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Abstract

Background: The complex task of Electric Powered Wheelchairs (EPW) prescription relies mainly on personal
experience and subjective observations despite standardized processes and protocols. The most informative
measurements come from joystick monitoring, but recording direct joystick outputs require to disassemble the
joystick. We propose a new solution called “SenseJoy” that is easy to plug on a joystick and is suitable to characterize
the driver behavior by estimating the joystick command.

Methods: SenseJoy is a pluggable system embedded on EPW built with a 3D accelerometer and a 2D gyrometer
placed within the joystick and another 3D accelerometer located at the basis of the joystick. Data is sampled at 39 Hz
and processed offline. First, SenseJoy sensitivity is assessed on wheelchair driving tasks performed by a group of 8
drivers (31 ± 8 years old, including one driver with left hemiplegia, one with cerebral palsy) in a lab environment.
Direct joystick measurements are compared with SenseJoy estimations in different driving exercises. A second group
of 5 drivers is recorded in the ecological context of a rehabilitation center (41 ± 10 years old, with two tetraplegic
drivers, one tetraplegic driver with cognitive disorder, one driver post-stroke, one driver with right hemiplegia). The
measurements from all groups of drivers are evaluated with an unsupervised statistical analysis, to estimate driving
profile clusters.

Results: The SenseJoy is able to measure the EPW joystick inclination angles with a resolution of 1.31% and 1.23% in
backward/forward and left/right directions respectively. A statistical validation ensures that the classical joystick-based
indicators are equivalent when acquired with the SenseJoy or with a direct joystick output connection. Using an
unsupervised methodology, based on a similarity matrix between subjects, it is possible to characterize the driver
profile from real data.

Conclusion: SenseJoy is a pluggable system for assessing the joystick controls during EPW driving tasks. This system
can be plugged on any EPW equipped with a joystick control interface. We demonstrate that it correctly estimates the
performance indicators and it is able to characterize driving profile. The system is suitable and efficient to assist
therapists in their recommendation, by providing objective measures with a fast installation process.
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method
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Background
Chronic conditions that impede the mobility have an
impact on the quality of life. One can rely on mobil-
ity assistive devices to improve the well-being, such as
manual wheelchairs, power wheelchairs, scooters or other
motorized vehicles [1]. A correct compatibility between
the driver and his mobility device is a crucial point to be
beneficial and to ensure a noticeable social impact. Studies
with wheelchair users indicate that 70% of users had a skill
score of less than 30% [2], leaving room for improvement.
Many users even had complaints about their wheelchairs
and, in the case of Electric Powered Wheelchairs (EPW),
it is almost half the population [3].
Therapists play a central role in wheelchair prescription,

ensuring the efficient interaction between individuals and
their technical aids. The prescription task is a complex
and challenging intervention, in order to select the appro-
priate wheelchair with correct settings. This complexity
arises from the relationship between the wheelchair users
– characterized by their needs, abilities and preferences
– the available technology and the constraints of the con-
sidered environment for mobility [4]. Prescriptions that
do not meet the users’ expectation often result in neglect-
ing the equipment [5]. After the prescription, therapists
have to monitor and to assess the user during her learning
phase. Depending on the pathology, the maneuverability
and the wheelchair encumbrance, wheelchair driving is
often a challenging task for the user [6].
Several solutions exist to assist and improve the technical

aidprescription: standardizedprocesses [7], guidelines adoption
[8] or protocols such as the Wheelchair Skill Test (WST)
[9]. By creating a common methodological framework,
these solutions assist therapists as shown in Fig. 1-A.
However, personal experience and subjective observations
still play a critical role for prescriptions and monitoring.
Wheelchair data loggers are increasingly popular, they

provide a quantitative assessment of wheelchair users’
activities [10, 11]. Those innovative technological solu-
tions produce objective measurements that reduce sub-
jective factors in therapists’ analysis [12]. Data loggers are
either embedded on the wheelchair or seldom positioned
directly on the user, to measure different types of infor-
mation with accelerometers, pressure sensors, odometers,
etc [6, 10, 11, 13, 14]. Most meaningful indicators come
from the joystick monitoring on the monitoring of the
joystick control [6] to provide a precise impact analysis
[13]. Existing joystick monitoring solutions are direct, in
the sense that they require to disassemble the joystick to
record output values. This solution is not viable as it void
the warranty of the user wheelchair and there is a risk of
the damaging the EPW.
We propose in this study a novel pluggable solution

named SenseJoy for monitoring and assessing the joy-
stick controls during driving tasks, as shown on Fig. 1-B.

Joystick displacements are a primary source of informa-
tion to assess the EPW driving abilities of a user. SenseJoy
includes a dedicated hardware part, that is easy to plug on
the joystick, andmonitors the user activity. Unlike existing
solutions that require to disassemble the joystick, our sys-
tem is non-destructive and completely transparent for the
EPW users. SenseJoy provides meaningful information to
the therapist, in order to produce a reinforced clinical
outcome.
Our contributions are twofold:

• An easy-to-plug system, compatible with any
joystick-driven EPW

• A novel clustering method to characterize the driver
profile, based on the WST results.

