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Abstract: Manual wheelchair (MWC) users are daily exposed to vibration during propulsion. The
impact of such exposure on the MWC user’s health has yet to be proven. To date, no agreement
has been reached, presumably on the account of the wide variety of experimental parameters that
need to be controlled. A possible solution relies on the implementation of a User/MWC model to
point out the effect of propelling conditions (MWC loads, propulsion methods, speeds, and ground
floor types) on the vibration exposure and eventually on the MWC user’s health. To feed such a
model, the evaluation of the MWC vibration response during propulsion is required. Following a
necessary MWC experimental modal analysis under laboratory conditions, this study presents the
vibration response of an MWC under various propelling conditions. For each investigated condition,
the identified set of modal parameters was provided and the effect on the MWC response to vibration
at the User/MWC interfaces was highlighted. Results mostly underline that the response to vibration
is highly dependent on the propelling conditions. The speed and the ground floor type greatly affect
the vibration response: doubling speed and increasing ground surface roughness imply threefold and
eightfold vibration levels, respectively. Finally, the main outcome is that an empty MWC or an MWC
loaded with a dummy generates vibration outside the range measured for an MWC loaded with a
human body, resulting in a lower frequency content and an almost two-fold vibration level increase.
The findings of this study will help enhance the understanding of the health risks that wheelchair
users encounter as a result of vibrations.

Keywords: manual wheelchair; operational modal analysis; vibration

1. Introduction

When using a manual wheelchair (MWC), interactions between the ground and the
wheels induce vibrations propagating through the MWC, which are eventually transmitted
to the user. To date, no consensus has been reached with regard to the impact of such
exposure on the MWC user’s health, which has yet to be proven. While a few studies have
outlined that a daily propulsion time is too short for the vibration exposure to pose any
risks [1], other research works have evidenced that MWC users are suffering from vibration
exposure [2,3]. As is the case for any structure, any change in an MWC element (e.g., geom-
etry, material) or in the User/MWC interactions (e.g., relative motions, load repartition)
will affect its mechanical behaviour. For practical reasons, some authors are currently
investigating vibration exposure during MWC propulsion with able-bodied participants [4]
or dummies [5] and in a variety of environments (i.e., for a short period on a simulated
road course [2] or a drum shock simulator [6]). The variety of experimental parameters
studied separately may explain the contradictory results observed in the literature [7]. In

Vibration 2023, 6, 762–776. https://doi.org/10.3390/vibration6040047 https://www.mdpi.com/journal/vibration

https://doi.org/10.3390/vibration6040047
https://doi.org/10.3390/vibration6040047
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/vibration
https://www.mdpi.com
https://orcid.org/0000-0002-6508-4511
https://orcid.org/0000-0002-6196-2698
https://doi.org/10.3390/vibration6040047
https://www.mdpi.com/journal/vibration
https://www.mdpi.com/article/10.3390/vibration6040047?type=check_update&version=1


Vibration 2023, 6 763

the following, propelling conditions will be used to encompass the conditions under which
the wheelchair is propelled: loads, propulsion methods, speeds, and ground floor types.

Consequently, a model of the User/MWC dyad would be valuable to investigate
the effect of environmental conditions on the vibration exposure and eventually on the
MWC user’s health [7]. Lumped-element models of the MWC user singleton have been
developed based on three or five segments [8,9]. Interestingly, only one model has
considered the User/MWC dyad [10,11]. These models convey information regarding
posture optimization to minimize vibration transmissibility. However, up to date, no
model has been developed under ecological situations, accounting for the abovementioned
propelling conditions.

Regarding the MWC response to vibration, a finite element model (FEM) of an isolated
MWC has been developed and validated using experimental modal analysis [12]. An
experimental modal analysis describes the dynamical behaviour of a structure through the
identification of its modal parameters: eigenfrequencies, damping ratios, and eigenmodes.
Eigenfrequencies refer to a set of discrete frequencies at which the MWC structure is prone
to vibrate. As for all real structures, the vibration at an eigenfrequency is attenuated at
the corresponding damping ratio. During the vibration, the global MWC shape tends to
be deformed into the eigenmode [13]. This approach would be of great use to predict
the vibration at the interfaces with the user (footrest, seat, and backrest). Using these
predicted vibrations as inputs of a lumped-element model of the MWC user would be
valuable for understanding the vibration transmissibility under propulsion with respect
to the tuning of MWC characteristics, hence eventually taking out the need for complex
experimental setups.

