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Abstract:
The built environment accessibility evaluation is required 
if the person physical capacities no longer correspond to 
the habitat requirements, which generally occur after 
an accident. For the person with disabilities, the inner 
accessibility of habitat is a highly important factor that 
allows him to live and work independently. This paper 
presents a new approach to determine the accessibility 
of handling elements like doors, windows, etc. inside the 
habitat for the wheelchair user. Thus, allowing housing 
professionals to assess the needed changes in terms 
of accessibility. The idea is to involve a new computer 
approach to evaluating the performance of these ele-
ments against wheelchair user capacity. The presented 
approach simulated wheelchair user behavior when he/
she is operating a handling element in order to deter-
mine the dimensions/positions of wheelchair clearance 
space and handle grip optimal heights while considering 
wheelchair arrival direction and respecting joint limits 
constraints of person upper body and wheelchair non-
holonomy constraints.

Keywords: accessibility, handling element, wheelchair, 
person with disability, wheelchair wheelchair clearance 
space, environment rehabilitation, inverse kinematics

1. Introduction 
The accessibility represents the objects, the apart-

ments, the information and the technologies which 
the persons with physical limitations can use. It is an 
important factor for people with disabilities to enable 
them to live and work independently and to minimize 
the cost of personal care. 

For wheelchair users (the subject of our proposed 
approach), the rehabilitation represents tools, pro-
cess and systems adaptation in order to customize 
and to aid them to overcome the obstacles. For this 
category of persons, environments may create obsta-
cles if they are not incompatibles with persons tech-
nical aids used, like wheelchair which cannot execute 
maneuver to cross a door, etc., or may facilitate the 
inclusion if their designs are more flexible. For that, 
the environments must be well adapted to the wheel-
chair users, not only in terms of the quality of ground 
surfaces which must be flat and smooth, but also at 
the level of navigation which must allow to the wheel-
chair users to navigate freely within. Universal design 

principle cannot consider each handicap needs in the 
same time. So, to increase autonomy of wheelchair us-
ers in their house and reducing accident risk. In this 
presented word we aim to propose a new numeric 
simulation tool, used by professional designers to 
assess the accessibility of handling element (doors, 
windows, etc.) considering the person capabilities 
and wheelchair designs. The accessibility test is done 
by computing the required wheelchair maneuvering 
clearance at the handling element, dimensions and 
the optimum handle height, which ensure easy and 
smooth navigation for those persons. 

2. Related Works and Context 
There is not at present a consensus of numerical 

methodology to be used for accessibility assessments 
of interior habitat. In most industrialized countries, 
standards or recommendations are available for 
building professionals to be guided in the design of 
new buildings.

Among these assigned laws, we can take up the 
disability discrimination act (DDA) of the United King-
dom (2005) [1]. In France(2005), a certified handicap 
law [2], aimed to make products and the built envi-
ronment accessible and usable for people with dis-
abilities. In the United State (1997), the Americans 
with disabilities act accessibility guidelines (ADAAG) 
[3], contain “prescriptive” specifications for deter-
mining the existence of a valid wheelchair accessible 
route as well as other objectives for disabled access. 

In recent years, this accessibility field has expe-
rienced a new progress in the proposed numerical 
approaches. According to the results of the old laws 
of accessibility assessment, we note that they do not 
comply strictly with people disabled requirements. 
Here, we quote some research intended to develop 
numerical approaches using the capacities of virtual 
reality (VR) and virtual prototyping which includes 
3D modeling and simulation systems as simulation 
tools. The HM2PH Project (Habitat Modular and Mo-
bile for Persons Handicap) is developed by experts. 
Its objective is to specify the living environment mo-
bile functionality, open to the outside for disabled 
persons, with major concern for an access to an en-
hanced autonomy by an appropriate devices (techni-
cal aids, domotic… etc.) [4], [5]. In [6] and [7] the au-
thors proposed new tools based on VR, to determine 
the accessible circulation zones of the wheelchair us-
ers within a domestic habitat which ameliorate a user 
action capability within domestic environment.
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In [8], authors have proposed a method to deter-
mine if there is a usable wheelchair accessible route in 
a facility using motion-planning technique, to predict 
the performance of a facility design against require-
ments of a building code. In [9], the authors have pre-
sented approaches to assess the accessibility of the 
interior of an environment for wheelchair users. In 
[10], authors proposed a new approach to determine 
the human reach envelope, which help designers to 
determine the zones with different discomfort levels. 
This capability is a powerful tool for ergonomic de-
signers. In [11], the authors proposed an approach to 
designing way finding aids to fit people needs to facili-
tate environmental knowledge acquisitions for people 
and improve their way finding performance. In [12] 
we find a new study about a usage and accessibility 
problems faced by disabled (whether in pain or not) 
users of assistive devices and physical barriers that 
limit their mobility, and recognize the socio-cultural 
practices excluding them from the design process of 
such devices. In same field of research there is a study 
of Theresa Marie Crytzer et al. [13] toilet seat, bath 
bench, car seat, which describes the results of focus 
groups held during Independent Wheelchair Transfer 
(IWT) workgroup. The idea is consisted in connecting 
three focus groups composed of experts in the field of 
assistive technology by Live web-based conferencing 
using Adobe Connect technology to study the impact 
of the built environment on the wheelchair transfer 
process within the community to participate in daily 
activities, wheelchair users’ needs during transfers in 
the built environment, and future research directions. 
Recent study (2014) proposed by Myriam Winance 
[14], the authors suggest a way of changing the con-
cept of the Universal Design in order to take into ac-
count uniqueness and diversity, in order to allow the 
shaping of abilities.