These contributions are supported by a metrological vali-
dation and an analysis with 13 subjects, including 7 people
with disabilities. The ecological part of the evaluation
is conducted in the occupational therapy department of
Bobigny rehabilitation center (France).

Method
Proposed approach
The SenseJoy solution is a stick to mount in place
of any joystick grip part, with a remote component
placed on the side. The pluggable part is designed to
ensure the precise location of sensors and is 3D-printed.
The system integrates two 3D analog accelerometers
(ADXL335 from National Instrument) and a 2D analog
gyrometer (ITG1215 from Invensense). An accelerometer
(accelerometer 2 on as shown on Fig. 2) is located on the
wheelchair, close to the joystick, and another (accelerom-
eter 1) is located within the joystick. The gyrometer is also
located within the joystick, just under the accelerometer
1. The two accelerometers are aligned in same direction
and their Y-axes are aligned in the forward-backward axis
of the wheelchair. The X-axis is aligned with the left side-
right side axis. It is better to ensure a correct alignment of
the inertial sensors with the wheelchair movement direc-
tion to obtain the highest acceleration range and so to
make the most of the sensor sensitivity.
Digital data acquisition is made by a microcontroller

card, designed in our lab and based on PIC18F2550 from
Microchip. The sampling frequency is 39 Hz. Each sample
is composed of eight values : six 3D accelerometer com-
ponents (ax1, ay1, az1, ax2, ay2 and az2) and two angular
velocities (ωx, ωy), as indicated on Fig. 2. All data are sent
by USB bus to a laptop and saved in a text file by a data
logger software (Sniffer) for an offline analysis.

Data processing
The data are analyzed offline using custom routines devel-
oped in Matlab (MathWorks, USA). The first step is to
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Fig. 1 Part A: Standard clinical assessment for a wheelchair prescription. Part B: Reinforced clinical outcomes with data from EPW data loggers

normalize the 3D accelerometer components between -1
and +1. This normalization requires a calibration step to
determine the minimum and maximum values measured
with the EPW parked on a horizontal ground. In a sec-
ond step, the difference between accelerometers 1 and 2
minimize the effects of EPW acceleration on the joystick:

�A =
⎛
⎝

ax
ay
az

⎞
⎠ =

⎛
⎝

ax2 − ax1
ay2 − ay1
az2 − az1

⎞
⎠ (1)

This simple processing does not remove completely the
effects of the EPWmovements in all situations, especially
when translation and rotation movements are combined,
but reduces them. This simple yet effective processing
yields recording with a sufficient precision for an assess-
ment during a WST protocol. The resulting vector could
be seen as an approximation of the linear accelerations
of user’s actions on the joystick. After applying a one-
dimensional median filter (order 20) to remove outlier
values, we determine the angular variation for each axis of
the bidirectional joystick as follows:

θx = arctan
ax
az

andθy = arctan
ay
az

(2)

where θx express the angular variation of the joystick in
the left/right direction and θy in the backward/forward
direction. To improve the angular variation estimation, we

combine the acceleration data from accelerometers and
the angular velocity data from the gyrometer with a com-
plementary filter that is described on Fig. 3. The resulting
angles are expressed in Laplace form:

θ̂x = 1
S
(ωx−ωbx) = 1

S
ωx+Kp

S
(θx−θ̂x)+Ki

S2
(θx−θ̂x) (3)

θ̂y = 1
S
(ωy−ωby) = 1

S
ωy+Kp

S
(θy−θ̂y)+Ki

S2
(θy−θ̂y) (4)

where θ̂x and θ̂y express the estimation of the angu-
lar variation of the joystick in the left/right and back-
ward/forward directions respectively. Kp and Ki are the
proportional-integral gains, ωbx and ωby the gyrometer
errors in the left/right and backward/forward directions
respectively.
Complementary filters or Kalman filters are state-of-

the-art in inertial-based system data fusion and attitude
estimation [15–17]. The main idea is to rely on the
accelerometer for a precise estimation in the static case
and on gyrometer for the dynamic case [18]. Our comple-
mentary filter works as an association of a low-pass filter
that captures long-term changes from the accelerometer
and a high-pass filter that let short-term fluctuations from
the gyrometer. The result is a better estimation of the
inclination angle for each joystick axis.
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Fig. 2 The SenseJoy system mounted on an EPW joystick. The SenseJoy contains a 3D accelerometer and a 2D gyrometer used for measuring
joystick movements; another 3D accelerometer is located on the joystick box near the joystick for measuring wheelchair movement