Under this framework, one of our preliminary studies focused on each part (e.g., seat,
backrest, frame) of various MWC types (e.g., standard, lightweight, sport MWC) separately.
Data of their dynamical behaviour have been provided through modal analyses under
isolated conditions [14]. The present study aims at gaining insight on the MWC response
to vibration under variable parameters and ecological conditions. This includes mainly
the presence of MWC users and different propelling conditions. For this purpose, the
experimental modal analysis of one complete MWC was first carried out under isolated
conditions. Then, operational modal analyses were conducted to confront the results of
more ecological and various propelling conditions. Finally, the vibration content at the
User/MWC interfaces was investigated in order to suggest a relevant set of experimental
conditions to study the vibration exposure to MWC users.

2. Method
2.1. Experimental Context

A commercially available manual wheelchair (Lightweight MWC: Invacare Kuschall
K-Series) was used during this study. In order to estimate the MWC dynamical behaviour,
experimental and operational modal analyses (EMAs and OMAs, respectively) were con-
ducted. EMAs and OMAs both aimed at extracting the modal properties of the structure,
especially eigenfrequencies and damping ratios.

In this study, the focus was made for frequencies up to 80 Hz to cover the range
of frequencies affecting human health and comfort (i.e., [4–80] Hz with a particular risk
between 4 and 12 Hz for the seated human body [15]). On the one hand, EMAs were
conducted under laboratory conditions. On the other hand, OMAs were carried out
under ecological propelling conditions. In addition, the vibration content on several MWC
locations was characterized with respect to the propelling condition.

2.2. Dynamical Behaviour under Laboratory Conditions

To perform an EMA, a set of 116 frequency response functions (FRFs) was directly
measured on a 84-point mesh distributed over the MWC. The MWC was supported on
strings to be analysed under free boundary conditions, and the MWC cushion was removed.
The ith FRF was computed as the ratio between the resulting normal acceleration measured
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on the MWC frame, and the excitation force at the ith point of the mesh. More accurately, the
acceleration signal was measured by a single-axis accelerometer (model 352A24, ±50 g pk;
resonant frequency ≥ 15 kHz, PCB Piezotronics, New York, NY, USA) bonded with petro
wax onto the beam connecting the wheels to the seat frame. The excitation force was
provided by an impact hammer (model 086C02, 11.2 mV·N−1, ± 444 N pk, resonant
frequency ≥ 15 kHz, PCB Piezotronics, New York, NY, USA).

To reduce the leakage, acceleration signals were segmented using an exponential
decay [16], and a uniform 10 ms rectangular window centered on the hammer impact was
applied on the force signal. Then, the coherence function was computed to validate the
quality of the data [16]. Finally, using the Structural Dynamic Toolbox [17] running on
MATLAB R2019b, the modal identification was carried out with the Least Squares Complex
Frequency domain (LSCF) method [18]. An iterative local estimation around each pole
was performed to identify the modal properties. Only modes with a contribution level
and a Modal Phase Collinearity (MPC) higher than 10%, as well as a noise level and an
identification error lower than 10%, were kept.

2.3. Dynamical Behaviour under Propelling Conditions
2.3.1. Measurement Protocol

The MWC dynamical behaviour was characterized under various propelling con-
ditions (loads, propulsion methods, speeds, and ground floor types) along a straight
line of 10 m. Unlike during the experimental modal analysis, the MWC has been tested
with its cushion. Finally, fourty conditions were investigated, and each condition was
repeated twice.

Three loads (empty, a 60 kg ISO 7176 dummy [19], and a 58 kg non-pathological
participant) and two propulsion methods (either pushed by an assistant or self-propulsed
when applicable) were tested. The experiments were carried out according to two speeds
(0.8 m·s−1 and 1.6 m·s−1) to reflect a slow and a fast speed, respectively, with respect to the
daily speed range [7]. Audio signals were used to ensure the propulsion speed matches
the instruction. The experiments took place on five ground floor types: two indoor and
three outdoor floors. The two indoor floor surfaces were made of marble and terracotta
tiles, while the three outdoor floor surfaces were gravelled concrete slab, light grey asphalt,
and coarse gravel concrete. To describe each floor, a classical method was used, consisting
of computing a roughness indicator based on the ISO 8608 standard [20]. However, for the
perspective of using the floor characterization as an input in an MWC model, a vibrating
index was estimated through a preliminary standardized acceleration measurement (floors
one to five: [2.1, 3.9, 8.5, 11.2, 13.0] m·s−2). This vibrating index was derived from the
the root-mean-squared (RMS) level of the acceleration norm measured using a rolling
calibration object. This calibration object was a chipboard panel of dimensions 55× 22×
2 cm to which four skateboard wheels were attached. The panel was loaded with two 3 kilo
weights to prevent bouncing and was pulled over a 10 m straight line at a speed of 0.8 m/s.
The resulting acceleration was measured through a central inertial unit (BlueTrident sensors,
Vicon, Oxford, UK, 1125 Hz, ±16 g) fixed to the panel.