In the following section, the interest of this ap-
proach, the problem addressed and the contribution 
that we have provided to the field of accessibility for 
people with reduced mobility, will be presented.

Generally, all accessibility assessment prescription 
adopted in many countries are manually approaches, 
based on norms or recommendations. Whatever, the 
manual prescription can be ambiguous, and unduly 
restrictive in practice. In order to compensate the 
measurements error of these approaches, we will 
propose a software numerical tool to assess the ac-
cessibility inside habitat.

The objective of this present work is the accessi-
bility assessment of handling elements indoor living 
space for wheelchair users such as doors, windows 
etc. and the problematic that we are going to address, 
is how we can simulate virtual movements, physically 
feasible by wheelchair user, within 3D virtual envi-
ronment.

3. Person-Wheelchair Kinematic Model 
Definition

To describe human movement, we use an open 
loop molded by links and joints such as those used 

in robotic field. Numerical and kinematic model of 
the upper part of the body used in our simulation 
is that proposed by [15] that contains 21 degrees of 
freedom (DOF), from bottom of the spine to the right 
hand which seems the most suitable for our applica-
tion (see Figure 1). Each joint variable is bounded 
by lower and upper constraints limits. All joints are 
modeled by rotary joints and each contributes to the 
movements in one or several plans. 

The position vector of the joint model of the body 
upper part described in terms of joint coordinates is:

  (1)

With the set of joint variables θ = [θ1… θn]T 𝜖 Rn 
is called (n×1) joint vector. These joint variables 
uniquely determine the configuration f(θ) of the open 
articulated structure with n DOF and are called the 
generalized coordinates. Then the position vector of 
a point of interest attached to the frame {n} of the 
hand can be written with respect to the global frame 
{0} using the homogeneous transformation matrix 
(4×4) i-1DHi defined by Denavit and Harterberg [16]. 

The wheelchair is a non-holonomic vehicle, char-
acterized by a non-holonomic constraint imposed 
on its displacements. This constraint indicates the 
tangent direction along the entire feasible trajectory, 
and the limit of curvature of the trajectory. Generally, 
the non-holonomic vehicle position (vehicle rolling 
without sliding) is defined by two parameters (x, y) 
and one parameter of orientation θ0(see Fig. 1). The 
non-holonomic constraint indicates that the path dis-
placement tangent and the vehicle direction have the 
same trajectory.

In our simulation, only the obstacle avoidance and 
non-holonomic (position and orientation) constraints 
are considered. In order to respect the constraint of 
a non-holonomy, we distinct two allowed displace-
ments, go straight and turning. 

In addition to the 3 DOF of the wheelchair (x, y, θ0), 
we obtain a model with 24 DOF which we used in the 
simulation, described in Fig. 1.

4. Definitions
4.1. Feasible Displacement of a Non-holonomic 

Mobile Base
The term used in this text “a wheelchair fea-

sible displacements” is equivalent to the trajectory 
planning in the field of robotics. In robotics, a non-
holonomic mobile base moves in a Euclidean space 
W (work space), represented as RN (R is the set of 
real numbers, and N the spatial dimension). In the 
case of wheelchair, the displacement assumes a two-
dimensional space where N = 2. The space W popu-
lated with obstacles represented as B1, B2,...,Bq. The 
moving feasibility is based on the generation of a con-
figuration space from the geometric properties of the 
wheelchair, obstacles Bi, work space W and geomet-
ric properties of handling elements. Computing the 
feasible displacements of a wheelchair consists on 
ensuring the successive displacements without colli-
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sion during the operations for the handling elements 
(doors, windows, etc.) in a configuration space C for 
a 2-dimensions space W, the dimensional m of the 
configuration space C is 3. The wheelchair moves in 
the xy-plane Cartesian space (W = R2) and has three 
degrees of freedom: translations in x and y directions 
and orientation θ0. The obstacles Bi are changed into 
CBi  in the C space by applying a transformation by the 
Minkowski sum proposed by [17] and Minkowski dif-
ference proposed by Svetlana [18], [19], for each ori-
entation of the wheelchair. The definition of the con-
figuration space transforms the problem of obstacle 
avoidance to the problem of a point moving feasibility.