Joystick assessment metrics
In order to assess the driving performances of users, we
borrowed seven indicators from [6] to characterize the
actions on the joystick. Those are the excursion, the num-
ber of joystick actions, the total time, the direction, the

mean joystick direction, the standard deviation of the
direction and the mean velocity of EPW.
The joystick excursion is estimated as:

Dinv =
√
X2 + Y 2 (5)

Fig. 3 The block diagram of the complementary filtering for the left/right joystick axis. Differential acceleration between joystick and EPW is used to
calculate the angular variation in the left/right joystick axis. This value is compared to the estimated angle variation updated by gyrometer
measurement and corrected with the previous angle estimation. The same operations are done for the backward/forward axis
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for direct joystick outputs case and

Dninv =
√

θ̂2x + θ̂2y (6)

for the SenseJoy one. The joystick direction is computed
as:

θinv = arctan
Y
X

(7)

in the direct joystick outputs case and

θninv = arctan
θ̂y

θ̂x
(8)

otherwise. The number of joystick actions is defined
as the number of times where the joystick excursion
exceeded the threshold of 10% maximum amplitude from
the joystick’s center position during a trial. The total time
required to execute each trial is determined as the time
from the first joystick action to the last. The direction
is computed as a vector with a unique origin positioned
on the joystick’s center. Each vector determines the direc-
tion for a sample. The average joystick direction is the
average vector. The standard deviation of the direction
vectors is also estimated. The velocity of the EPW in back-
ward/forward direction is calculated by integrating the
linear acceleration on the Y-axis of the accelerometer 2.

Protocols
Two measurement campaigns have been made with dif-
ferent drivers and wheelchair using the same experimental
protocol. A first data logging collection is conducted in a
lab environment on a unique EPW equipped with Sense-
Joy and with a direct monitoring of the joystick outputs.
This first measurement campaign is designed to make a
thorough comparison with ground truth recording, with a

direct joystick outputs setting, to validate the signal qual-
ity and the accuracy of the measurements. A second mea-
surement campaign is conducted in a rehabilitation center
on the personal EPW of individuals equipped with Sense-
Joy only. This second set of measurements is designed
to demonstrate and to validate that our system is plug-
gable and compatible with any EPW driven by a joystick
interface.
The EPW used in the first measurement campaign

comes from Invacare, it is a "Mistral" model. It has a rear-
wheel drive system and a bidirectional joystick control
interface placed on the right side, as shown on Fig. 4. The
EPW is equipped with SenseJoy and the joystick was dis-
assembled, as in [6], in order to monitor the two joystick
analog outputs (X,Y). This allows a precise comparison
with the ground truth recording (direct joystick output
setting) to validate the signal quality and the accuracy
of the measurements. For the second measurement cam-
paign conducted in a rehabilitation center, our system is
just plugged on the personal EPW of subjects, without
requiring a joystick disassembling.
We apply the same experimental protocol in each mea-

surement campaign, based on the WST [9] because it is a
gold standard in research and clinical studies. Our exper-
imental protocol is designed by identifying and selecting
the tasks from WST protocol that are the most signif-
icant for the daily activities of an EPW driver: straight
trajectories, turns, U-turns, maneuvers, etc. Only one
exercise, the slaloms between two studs, does not belong
to the WST protocol. It is added to observe the combined
effect of alternating straight trajectories and curves, that
generate difficult perturbations for the SenseJoy sensors.
Thus, each participant has to complete thirteen exercises
detailed in Table 1, distributed among six workshops as

Fig. 4 Lab EPW with SenseJoy. a Invacare’s EPW (Mistral model) equipped with the SenseJoy system. b Enlargement of the joystick part showing the
pluggable part
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Table 1 List of the thirteen exercises of the proposed protocol

Order Exercises

1 rolls forward for 10 m

2 rolls backward for 5 m

3 turns left 90◦ in forward direction

4 turns left 90◦ in backward direction

5 turns right 90◦ in forward direction

6 turns right 90◦ in backward direction

7 maneuvers sideways left

8 maneuvers sideways right

9 turns left 180◦ in place

10 turns right 180◦ in place

11 gets in through a hinged door

12 gets out through a hinged door

13 slaloms between two studs

shown on Fig. 5. A participant needs on average 45 min
to complete all exercises. Instructions are given orally to
participants before each trial.