2.3.2. Vibration Measurements

Four single-axis accelerometers (model 352A24,±50 g pk; resonant frequency≥ 15 kHz,
PCB Piezotronics, New York, NY, USA) were bonded onto the MWC using petro wax. One
accelerometer was placed on the frame, at the inter-wheel axis. Three accelerometers were
fixed to the interfaces with the user (footrest, seat’s frame, and backrest). As an additional
constraint, the accelerometers’ locations on each part were chosen to maximize the number
of observable eigenmodes [14]. The acceleration signals were measured along the axis
normal to the element main plan (i.e., the plan formed by the two longest sides of the
element). As a result, the acceleration signals measured at the footrest and the seat on the
one hand and at the backrest on the other hand can be considered as close to the vertical
and the anteroposterior axes, respectively. The data collection was driven by a wireless
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nanocomputer (Raspberry Pi 4 model B, Raspberry Pi Foundation, Cambridge, UK) and two
embedded signal conditioners (model 485B39, sampling rate 20,700 Hz, PCB Piezotronics,
New York, NY, USA).

2.3.3. Operational Modal Analyses

Stochastic Subspace Identification modal estimation algorithms have been applied to
the collected acceleration signals [21,22]. Assuming a white noise excitation, a parametric
linear model was fitted to the acceleration signals [23,24]. To improve the modal identifica-
tion in such low frequencies, the acceleration signals were firstly downsampled to 256 Hz.
The modal identification procedure was applied on ten 1024-point windows randomly
extracted from each acceleration signal. The model order was chosen to obtain the highest
number of stable poles with respect to eigenfrequencies f and damping ratio δ. A given pole
was considered stable in eigenfrequencies (respectively, damping ratio) if its value changes
by less than 5% (respectively, 25%) as the model order increases. The Consistent Mode
Indicator (CMI) was then estimated to validate the resulting modal parameters [25]. The
CMI was computed as the product of the Extended Modal Amplitude Coherence (EMAC)
and the Modal Phase Collinearity (MPC), where EMAC quantifies the temporal consistency
of the identification results and MPC quantifies the spatial consistency of the identification
results (i.e., mode complexity). The resulting modal parameters were eventually retained
for a CMI higher than one.

2.4. Vibration Content

The following descriptors were finally computed to characterize the vibration content
on several locations of the MWC. First, the root-mean-squared (RMS) acceleration level was
computed at the frame, at the inter-wheel axis, and at the interfaces with the user (footrest,
seat, and backrest). This parameter was defined as

RMS =

√√√√ 1
N

N

∑
n=1
|sn|2, (1)

for a given discrete signal sn of N points. The RMS level reflects the vibration level, i.e., the
amount of energy contained in the vibration signal.

Then, the spectrum’s shape was described by its spectral centroid µ as

µ =
∑N

n=1 fn|Pn|
∑N

n=1 |Pn|
, (2)

where Pn is the power spectrum of the signal and fn and f are the discrete and the continu-
ous frequency vectors, respectively.

2.5. Statistical Analysis

The resulting RMS acceleration levels and spectral centroid values were compared
with respect to the propelling condition. Considering the number of samples, the load
and the propulsion method effects were considered together, as a unique effect containing
four variables: an empty MWC pushed by an assistant; MWC loaded with a dummy and
pushed by an assistant; MWC loaded with a non-pathological participant and pushed by
an assistant; and MWC loaded with a self-propulsing non-pathological participant. As two
repetitions were collected for each set of propelling conditions, the average value of each
parameter was considered as the representative value for the aforementioned condition.
A non-parametric analysis of variance has been carried out using Friedman’s test. When
a significant effect was observed (p < 0.05), multiple pairwise comparisons tests were
conducted to determine the conditions leading to significant differences.
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3. Results
3.1. MWC Dynamical Behaviour

Table 1 summarizes the modal parameters estimated during the experimental modal
analysis (EMA) for the tested MWC. A total of eight modes were identified in the studied
frequency range (0 to 80 Hz). Modes were distributed over the spectrum starting from
15 Hz. The damping ratios ranged from 2.9% to 5.9%. No clear trend was observed
regarding the evolution of the damping ratios with the modal frequency.

