excitation on the wheelchair seat. It can be
expressed using the above definition as

_ [Yiliw)]
Yoliw)|’

3.5.3. Goodness-of-fit (). For this study, key attributes of the responses are assessed
in terms of transmissibility. The transmissibility results from the model are evaluated
against published experimental measurements of whole-body vibration which serve as
our test datum. The proximity of the model results to the test datum is expressed as
goodness-of-fit whose expression is shown in Equation (46) [16]:

(k=1,2,... (45)
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Zzzl(Tm—%)z
N—2
e=1-— s~ (46)
N
In Equation (46), 7, is the test datum, 7, is the calculated result from each model, and N
is the number of test data points used in the comparison. As the value of € moves towards

1, the predicted results approach a perfect fit with the published data.

4. Results and Discussion.

4.1. Biodynamic evaluation of the wheelchair-occupant model. Preliminary val-
idation of our model was carried out by first determining its response in terms of head-to-
pelvis displacements associated with a set of pre-selected input parameters. The predicted
values from the model could then be checked against published, real-world results. Figure
2 shows the predicted head-to-pelvis displacement ratios as a function of input frequency
obtained from our model according to the input parameters we employed, which are listed
in Tables 1 and 2.

—_

lacement ratios
o
[o0)

06F e Air-based (Roho High Profile) b

o - -Gel-based (Jay J2 Deep Contour)

O o4l ---Foam-based (Zoombang Protective Gear with Foam) i
03k —Patil & Palanichamy i
0.2 _

1 1 1 1 1 1 1 1 1 1
0 1 2 7 8 9 10 11

5 6
Input frequency (Hz)

F1GURE 2. Head-to-pelvis displacement ratios obtained in tests with air-,
gel- and foam-based cushions

As shown in Figure 2, the first peak of displacement ratios occurs at the frequency
approximately 3[Hz]. Superimposed thereon is the experimental curve for the same at-
tribute derived by Patil and Palanichamy [18], which is seen to nearly match the curves
from our model runs. Hence, the test results confirm our work as a quality composite
model since good agreement is found between it and corresponding real-world findings
reported in industry literature and the ISO recommendations cite in [19].

4.2. Comparison of seat transmissibility results via goodness-of-fit. This is the
comparison of transmissibility results obtained from the model with those from real-world
experiments through the use of a mathematical test known as goodness-of-fit. Figure 3
and Table 3 show the measured values obtained from actual wheelchair road course (WRC)
tests [9] which define the region for the seat transmissibility in comparison with the values
predicted by our model.
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FiGure 3. Comparison between measured and predicted values of seat
transmissibility for three seating systems

TABLE 3. Peak transmissibility ratios (7') and corresponding frequency ( f,
in [Hz]) from actual wheelchair road course (WRC) test [9], and results
from 11-DOF model runs

WRC 11-DOF
f T | f| T
Air-based | 3.37|1.18 2.1 ]1.36
Gel-based |3.480.99|1.91.78
Foam-based | 3.36 | 1.13 | 2.1 | 1.17

Cushion

TABLE 4. Goodness-of-fit (€) results of transmissibility ratios from model runs

Cushion
Attri
ttribute Air-based € | Gel-based € | Foam-based e
Transmassibility 0.76 0.58 0.84

Table 3 summarizes the peak transmissibility values and their corresponding frequen-
cies. While Columns T of the WRC and the 11-DOF tests show comparable peak mea-
surements, the frequencies at which the peaks occur, listed under Columns f, show wide
discrepancies. A possible reason for such differences could be that the 11-DOF model was
formulated to fit seat transmissibility data obtained by directly vibrating the simulated
occupant with harmonic input excitation over the range 1 to 15[Hz], whereas the fre-
quency content of the vibration produced by the road course on the human subject was
variable on a wider range. The peak transmissibility values of the WRC and 11-DOF tests
were assessed for goodness-of-fit using Equation (46); and the results laid out in Table 4.
According to Table 4, the values predicted by our model are largely in good proximity to
the real-world results from the WRC test, and the best goodness-of-fit achieved is 84[%]
for the foam-based cushion.

Thus, the vibration transmissibility given out by our model is found to correlate well
with real-world experimental results, indicating the potential role of mathematical mod-
elling as a tool to aid wheelchair cushion design. In this study, the foam-based cushion
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outperformed the gel- and air-based options and should be considered by clinicians when
selecting a cushion to help protect the wheelchair rider from the detrimental effects of
whole-body vibration.

4.3. Displacement response obtained from simulation runs. Results in Figures 4
to 5 and Table 5 show the resulting amplitudes of displacement associated with the body
segments supported on three cushion types. The torso (y3) exhibits the largest shock of
0.0167[m| at 1.5[Hz] on the gel-based cushion while the pelvis (y;) receives the smallest
shock of 0.0131[m] at 1.6[Hz] on the foam-based pad. For all the mass segments in the
study, the maximum displacement magnitude occurs at frequency 1.6[Hz| for the foam-
based and air-based cushions; and at 1.5[Hz] for the gel-based pad [20]. For the body
parts, the resultant displacement responses peak at the frequency range of 1.5 to 1.6[Hz].