Cohort
The analyses are carried out with two populations. The
objective of the first measurement campaign is to com-
pare the performance of the direct joystick outputs system
and the SenseJoy solution. It is conducted in the lab, with
8 individuals (labeled D1 to D8) that are assessed on the
EPW shown on Fig. 4. The mean age in years of the group
is 31.3± 8.0 years. The subjects gathered six valid persons
with no experience in EPW driving and two drivers with
disabilities: an experienced user who drives an EPW daily
(D5) considered as an expert and a novice EPW user (D2)
not requiring EPW or manual wheelchair. Pathology of
driver D5 is cerebral palsy and it is left hemiplegia for
D2. Expert level is considered as more one year of EPW
driving experience at the time of testing.
The objective for the second measurement campaign is

to test the robustness and precision of our SenseJoy sys-
tem, in an ecological context associating disabled EPW
users with different levels of practice. Five individuals
(labeled D9 to D13), mean age in years of the group is
41.4 ± 10.5 years, have been recruited in a rehabilitation
center. They are assessed on their own EPW equipped
with SenseJoy, therefore there is no ground truth value for
these recordings.
Table 2 shows a demographic summary of subjects

who participated in the measurement campaigns. Both
campaigns were conducted in accordance with the rel-
evant guidelines for ethical research according to the
Declaration of Helsinki. All the participants signed an

informed consent form at the beginning of the experi-
ment. The tests in a rehabilitation center where conducted
under the medical supervision and validation of the center
medical team.

Results
Calibration andmeasurement characteristics
Before using SenseJoy, a calibration step is necessary to
determine the maximum amplitudes of the bidirectional
joystick of each EPW. The calibration step is conducted to
ensure the correct parameterization of the offline analysis.
The joystick is positioned in the maximum rear position
and then in maximum front position followed by the max-
imum left position and the maximum right position, as
visible on Fig. 6. Data are recorded during this process
and the mean values of each maximum and minimum
phases act as bounds to limit the joystick amplitude. This
step allows to normalize joystick displacement values.
Note that the rest position of the joystick for the back-
ward/forward axis (Y) is not exactly zero on Fig. 6: for this
axis the joystick is slightly inclined forwards in the rest
position.
We can deduce two metrological parameters, reso-

lution and response time. The resolution is defined
by the standard deviation of the measurement noise.
For each axis X and Y, the system is assumed to be
recorded in static position. The recorded data is thus
assumed to be characteristic of the static position with
an additional white noise, due to the measurement chain.
After verifying that the noise follows a Gaussian dis-
tribution, the standard deviations are respectively esti-
mated to 1.31% and 1.23% for the X- and Y-axis. The
response time is measured to be the time of the sensor
response to reach 95% of the step. It has been mea-
sured averaged over multiple samples and is estimated
to 95 ms.

First analysis: comparison with direct joystick outputs
The SenseJoy equipment includes Micro Electro Mechan-
ical System (MEMS) sensors that measure linear accelera-
tions and angular velocities. In consequence the dynamic
of the wheelchair has a noticeable impact on the joystick
angular estimations. Figure 7 illustrates a typical joy-
stick excursion during a roll forward exercise over 10 m
done by driver D1. This exercise is a rectilinear move-
ment in forward direction, aligned with the Y-axis of the
accelerometer sensors. In this case, removing the accelera-
tion of the wheelchair from the joystick as in Eq. (1) allows
to estimate the joystick angle with a good accuracy. Peaks
may appear when the driver releases suddenly the joystick,
as it can be observed near 30 s on Fig. 7. These peaks have
limited impact on the offline analysis, a carefully tuned fil-
ter could filter out the peaks but the cut frequency must
be correctly chosen to avoid removing useful information.
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Fig. 5 Six workshops designed to define the 13 exercises. a Sideways maneuvers (left and right), b straight trajectories (rolls backward on 5 m and
rolls forward on 10 m), c turns 90◦ while moving (forward and backward; right and left), d turns 180◦ in place (right and left), e gets through hinged
door in both directions, f slaloms between two studs

Figure 8 displays the absolutemean error between direct
joystick outputs and SenseJoy excursion for each exer-
cise and all drivers of group 1. The rolls forward over 10
m and the rolls backward over 5 m exercises yield the
lowest absolute mean errors (5.4% and 5.2% respectively)
because movements of the joystick remain simple and are
in accordance with our mechanical model as explained
before.
For more complex exercises with more actions on the

joystick several sources of error could impede the joystick
angle estimations, for example: prediction error, over-
shoot, noise, peaks or delay time, all of which are visible
on Fig. 9. One can see a slight delay between both sensors
due to filtering. This delay is not an issue because the data
are analyzed off-line.
Prediction errors made by the SenseJoy system is

imputable to the simple yet limited model of the sys-
tem, which relies on a direct subtraction of the two
accelerometer components. A direct subtraction is not
accurate for movements combining rotations and trans-
lations and the wheelchair acceleration is only partially
removed from joystick acceleration. A more advanced
mechanical approach could improve the results but this
version provide suitable results as they are close to the
baseline directly measured on the joystick.