Table 1. MWC modal parameters (eigenfrequencies (f), damping ratios (δ)) estimated through
experimental modal analyses.

f (Hz) δ (%)

17.8 5.7
27.8 5.6
31.6 3.2

41.22 5.5
49.9 2.9
55.1 3.5
67.7 5.9
71 3.1

Tables 2–5 present the modal parameters estimated during the operational modal
analysis (OMA) for the tested MWC and all the investigated propelling conditions. One to
six modes have been identified from 5 Hz to 80 Hz, depending on the propelling condition.
The slow condition tended to favour the modal detection with 73 identifications compared
to 61 under the fast condition. The results reflected that the eigenmodes were mostly below
15 Hz when the MWC was empty or loaded with a dummy. The modal density in the
frequency range (20–60) Hz was higher when loaded with a participant than when empty
or loaded with a dummy (41 and 28 identified eigenmodes, respectively). Finally, the
modal density was consistent across all the load conditions in higher frequencies. The
damping ratios were estimated to be lower than during EMA: from 0.4% to 2.9%. A
consistent increase occurred in the damping ratios with increasing frequency, regardless of
the propelling conditions. Finally, our findings revealed no straightforward difference in
the dynamic behaviour with respect to the propulsion methods nor the ground floor types.

Table 2. MWC modal parameters (eigenfrequencies (f), damping ratios (δ)) estimated through
operational modal analyses for an empty MWC pushed by an assistant. The displayed values were
computed for five ground floor types and two speeds (S1 and S2 refer to slow and fast conditions,
respectively).

[0–10] Hz [10–20] Hz [20–30] Hz [30–40] Hz [40–50] Hz [50–60] Hz [60–70] Hz [70–80] Hz

f δ f δ f δ f δ f δ f δ f δ f δ
(Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%)

S1 9.7 0.8 18.8 1.3 49.7 1.6 77.4 2.2

S2 10.6 1.1 22.6 1.4 69.2 1.5

S1 10.8 0.9 20.5 1.0 43.8 1.0 58.7 1.0

S2 6.2 0.7 16.7 0.7 48.6 0.9

S1 6.9 0.7 15.1 1.0 20.8 1.2 43.6 1.2 75.4 1.6

S2 5.0 1.2 24.4 1.3 46.7 1.4 68.7 1.4 75.1 1.6

S1 12.3 1.3 20.7 1.4 40.2 1.6 60.7 1.7 78.1 1.9

S2 5.4 2.7 70.4 2.9

S1 26.8 1.9 41.6 2.2

S2 9.6 1.2 44.6 1.8 76.2 2.0
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Table 3. MWC modal parameters (eigenfrequencies (f), damping ratios (δ)) estimated through
operational modal analyses for an MWC loaded with a dummy and pushed by an assistant. The
displayed values were computed for five ground floor types and two speeds (S1 and S2 refer to slow
and fast conditions, respectively).

[0–10] Hz [10–20] Hz [20–30] Hz [30–40] Hz [40–50] Hz [50–60] Hz [60–70] Hz [70–80] Hz

f δ f δ f δ f δ f δ f δ f δ f δ
(Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%)

S1 6.5 1.8 12.1 2.0 23.6 2.1

S2 24.1 1.9

S1 11.3 2.0 23.8 2.3

S2 23.5 0.7 72.1 0.7

S1 7.8 0.5 19.6 0.6 63.3 0.6 79.1 0.7

S2 8.4 0.5 28.4 0.7 56.9 0.7 60.1 0.7 73.9 0.8

S1 17.7 0.6 27.7 0.6 52.1 1.1 68.1 1.2

S2 29.2 0.5 43.2 0.5 67.9 0.5

S1 15.5 1.0 25.0 1.0 59.8 1.1

S2 29.2 0.6

Table 4. MWC modal parameters (eigenfrequencies (f), damping ratios (δ)) estimated through
operational modal analyses for an MWC loaded with a participant and pushed by an assistant. The
displayed values were computed for five ground floor types and two speeds (S1 and S2 refer to slow
and fast conditions, respectively).

[0–10] Hz [10–20] Hz [20–30] Hz [30–40] Hz [40–50] Hz [50–60] Hz [60–70] Hz [70–80] Hz

f δ f δ f δ f δ f δ f δ f δ f δ
(Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%)

S1 16.9 0.7 37.2 0.7 48.5 0.8

S2 42.6 0.5 65.5 0.5 76.0 0.7

S1 21.7 0.8 38.6 1.0

S2 21.8 0.7 36.6 0.8 66.1 0.9

S1
14.2 0.8 23.1 0.9 28.0 0.9 41.6 1.1 62.0 1.4 76.4 2.2

47.9 1.2

S2 34.0 1.0 47.9 1.1 62.7 1.2

S1 24.1 0.8 43.5 1.1 64.2 1.2 77.6 1.3

S2 16.3 0.4 35.2 0.5 61.2 0.5

S1 16.2 0.8 38.7 0.9 54.2 1.1 68.3 1.1

S2 40.0 0.7 44.6 0.7 52.3 0.7 55.9 0.8

Table 5. MWC modal parameters (eigenfrequencies (f), damping ratios (δ)) estimated through
operational modal analyses for a user self-propulsing with the MWC. The displayed values were
computed for five ground floor types and two speeds (S1 and S2 refer to slow and fast conditions,
respectively).