4.2. The importance of Maneuvering Area at 
a Revolving door: Size and Position

Revolving doors are among the most used. They 
consist in one or two leaves which are pivoted on 
a vertical axis (the hinges). The opening direction is 
fixed relative to the bulkhead or wall. Pull revolving 
doors denote pivoting door that are pulled toward the 
user, while push revolving doors denote pivoting door 
that are pushed away from the user. In the following 
we will use the two terms to distinguish them. The 
disadvantage of this type of door is that it requires 
a large area of deflection but in the open position, the 
passage is completely free. Depending on the building 
type and the type of door used, wheelchair clearance 
space is necessary to both sides to enabling to wheel-
chair user to open, cross and close a door indepen-
dently. This space is required in front of any door, gate, 
and any door opening on the common areas, any door 
of a local collective, and any erasing door-opening or 
hinged-leaf door of a public establishment, collective 
residential buildings or individual houses.

4.3. Accessibility of a Handling Element 
in Relation to a Wheelchair User

According to the Center of Expertise and Educa-
tion on the Risks, the Environment, Mobility and De-
velopment (CEREMA) [20], the handling element is 
accessible by wheelchair user if it is able to handle it 
independently. According to ADDAG [3], the handling 
element can be reached if there is a space around it 
containing a continuous path, unobstructed and con-
nected allowing to manipulate it.
Manipulation is a generic term that concerns the grip 
with objective of performing a movement function. 
For a door, we need to grasp it, push it, pull it or slide 
it depending on the type of the opening. This aspect 
is valid regardless of the type of handling element to 
manipulate.

Both definitions adopted in France and the United 
States take only into account wheelchair in simulation 
while a handling operation requires the intervention 
of the upper body of the person (arms and trunk). 
Generally, handling elements are accessible if the 
person is able to manipulate it freely in a continuous 
space, unobstructed and connected.

5. Our Approach
Our approach is oriented specifically towards 

accessibility evaluation of handling elements inside 
individual or public apartment for wheelchair user. 
The main objective of our algorithm is to generate 
successive configurations of the wheelchair-user 
couple that describe the handling operation respect-
ing join limits (see Table 3) and non-holonomic 
constraints, respectively. Our application is part 
of a 3D human movement simulation and analysis 
field. However, in our application only the joint limit 
constraints of the person upper body are taken into 
account. Our objective is to assess the accessibility 
of handling elements, by computing dimension and 
position of wheelchair clearance space which is re-
quired at these elements to propose the appropriate 
modifications inside the habitat. Because we believe 
that if the upper body articulated structure postures 
are executing within the joint limits constraints, they 
are physically feasible by the person. We will gener-
ate only the postures considering joint limit and non-
holonomic constraints. We suppose that handling el-
ements are without weight, so dynamic constraints 
like muscular energy, external loads etc. are ignored 
[21], [22], [23].

The judgment of our results is done by taking 
in consideration only the joint limit constraints of 
a person upper body and non-holonomic constraints 
of the wheelchair.

To resolve our problematic, we developed a simu-
lation tool using Visual Studio C++. This tool is divid-
ed in three blocks. The first one is used to modeling 
a wheelchair mobility space, a person upper body, 
a wheelchair (section 3) and the 3D environment. 
The second one is used to fix constraints of simula-
tion, the upper body joints limits and the non-holo-
nomy. The last block, includes the algorithm and dif-
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Fig. 1. 24-DOF of person-wheelchair couple used 
in simulation
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ferent sub-blocks of the computation. This last block 
is considered as an interface between block one and 
block two, which are the inputs of the third block.

5.1. Wheelchair Mobility Space
The wheelchair user moves parallel to the ground 

with three degrees of freedom (x, y, θ0), which θ0 is 
the orientation of the wheelchair relative to the uni-
versal framework and (x, y) describing its position. 
The wheelchair mobility space or configuration poly-
gons determine all displacement areas of wheelchair 
reduced to a point. This technique, well known in the 
field of mobile robotics and motion planning such as 
that proposed by Latombe [24] and that proposed by 
Pruski [25] for accessibility assessment, corresponds 
to computing the Minkowski sum and difference.

In our application, the mobile device is a wheel-
chair which is considered as a rectangle and the ref-
erence point selected is the center of the mass. The 
Minkowski sum and difference are applied to the 
polygon which can be an obstacle to avoid or an enve-
lope polygon corresponding to world space in which 
the wheelchair can move. The mobility space corre-
sponds to the space wherein the wheelchair, reduced 
to a point, can move and to a single value of its ori-
entation θ0. In our case, the polygon envelope, inte-
grating the handling elements, is modified over time. 
The handling elements corresponding to moving ob-
stacles affect the overall shape of the displacement 
space. So, dynamic mobility space is defined accord-
ing to the orientation of the chair and the position as 
well as the orientation of handling elements. 