In order to properly evaluate SenseJoy against a baseline
obtained from direct measurements, we averaged each
indicator by users on Fig. 10, which are the direction, the
standard deviation of direction, the number of actions and
the total time. The direct measures and SenseJoy means
are similar for all indicators and all drivers. The stan-
dard deviations are high as the results are aggregating the
13 exercises and there is a high variability between the
exercises. To validate that the two systems generate com-
parable results, we must assert that the measurements
between the baseline and the SenseJoy systems are not
statistically different. Common statistical tests can ensure
that a difference is significant but cannot help to con-
clude if two sets of measurements belong to the same
distribution. Thus, we rely on the Two-One-Sided t-Tests
(TOST) methodology [19, 20], a robust method which is
recommended by the American Food and Drug Admin-
istration (FDA) to establish bioequivalence. This allows
to evaluate the equivalence between a target population
of ηT elements characterized by its mean and standard
deviation (μT , σT ) and a reference population of ηR ele-
ments characterized by (μR, σR). By defining a region
bounded by a lower �L and an upper �U bounds, we
could test a composite null hypothesis that combines
H01 = {μT − μR ≤ �L} and H02 = {μT − μR ≥
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Table 2 Demographic summary of subjects, group 1 gathers 8 drivers (D1 to D8) assessed in a lab environment and group 2 gathers 5
drivers (D9 to D13) recruited in a rehabilitation center and are assessed on their own EPW. The drivers are either novices, or experts or
novices with Cognitive Impairment (CI)

Groups Subjects Gender Age EPWmodel Diagnosis Level

D1 F 29 Invacare Mistral - Novice

D2 M 43 Left hemiplegia Novice

D3 M 29 - Novice

Group 1 D4 F 23 - Novice

(analyses 1 D5 F 26 Cerebral palsy Expert

& 2) D6 M 48 - Novice

D7 M 33 - Novice

D8 M 31 - Novice

D9 F 53 Invacare Dragon Right hemiplegia Novice
with CI

Group 2 D10 F 44 Invacare Mistral Stroke Novice
with CI

(analysis 2) D11 M 46 Icare Partner Tetraplegic with cogn. dis. Expert

D12 M 39 Invacare Dragon Tetraplegic Expert

D13 M 25 Levo C3 Tetraplegic Expert

Fig. 6 The SenseJoy system calibration steps for the two joystick axis. The calibration requires to place the joystick in the maximum rear position and
then in maximum front position follow by the maximum left position and the maximum right position. Data are recorded during this process, the
mean values of each maximum and minimum phases defining the limits
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Fig. 7 Example recording of a joystick excursion during a roll forward trial (driver D1). (Top) direct joystick outputs and SenseJoy system recordings.
(Bottom) error as the difference between them. This difference follows a Gaussian distribution (SD: 8.8%)

�H} hypotheses. If we could reject both H1 and H2, we
could conclude that �L < μT − μR < �H and that the
considered measurements are close enough to be consid-
ered as equivalent [21]. Following the work of [22] to set
�H = −�L with objective values, they proposed to use
�H = λ(

1
2 σT+ 1

2 σR√
ηT+ηR

) with λ = 4.581. We considered tighter
bounds with λ = 2 to ensure a stricter equivalence in our
study.

The following results are obtained: for average joystick
actions �H = 0.2 and p ≈ 1 × 10−5, for an average time
�H = 1.5 and p ≈ 3 × 10−4, for average direction �H =
4.7 and p ≈ 2×10−3 and for average standard deviation of
direction�H = 5 and p ≈ 1×10−5. We can conclude that
for all indicators SenseJoy yields results that are equivalent
to the direct reference.

Analysis 2: driver profile clustering
The driver behavior could be characterized by the indi-
cators derived from the joystick interactions [12]. We
propose a novel approach that relies on these indicators
to design an automatic clustering procedure. Cluster-
ing methods partition the parameter space to identify
groups with similar behaviors. Nonetheless, clustering

methods assume that the input space is consistent across
all subjects, that is not the case here as the indicators (joy-
stick action, time, . . . ) are not homogeneous between
exercises. A proper clustering method for the driver char-
acterization should adopt an ensemble approach to take
into account the exercise variability. For this second exper-
iment, we propose a new clustering procedure based on
the indicators estimated during the 13 workshops. A k-
means clustering with k = 4 classes and 300 iterations
is conducted on each exercise using the indicator values
as input. These values are chosen for their robustness,
i.e. adding more iterations or clusters do not qualitatively
change the results. A similarity matrix S is built by count-
ing in the number of exercises for which two drivers are
in the same cluster and by dividing the results by the total
number of exercises. If we denote by ηE the number of
exercises and by Ke

u the cluster returned by the k-means
for the user u and the exercise e, the similarity matrix Sij
entries are defined by:

Sij = 1
ηE

∑
e

δKe
i K

e
j
if i �= j , (9)

where δxy is the Kronecker delta function, that is equal to
1 if x = y and 0 otherwise. This matrix S holds all the
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Fig. 8 Comparison of mean absolute errors per exercise. Those are average values for the 8 drivers of group 1