[0–10] Hz [10–20] Hz [20–30] Hz [30–40] Hz [40–50] Hz [50–60] Hz [60–70] Hz [70–80] Hz

f δ f δ f δ f δ f δ f δ f δ f δ
(Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%)

S1 43.3 0.5

S2
17.6 0.8 42.5 0.8 66.7 0.9 78.7 1.0

46.1 0.9

S1 18.3 0.8 30.5 0.8 45.1 1.0 74.4 1.4

S2
34.6 0.6 42.8 0.7

48.0 0.7

S1 19.8 0.9 38.7 0.9 44.2 1.0 52.4 1.0 63.8 1.1

S2 32.7 0.8 44.6 0.8 59.7 0.8 76.0 0.8

S1 17.4 1.1 27.7 1.2 40.8 1.2 64.4 1.4

S2 38.9 2.2

S1 24.8 1.0 37.0 1.2 58.2 1.7 73.5 2.3

S2 62.0 0.8 75.1 0.8



Vibration 2023, 6 768

3.2. Vibration Content
3.2.1. RMS Acceleration Level

For readability purposes, the following results are presented as mean (minimum −
maximum).

Our results outlined the significant effects of the load/propulsion method (χ2 = 74,
df = 3, p < 0.01), the speed (χ2 = 49, df = 1, p < 0.01), and the ground floor type (χ2 = 114,
df = 4, p < 0.01) on the RMS acceleration levels. Figures 1–4 present the evolution of the
RMS acceleration levels with respect to the observation point and the propelling conditions
[7]. First, across all the loads, propulsion methods, speeds, and ground floor types, the high-
est and lowest RMS acceleration levels were measured at the footrest (1.6 [0.1–6.7] m·s−2)
and the backrest (0.6 [0.0–1.8] m·s−2), respectively. Interestingly, the levels measured at the
frame, at the inter-wheel axis (0.6 [0.0–3.1] m·s−2), were comparable to the RMS acceleration
levels measured at the seat (0.8 [0.1–3.1] m·s−2).

Focusing on the footrest, the frame, and the seat, RMS acceleration levels were affected
by the load, but not by the propulsion type. Across all the propelling conditions, an empty
MWC pushed by an assistant generated a higher RMS acceleration level (1.4 [0.1–6.7] m·s−2)
than an MWC loaded with a dummy pushed by an assistant (1.2 [0.1–3.1] m·s−2). An MWC
loaded with a non-pathological participant induced the lowest RMS acceleration value
regardless of the propulsion method (0.7 [0.0–3.8] m·s−2 if pushed and 0.7 [0.0–3.1] m·s−2

when self-propulsed). This trend was observed for all the speeds and ground floor types,
but more clearly for a ground floor with a high vibrating index and a fast speed. On the
contrary, similar RMS acceleration levels were obtained at the backrest position, where
measurements were determined in the anteroposterior direction (0.6 [0.0–1.8] m·s−2).

Across all the observation points, the RMS acceleration levels were increased at the
fast speed (1.3 [0.1–6.7] m·s−2) with respect to the slow speed (0.4 [0.0–2.7] m·s−2).

As expected, the ground floor types affected the RMS acceleration levels: the higher
its vibrating index, the higher the RMS acceleration level. For floors one to five, the
average RMS acceleration levels were estimated at 0.2 [0.0–0.7], 0.3 [0.1–1.6], 0.9 [0.1–3.5],
1.3 [0.2–5.1], and 1.7 [0.2–6.7] m·s−2, respectively.
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Figure 1. RMS acceleration levels computed at the frame of the tested MWC over all the propelling
conditions. : Empty MWC pushed by an assistant; : MWC loaded with a dummy and pushed
by an assistant; : MWC loaded with a non-pathological participant and pushed by an assistant; :
MWC loaded with a self-propulsing non-pathological participant.