TABLE 5. Amplitudes of displacement (y, in [m]), at resonance frequency
(f, in [Hz]), obtained from the model’s body parts in tests with air-, gel-
and foam-based cushions

Peak displacement
Body part Air-based | Gel-based | Foam-based
(y,f=16) | (y,f =15) | (y. f = 1.6)
Head (y1) 0.0146 0.0161 0.0141
Back (y2) 0.0145 0.0160 0.0140
Torso (ys) 0.0151 0.0167 0.0146
Thoraz (yy) 0.0150 0.0165 0.0145
Diaphragm (ys) 0.0148 0.0164 0.0143
Abdomen (yg) 0.0145 0.0161 0.0140
Pelvis (yz) 0.0136 0.0151 0.0131

For solutions that describe the behavior of a mass (m; to mg) per unit input force as a
function of frequency, y; to yg are the resulting displacements or magnitudes of the model
response; while gy, the displacement which is the base magnitude of excitation. Upon
examination of the responses of displacement curves obtained from model runs for all
eight cases — head, back, torso, and so on — and the resulting displacement magnitudes
with the three cushion types, it was found that the foam-based cushion produced the
smallest values of displacement. This is laid out in Table 5. Note that among the three
brands, the foam-based has the largest spring stiffness constants. If we take the body-
part response to excitation, and divide it with the input displacement excitation, yo(iw),
we can observe the interaction of the parameters. If the stiffness constant is raised, the
magnitude of displacement will decrease, but the related position of frequency will increase
as a consequence due to the change in natural frequency of the system.

Examination of the displacement profiles reported in the works of [14] and [18] revealed
that the body-part responses to vibration in their respective experiments are very similar.
Furthermore, their results are replicated by our 11-DOF model as shown in Figures 4 and
5 with the torso being the most responsive, i.e., outputting the largest displacement
values; while the pelvis, the least vulnerable. As shown in Figures 4 and 5, the gel-based
pad gave out the largest magnitudes of displacement within the input frequency range
0.5 to 1.5[Hz], and almost zero magnitude as the input frequency rose beyond 1.6[Hz].
Similarly, with the air- and foam-based types, their displacement responses peaked within
the frequency range 0.5 to 1.6[Hz], and dropped to near zero beyond 1.7[Hz].
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The model’s response as seen in this study provides the assurance that cushion parame-
ters are essential for characterizing vibration and should be considered in the engineering
of the wheelchair seat in order to provide better ride comfort [21, 22]. The model in this
study has two resonance frequencies and an absolute maximum displacement. i) We con-
sider the magnitude of frequency response that should change across the frequency range
upon any change in seat parameters. It should be noted that at the low end of excita-
tion frequency, the response exhibited is roughly k. Therefore, if we want to reduce this
magnitude of frequency response, then we would need to decrease the stiffness constant
(making & smaller). ii) Whenever a peak reduction is desired, increases in the damping
constant should thus be considered. This means that damping control is key to controlling
an absolute maximum displacement.

When results deriving from all the cushion types are listed in descending order, it is
found that the cushion types with lower damping constants would yield higher displace-
ment values and, conversely, those with higher damping constants would produce smaller
displacements as shown in Figures 4 to 5 and Table 5. In a real-life situation, input ex-
citation originates from the floor, spreads to and subjects the wheelchair in vibration.
The fundamental approach to reducing such vibration on the wheelchair has the follow-
ing steps: i) change the properties of the system; ii) change its natural frequency and
iii) adjust its damper setup [2, 23]. Regular device monitoring is required for a proper
maintenance routine, and when necessary, the device should be taken out of use or repairs
administered. A simple solution worth considering is changing or adding a suitable seat
cushion, which generally could be carried out without incurring too high a cost.

5. Conclusions. Results from our 11-DOF model show that, with the three cushion
types tested, they managed to closely mimic the results of well-defined real-world exper-
iments as measured by their having a satisfactory goodness-of-fit. The response of the
occupant’s torso within the test frequency range has the highest amplitudes of displace-
ment relative to that exhibited by other body segments. By contrast, the pelvis has the
least displacement response. Vibration effects transmitted from the cushions are found
to be the lowest with the foam-based type, thus signifying its superior shock absorbing
behavior to that of the air-based and gel-based options. However, only slight differences
in amplitude value are seen in Table 5; and such slight differences alone are not significant
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enough for us to rate the materials. However, if we also take account of a material’s ease
of maintenance as well as its lower cost, then the winning position of the foam-based
cushion is amply justified. Further research in this area may be in order, especially in
improving cushion design so as to achieve further reduction of the vibration arising from
the uneven contact between ground and wheelchair. This may be affected by using suit-
able target values of dynamic stiffness and damping constant that would yield better seat
displacement response applicable to increasing human ride comfort.
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