Fig. 9 Example recording of the joystick excursion during a complex maneuver (a left sideway maneuver of driver D3). (Top) Direct and SenseJoy
system recordings, (Bottom) error as the difference between them. This difference follows a Gaussian distribution (SD: 13.4%)
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Fig. 10 Comparison between direct joystick outputs and SenseJoy system per driver. Average of indicators per group 1 drivers for the thirteen
exercises. D2 and D5 show deviations from the rest of the driver for average joystick action and average time per driver. The results for all indicators
and for each driver are statistically equivalent, according to TOST procedure (p < 0.05).
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information regarding the similarity between two drivers
across all considered exercises. For this second experi-
ment, we have estimated S for the nE = 13 exercises and
for all the drivers of the groups 1 and 2. As this matrix
account for high dimension data, a dimensionality reduc-
tion method could be applied to visualize the results. We
choose the Laplacian Eigenmaps [23] to process the sim-
ilarity matrix S as it is best suited to work with similarity
matrices. This clustering method shows on Fig. 11 three
groups of drivers that are in accordance with the profiles
of each group. A cluster of novices (in blue on Fig. 11),
a cluster of novices with cognitive impairment that affect
the driving (in green) and a cluster of experts in EPW
driving (in orange).

Discussion
In this study, SenseJoy is designed and 3D-printed as a
stick with an external diameter of 30 mm. While stan-
dard diameters are usually smaller, circa 20 mm, we could
not meet this condition due to the size of the electronic
card for the inertial sensors. As we rely on retail available
hardware and components, it was not possible to reduce
significantly this electronic part. Future development of
this system will rely on miniaturized components to be
embedded in standard diameters.
The first experiment shows on Fig. 7 and 9 that the sig-

nals are very similar even if the SenseJoy signals are not

Fig. 11 visualization of the similarity between drivers. Laplacian
eigenmaps of similarity between drivers of the groups 1 and 2,
computed over all exercises. Three groups of driving behaviors are
visible: a group of novices (blue), a group of novices with cognitive
impairment (CI) that affected the driving abilities (green) and a group
of experts in EPW driving (orange)

as clean as the real joystick signal. In order to use the
accelerometers as inclinometers, we made the hypothe-
sis the wheelchair acceleration is small compared to �g,
the gravitational force on Earth. This is a strong require-
ment to ensure the quality of the estimation made by
our system. Many EPW exist on the market with vari-
ous characteristics (velocities, maximum weight of users,
dimensions, etc.) and their acceleration are not an eas-
ily accessible data from the constructors. Velocity is
commonly indicated as a main parameter of powered
wheelchairs. For a standard EPW, the velocity is usually
limited at 6 km/h or 10 km/h, while faster ones can reach
23 km/h. It is difficult to determine the acceleration of
EPW from velocities. To provide a meaningful example,
a sports car that is able to reach 100 km/h in 4 s is sub-
ject to an acceleration equivalent to 6,94 m/s2 and this
value is still smaller than �g. We could thus reasonably
consider that our hypothesis holds for the commercially
available EPW and that we could use accelerometers as
inclinometers.
The estimation of the joystick angle is obtained with a

crude computation to remove the wheelchair acceleration.
While this approach is correct in the case of the rectilinear
movement, more complex driving situations combining
rotation and rectilinear movement are more error prone
for the system. To ensure that our system is robust, we add
a specific exercise to generate these situations, that is the
slaloms between two studs. The average results per exer-
cises on Fig. 8 and per driver for each indicator on Fig. 10
shows that the system provides a correct estimation when
compared to the direct output of the joystick. The sta-
tistical validation using an equivalence test also indicates
that our pluggable system is able to correctly estimate the
joystick movement, even in the case of complex driving
situations.
Even if SenseJoy is equivalent from a statistical point

of view to the direct recording of a joystick, some dis-
crepancy are visible under close examination. The high
variability of the signal requires to apply filters to remove
noise sources and perturbations. We propose to rely on
specific filtering method, called complementary filter, that
is known to work well on systems like SenseJoy. Even if the
complementary filter is well adapted for the joystick mea-
surements, all filters remove some informative data. This
could be seen on the joystick actions shown Fig. 9. With
the direct measure from the joystick, the driver D5 has
an average of 11.1 actions per workshop, while only 7.5
actions are detected by SenseJoy. The driver D5 is a sub-
ject with more than a year of EPW driving experience that
we could record with both direct measures and SenseJoy.
While these differences are visible, they are not statis-
tically significant and D5 driving style is recognized as
“expert” by the unsupervised clustering method. This lim-
itation of the system could be harnessed with a continuous
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evaluation of the driver, that is repeating the driving tasks
on several days to obtain average measurements.
For the second experiment, the objective is to validate

that the precision of SenseJoy allows to characterize the
user behavior and is able to detect the expertise in EPW
driving. One can note that the experiment is conducted
on the two groups of drivers that have been recorded in
two different locations. On Fig. 1, it is interesting to note
that the expert driver recorded in the group 1 belongs to
the same cluster as the experts recorded with the group
2. This demonstrates that this clustering method is robust
to the location change and could be used for larger cohort
analysis. The two novices with cognitive impairment in
group 2 form a specific cluster due to their specific driving
style. Whereas all novices of group 1 are together, we can
observe that there is two outliers, one of them is D2 who
had a slower driving style due his pathology, the other
one is a very cautious driver that was very careful in her
mobility.