Vibration 2023, 6 769

0

2

4

6

0

2

4

6

S
lo

w
 s

p
ee

d
F

as
t 

sp
ee

d
R

M
S

 v
al

u
e 

at
 t

h
e 

fo
o

tr
es

t 
[m

/s
²]

Figure 2. RMS acceleration levels computed at the footrest of the tested MWC over all the propelling
conditions. : Empty MWC pushed by an assistant; : MWC loaded with a dummy and pushed
by an assistant; : MWC loaded with a non-pathological participant and pushed by an assistant; :
MWC loaded with a self-propulsing non-pathological participant.
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Figure 3. RMS acceleration levels computed at the seat of the tested MWC over all the propelling
conditions. : Empty MWC pushed by an assistant; : MWC loaded with a dummy and pushed
by an assistant; : MWC loaded with a non-pathological participant and pushed by an assistant; :
MWC loaded with a self-propulsing non-pathological participant.
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Figure 4. RMS acceleration levels computed at the backrest of the tested MWC over all the propelling
conditions. : Empty MWC pushed by an assistant; : MWC loaded with a dummy and pushed
by an assistant; : MWC loaded with a non-pathological participant and pushed by an assistant; :
MWC loaded with a self-propulsing non-pathological participant.
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3.2.2. Spectral Centroid

Results conveyed that the load/propulsion method had no impact on the spectral
centroid values. Significant effects of the speed (χ2 = 23, df = 1, p < 0.01) and the ground
floor type (χ2 = 11, df = 4, p = 0.03) on the spectral centroid values were observed.

Figures 5–8 present the evolution of the spectral centroid level with respect to the
observation point and the propelling conditions. Although no significant difference was ob-
served, the spectral centroid measured at the footrest, the frame and the backseat depended
on the load. Across all the propelling conditions, an empty MWC pushed by an assistant
generated a lower spectral centroid (51 [22–85] Hz) than the other load/propulsion methods
(60 [39–94] Hz in average). This observation was not valid at the seat, where the values
were consistent across the load/propulsion method: 69 [52–84] Hz for an empty MWC
pushed by an assistant; 65 [37–106] Hz for an MWC loaded with a dummy and pushed
by an assistant; 63 [49–78] Hz for an MWC loaded with a non-pathological participant
and pushed by an assistant; and 64 [48–84] Hz for MWC loaded with a self-propulsed
non-pathological participant.
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Figure 5. Spectral centroid computed at the frame of the tested MWC over all the propelling
conditions. : Empty MWC pushed by an assistant; : MWC loaded with a dummy and pushed
by an assistant; : MWC loaded with a non-pathological participant and pushed by an assistant; :
MWC loaded with a self-propulsing non-pathological participant.
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Figure 6. Spectral centroid computed at the footrest of the tested MWC over all the propelling
conditions. : Empty MWC pushed by an assistant; : MWC loaded with a dummy and pushed
by an assistant; : MWC loaded with a non-pathological participant and pushed by an assistant; :
MWC loaded with a self-propulsing non-pathological participant.
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Figure 7. Spectral centroid computed at the seat of the tested MWC over all the propelling conditions.
: Empty MWC pushed by an assistant; : MWC loaded with a dummy and pushed by an assistant;
: MWC loaded with a non-pathological participant and pushed by an assistant; : MWC loaded

with a self-propulsing non-pathological participant.
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Figure 8. Spectral centroid computed at the backrest of the tested MWC over all the propelling
conditions. : Empty MWC pushed by an assistant; : MWC loaded with a dummy and pushed
by an assistant; : MWC loaded with a non-pathological participant and pushed by an assistant; :
MWC loaded with a self-propulsing non-pathological participant.

The results further indicated that, for all the observation points, the spectral centroid
increased at the fast speed (64 [22–113] Hz) with respect to the slow speed (52 [25–89] Hz).

A slight effect of the ground floor type was observed on the interfaces with the user,
involving in particular a lower spectral centroid on the indoor floors (56 [29–94] Hz and
50 [25–75] Hz) than on outdoor floors (60 [30–96] Hz, 60 [22–105] Hz, 62 [29–113] Hz).

4. Discussion

The vibration response of a manual wheelchair (MWC) has been evaluated under
various propelling conditions (loads, propulsion methods, speeds, and ground floor types).
An innovative experimental setup has been established to highlight the MWC dynamical
behaviour through operational modal analyses, and to describe the vibration content.

4.1. Modal Parameters Identification

The experimental modal analyses allowed for the identification of slightly more
eigenmodes in the [0–80] Hz frequency range than the operational modal analyses during
MWC use. Similar findings were observed during the dynamical characterization of a
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bicycle [26]. This result is likely to be a methodological limit, induced by the variability in
the ground excitation with respect to a hammer excitation.

The eigenfrequencies were estimated to be higher than 15 Hz during EMAs. These
values are similar to the eigenfrequencies estimated during an OMA for an MWC loaded
with a participant. The damping ratios estimated during EMAs were four times higher
than during OMAs. The change in the boundary conditions, from free conditions during
EMAs to propelling conditions on a real floor during OMAs, explains this result.

Despite being a more straightforward method, the discrepancy observed between
EMA and OMA results underlines the need to analyse MWC under ecological conditions
using OMAs.

4.2. MWC Load

The vibration response of the MWC was modified by the different loading scenarios.
Unlike an MWC loaded with a participant, an empty MWC or an MWC loaded with a
dummy presented eigenmodes below 15 Hz. In addition, the modal density was lower in
the [20–60] Hz frequency range. Finally, above 60 Hz, the results were similar for all load
types. In accordance with these dynamical behaviours, the spectral content analysis pointed
to a lower spectral centroid for an empty MWC than for a loaded MWC. Additionally, the
RMS acceleration level was estimated to be almost twice as high for an empty MWC than
a loaded MWC. These findings outlined the importance of characterizing and designing
the MWC vibration response with a real participant using the MWC. The spectral content
induced by an empty MWC or an MWC loaded with a dummy has not reflected a situation
where the MWC is loaded with a participant. Such outcomes, especially in the frequency
range related to human health and comfort [15], are significant to take into account in
MWC design.

Based on the above results, the presence of the MWC user may be modeled as an
additional mass on the MWC structure, explaining the downward shift of the spectral
centroid. This result has already been reported on bicycles [26] and tennis rackets [27].
Interestingly, at the seat, no difference in the spectral centroid was observed. An assumption
is that the user also acts as a preload on this particular location of the structure, hence
increasing its stiffness.

In addition, when using a still and non-deformable load, a dummy then leads to
different RMS acceleration levels. Compared to the MWC used by a participant, high
RMS acceleration levels, particularly at the four investigated positions, were noticed. A
presumption is that the dummy is stiffer than the participant, thus increasing the vibration
transmission through the structure. This presumption is supported by the frequency
content, which has been shown to slightly increase when the MWC was loaded with the
dummy rather than with the participant.

4.3. MWC Propulsion Method

Two MWC propulsion methods have been compared during this study: MWC pushed
by an assistant or self-propulsed by the participant. Regarding the MWC dynamical
behaviour, less modes were identified when the participant was self-propulsed than when
pushed by an assistant, especially in the [60–70] Hz frequency range. An explanation could
be the changes in the assistant/user interactions with the MWC, which modify the coupling
with the structure and hence the MWC modes. In particular, the mass distribution between
the rear wheels and the front casters may be affected. When the user is pushed, his/her
mass is distributed equally between the front caster and the rear wheels. In contrast, the
MWC user naturally tips rearwards when wheeling, taking the mass off the front casters.
Such behaviour would imply changes in the vibration exposure measured at the footrest
due to the various front casters’ excitations. This outcome ultimately opens up interesting
perspectives such as investigating the propulsion method and the comfort and health risk
with respect to the number of eigenmodes identified.
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4.4. MWC Speed

Both slow and fast speeds have been tested. The speed was expected to be an important
parameter with respect to vibration exposure. The energy contained in the acceleration
signal generated by the wheels/floor irregularities interactions is indeed driven by the
wheels’ momentum, and therefore, the MWC speed. As already shown during biking [28],
our findings confirmed that the faster the propelling by the MWC, the higher the RMS
acceleration level regardless of the point of observation. Moreover, while doubling the
speed doubles the RMS acceleration level during biking, it tripled the level during MWC
propulsion. As a consequence, the speed is a parameter of great importance to account for
when characterizing and designing an MWC.

Results also revealed that the frequency content shifted towards the high frequencies
during fast propelling. Increasing the propelling speed also increased the frequency at
which the wheels encounter irregularities on the ground floor. Such a situation therefore
conveys a higher frequency content. This outcome agrees with a previous work on train
passengers [29]. The potential match between the main frequency of the ground excitation
and an MWC eigenfrequency resulting from this frequency shift may increase the vibration
level. This result emphasizes the importance of controlling both the propelling speed and
the MWC eigenmodes while testing an MWC.

4.5. Ground Floor Type

Five ground floors, from smooth indoor floors to irregular outdoor floors, were inves-
tigated. As previously stated, the vibration response is directly driven by the acceleration
signal generated by the wheels/floor irregularities interactions. The parameters of im-
portance are hence the width between two tiles/cobblestones or the height of the gravel
irregularities. Depending on the MWC dynamical behaviour, the repartition of the floor
irregularities also affect the vibration response. Combined with the propelling speed, floor
irregularities undoubtedly change the main frequency of the ground excitation.