Conclusion
In this study we propose an easy-to-plug equipment to
assess the joystick controls during EPW driving tasks.
This equipment can be plugged on any EPW equipped
with a joystick control interface. We have demonstrated it
is possible to collect the data and to estimate the driving
indicators from the literature. These indicators help care-
givers in rehabilitation centers to objectively quantify the
driving behavior based on the direct measure of joystick
actions. We have demonstrated that our system is robust
and accurate with thorough and ecological tests. It is
comparable to the direct output of the joystick, both quan-
titatively, as it is validated by a statistical equivalence test,
and qualitatively, as we could extract the expert/novice
driving profile with an automatic clustering method. This
is an important advance as previous studies relying on
the analysis of the joystick behavior required a disman-
tling procedure to directly record the joystick signal, a
procedure that could not be conducted in rehabilitation
centers. Our system allows to record any EPW without
any destructive procedure and provides the opportunity
to test a large cohort of EPW drivers in an ecological
context.
There are several interests for pluggable system like

SenseJoy. It allows to evaluate the capability and usage-
related performances of a driver using the subject equip-
ment without altering it. These ecological measurements
allow to identify driver profiles, as described in [12]. It
is thus a good basis for assessing supervised training and
continuous learning. As an identification tool for driv-
ing profile, it is complementary to clinical indicators. The
main advantage is that it is an embedded system, that
could be applied to wider use case for the monitoring of
daily living activities.

It is limited in its present design to specific situations,
that is a joystick-controlled EPW, as other types of con-
troller like touch interface, sip-and-puff or forehead/chin
joystick are not supported. Also, SenseJoy may not be
suited for subjects with motion-impairement that exhibit
spastic movements. This could be the subject of following
evaluation to investigate those points.
The actual version could be improved by a mechani-

cal approach avoiding the impact of the EPW movement
on the joystick actions measurements. We also plan to
develop other pluggable tools to measure other driving-
related data, thus completing the analysis of EPW driver’s
profile.

Abbreviations
EPW: Electric Powered Wheelchairs; FDA: Food Drug Administration; MEMS:
Micro Electro Mechanical System; TOST: Two-One-Sided t-Tests; WST:
Wheelchair Skill Test

Acknowledgements
The authors wish to thank the staff of the occupational therapy department of
Bobigny (France) and especially Marielle Lucas, Marie-Claire Meux and Dr. Thierry
Albert and Camille Pechoux and Benjamin Malafosse of the national center of
expertise on mobility aids CEREMH (France) and Olivier Barrois from LISV.

Authors’ contributions
OR/EM proposed the original idea, OR conducted the experiments with
drivers, OR/SC developed the algorithms, OR/EM/SC analyzed the data, OR/LC
made metrological measurements, OR/SC made the statistical analysis, OR/SC
wrote the paper, EM/LC made corrections. All authors read and approved the
final manuscript.

Funding
This work was conducted without funding.

Availability of data andmaterials
The dataset used and/or analyzed during the current study are available from
the corresponding author upon reasonable request.

Ethics approval and consent to participate
The study was approved by the local ethics committee of the LISV laboratory
and Versailles University. All methods were carried out in accordance with the
approved study protocol. The subjects provided written informed consent
before participation and consented to the publishing of their collected data.

Consent for publication
Written informed consent for publication was obtained from the participants
involved in the study.

Competing interests
The authors declare that they have no competing interests.

Received: 24 July 2019 Accepted: 24 October 2019

References
1. Salminen A-L, Brandt Å, Samuelsson K, Töytäri O, Malmivaara A. Mobility

devices to promote activity and participation: a systematic review. J
Rehabil Med. 2009;41(9):697–706.

2. Herchi W, Salah FB, Mtaouaa S, Lebib S, Miri I, Aloulou I, Dziri C. Intérêt
de l’évaluation de l’habilité en fauteuil roulant manuel chez les personnes
en situation d’handicap. Ann Phys Rehabil Med. 2011;54(S1):63–4.

3. Post M, Van Asbeck F, Van Dijk A, Schrijvers A. Services for spinal cord
injured: availability and satisfaction. Spinal cord. 1997;35(2):109.

4. Batavia M, Batavia AI, Friedman R. Changing chairs: anticipating
problems in prescribing wheelchairs. Disabil Rehabil. 2001;23(12):539–48.