As already demonstrated during cycling on outdoor floors [30,31], our results under-
lined, especially at a fast speed, that the higher the vibrating index of the floor, the higher
the RMS acceleration level. Further, the indoor floors induced a lower excitation frequency
than the outdoor floors. This outcome is in accordance with the effect of the spatial repar-
tition of the floor irregularities. However, comparing the two tiled floors highlight the
opposite behaviour: the larger marble tiles (floor 1) induced a higher excitation frequency
than the smaller terracotta tiles (floor 2). An assumption is that the MWC propelling was
not perfectly aligned with the direction of the tiles, thus inducing unexpected wheels/floor
irregularities interactions.

As for the speed, the ground floor characteristics are therefore of great importance
with respect to MWC vibration response and has to be controlled during experimental
investigations.

4.6. Vibration Exposure and MWC Health Risk

Standards have been developed for workers’ health protection exposed to whole-body
vibration [15,32]. The effective value of the weighted acceleration (Aw) was introduced to
establish exposure limitations to protect workers, as

Aw = [
1
T

∫ T

0
aw(t)2dt]

1
2 , (3)

where T is the duration of measurement, and aw(t) is the weighted acceleration derived
from the octave band weighting of the raw signal. The weighting process aims at empha-
sizing the vibration response at the frequencies known as deleterious for the seated human
body ([4–12] Hz). Consequently, action and limit values were defined at 0.5 m/s2 and
1.15 m/s2 on an eight-hour basis. Exceeding the action value triggers the implementation of
a prevention plan. Exceeding the limit value requires immediate action from the employer
to reduce the vibration exposure.
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As daily propulsion time averages one hour [1], the corresponding action level would
be at least 0.9 m/s2 [15]. The present study estimated the highest RMS value at the MWC
seat and backrest at about 1.5 m/s2. Based on Equation (3), the corresponding Aw value is
0.4 m/s2—half the action value.

Nonetheless, MWC active users propel themselves for more than an hour a day.
As recommended, they indeed combine this time of propulsion with sports activities.
Lariviere et al. [33] highlighted that vibration exposure at the MWC seat exceeds the rec-
ommended limitations after few minutes of sports activities. This raises a paradox between
recommending an increased physical activity while avoiding risks induced by vibration ex-
posure. Consequently, the action and limit values may have to be redefined, and dedicated
guidelines for MWC users accounting for their specificities have to be established.

4.7. Limitations and Perspectives

A pairing process would eventually be required in order to establish a mapping
between the eigenmodes identified under various experimental conditions (EMAs and
OMAs). This procedure, based on the Modal Assurance Criteria (MAC) computation [34],
would favour the characterization of the modal parameters’ evolution according to the
tested conditions. However, applying this method to the present database did not produce
conclusive results. Although the number of measurement points during OMA was not
sufficient, the change in the MWC load could also explain the failure of this procedure.
Indeed, the additional mass affects the frame dynamical behaviour, i.e., the modal shapes,
resulting in low MAC values. The same phenomenon was underlined when comparing the
EMA of an empty bicycle and its OMA when loaded with a participant [26]. Consequently,
a perspective would be to perform an EMA on an MWC resting on the ground floor, loaded
with a participant. For this purpose, accounting for practical constraints (e.g., duration of
the experiment, ease of access to the mesh), a Multiple-Input and Multiple-Output (MIMO)
analysis would be required rather than a classical Multiple-Input and Single-Output (MISO)
analysis. Nevertheless, this study was a first step in the dynamic characterization of
MWC. Modal parameters were estimated with confidence for each investigated propelling
condition and trends of the vibration content evolution with respect to the propelling
condition were pinpointed.

5. Conclusions

The present study aimed to evaluate how the presence of MWC users and the pro-
pelling conditions affect the MWC vibration response under ecological conditions. For this
purpose, operational modal analyses and vibration content analyses were conducted for
various MWC loads, propulsion methods, speeds, and ground floor types. The main chal-
lenge was to conduct operational modal analyses under ground excitation for numerous
measurements. This study has underlined that the User/MWC dyad response to vibration
is highly dependent on the propelling conditions. While the load directly affects MWC
dynamical behaviour, in particular, in the frequency range related to human health and
comfort, the propelling speed and the ground floor type also drive the vibration level and
spectral content. The main outcome was the gap between the vibration response of an
empty MWC or loaded with a dummy compared to an MWC loaded with a human body.
Such findings underline the irrelevance of analysing an empty MWC or one loaded with a
dummy. This study is the first to provide a dynamical description of an MWC for different
propelling conditions. This modal database will be a starting point for the modelling of
the User/MWC response to vibration. Such a model will allow us to derive the vibration
transmissibility along the user’s body and eventually determine the associated biomechani-
cal loads. This approach will contribute to understanding the extent to which exposure to
vibration is detrimental to wheelchair users.
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