Rabreau et al. Journal of NeuroEngineering and Rehabilitation          (2019) 16:134 Page 14 of 14

5. Phillips B, Zhao H. Predictors of assistive technology abandonment. Assist
Technol. 1993;5(1):36–45.

6. Sorrento GU, Archambault PS, Routhier F, Dessureault D, Boissy P.
Assessment of joystick control during the performance of powered
wheelchair driving tasks. J Neuroengineering Rehabil. 2011;8(1):31.

7. Di Marco A, Russell M, Masters M. Standards for wheelchair prescription.
Aust Occup Ther J. 2003;50(1):30–9.

8. Lukersmith S, Radbron L, Hopman K. Development of clinical guidelines
for the prescription of a seated wheelchair or mobility scooter for people
with traumatic brain injury or spinal cord injury. Aust Occup Ther J.
2013;60(6):378–86.

9. Kirby R, Cher S, Kim P, Donald A, Mike M, Paula W, François R.
Wheelchair skills training program (wstp) manual version 4.1. Wheelchair
Skills Program. 2008. Dalhousie University: Dalhousie, NS.

10. Routhier F, Lettre J, Miller WC, Borisoff JF, Keetch K, Mitchell IM, Team
CR. Data logger technologies for powered wheelchairs: A scoping review.
Assist Technol. 2019;31(1):19–24.

11. Routhier F, Lettre J, Miller WC, Borisoff JF, Keetch K, Mitchell IM,
Research Team C. Data logger technologies for manual wheelchairs: A
scoping review. Assist Technol. 2018;30(2):51–8.

12. Gacem A, Monacelli E, Wang T, Rabreau O, Al-ani T. Assessment of
wheelchair skills based on analysis of driving style. Cognit Technol Work.
20191–15. https://doi.org/10.1007/s10111-019-00563-6.

13. Moghaddam AK, Pineau J, Frank J, Archambault P, Routhier F, Audet T,
Polgar J, Michaud F, Boissy P. Mobility profile and wheelchair driving
skills of powered wheelchair users: Sensor-based event recognition using
a support vector machine classifier. In: 2011 Annual International
Conference of the IEEE Engineering in Medicine and Biology Society. IEEE;
2011. p. 7336–9. https://doi.org/10.1109/iembs.2011.6091711.

14. Hoenig H, Giacobbi P, Levy CE. Methodological challenges confronting
researchers of wheeled mobility aids and other assistive technologies.
Disabil Rehabil Assist Technol. 2007;2(3):159–68.

15. Shen X, Yao M, Jia W, Yuan D. Adaptive complementary filter using fuzzy
logic and simultaneous perturbation stochastic approximation algorithm.
Measurement. 2012;45(5):1257–65.

16. Gebre-Egziabher D, Hayward RC, Powell JD. Design of multi-sensor
attitude determination systems. IEEE Trans Aerosp Electron Syst.
2004;40(2):627–49.

17. Gui P, Tang L, Mukhopadhyay S. Mems based imu for tilting
measurement: Comparison of complementary and kalman filter based
data fusion. In: 2015 IEEE 10th Conference on Industrial Electronics and
Applications (ICIEA). IEEE; 2015. p. 2004–9. https://doi.org/10.1109/iciea.
2015.7334442.

18. Brown RG, Hwang PY. Introduction to Random Signals and Applied
Kalman Filtering, 3rd ed: Wiley New York; 1992.

19. Schuirmann DJ. A comparison of the two one-sided tests procedure and
the power approach for assessing the equivalence of average
bioavailability. J Pharmacokinet Biopharm. 1987;15(6):657–80.

20. Richter SJ, Richter C. A method for determining equivalence in industrial
applications. Qual Eng. 2002;14(3):375–80.

21. Seaman MA, Serlin RC. Equivalence confidence intervals for two-group
comparisons of means. Psychol Methods. 1998;3(4):403.

22. Juzek T, Kizach J. The tost as a method of equivalence testing in
linguistics. New Dev Quant Study Lang. 2015;1:29–33.

23. Belkin M, Niyogi P. Laplacian eigenmaps and spectral techniques for
embedding and clustering. In: Advances in Neural Information Processing
Systems; 2002. p. 585–91. https://doi.org/10.7551/mitpress/1120.003.
0080.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

https://doi.org/10.1007/s10111-019-00563-6
https://doi.org/10.1109/iembs.2011.6091711
https://doi.org/10.1109/iciea.2015.7334442
https://doi.org/10.1109/iciea.2015.7334442
https://doi.org/10.7551/mitpress/1120.003.0080
https://doi.org/10.7551/mitpress/1120.003.0080

	Abstract
	Background
	Methods
	Results
	Conclusion
	Keywords

	Background
	Method
	Proposed approach
	Data processing
	Joystick assessment metrics
	Protocols
	Cohort

	Results
	Calibration and measurement characteristics
	First analysis: comparison with direct joystick outputs
	Analysis 2: driver profile clustering

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Authors' contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher's Note