The blue space (see Fig. 3a) represents the dy-
namic mobility space Cd, within the wheelchair can 
move for a given orientation of the wheelchair, and 
different positions of the revolving doors.

Figures 3b, 3c and 3d show the dynamic mobil-
ity space corresponding to the opening of a revolving 
door for different orientations of the wheelchair. The 
passage from the configuration b to d requires a feasi-
ble displacements of the wheelchair and a permanent 
contact between the hand of the person and the door 

handle. In Figure 3, the wheelchair adapts its direc-
tion to follow the rotation of the door which causes 
a change in the dynamic mobility space. Path-plan-
ning between the configurations of the wheelchair 
corresponding to Pinitial to Pfinal, using the generalized 
polygon configuration technique is not necessary in 
our application. Because of we are not trying to com-
pute the trajectory connecting two configurations but 
only to check if it exists. We consider a handling ele-
ment is accessible if the person is able to position his/
her wheelchair in minimum space to manipulate the 
element regardless of the direction of arrival.
To simulate the handling operation we developed the 
following algorithm.

5.2. Algorithm
The proposed algorithm is used to assess the ac-

cessibility of handling elements, presented inside 
individual or public buildings. Its main principle con-
sists on simulating feasible wheelchair-user configu-
rations used to manipulate handling element within 
3D environment. Table 1 shows the inputs and the 
outputs of algorithm.

 5.3. Algorithm Operations
The complete algorithm is shown below: 
1. Initialize randomly: the joint variables , the coun-

ters: Cter1, Cter2, Hn, Hi.
2. Do for each point Hn

2.1. Cter1 = Cter1+1
2.2. Define the inverse kinematic in relation to 

the target point Hi of the dynamic path of the 
hand (call to the IAA algorithm)

2.3.  If (the target point Hi is not reachable) then 
write, target point is not reachable and move 
to the next hand path point (move to line 2.1)

2.4.  Else (the target point Hi is reachable)
2.4.1. Define the wheelchair configuration 
2.4.2. If (the wheelchair configuration in 

the world frame is not feasible and the wheel-
chair displacement is not feasible) then write, 
target point is not reachable and move to the 
next hand path point (move to line 2.1)
2.4.3. Else if (the wheelchair configuration 

in the world frame is feasible and the wheel-
chair displacement is feasible)

1.  Cter2=Cter2+1.
2.  2.4.3.1.If (Cter1 >Hn) 
3.  Move to the next hand path point (move to line 

2.1) 
4. 2.4.3.2.Else (Cter1 <Hn)
5. 2.4.3.2.1.If (Hn == Cter2)
6.  Dynamic element is accessible, Write to output 

file
7. 2.4.3.2.2.If(Hn ≠ Cter2)
8.  Dynamic element is not accessible, Write to out-

put file
3. While (stop conditions not verified )

Hn represents number of hand target points, Cter1 
is a counter of tested target points and Cter2 is a coun-
ter of reachable target points (feasible configurations 
of a wheelchair-user).Fig. 2. Simulation tool
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Wheelchair-user configuration kept only if target 
point is reached by hand of person, and configura-
tion/displacement of the wheelchair in the frame 
work is feasible. The algorithm is fast and has no local 
minimum. The appropriate configurations of the up-
per body are computed from the hand (21st joint) to 
the 1st joint (see Fig. 3). The wheelchair configurations 
are computed according to the position/orientation of 
hand by direct kinematics which increases the speed 
of convergence. 

In the algorithm operations, we considered that 
the handling element is accessible if all hand path 
points are accessible. In fact, we divide the path cre-
ated by the handling element at handle level in many 
adjacent points Hi (Pinitial to Pfinal), (see Fig. 3).  The per-
son should reach successively by his/her hand these 
points. At each point we compute the values   of the 
joint variables θi that describe the configuration f(θi) 
of the upper body and θ0 values that describe wheel-
chair configurations/displacements in the mobility 
space, by minimizing the error function between the 

hand and the target point (Cter1). The Cter2 used to 
compute the number of the reachable points. 

Finally, we evaluate the value of the Cter2 with that 
of the Hn (number of hand path point), if we confirm 
that Cter2 value is the same as Hn so the handling ele-
ment is accessible else it will be not. This condition 
is fixed to guarantee entirely the accessibility of han-
dling element, but we can in some cases, change the 
value of Hn in the two last lines of the algorithm by 
a threshold. The decision in this case is done accord-
ing to the number and the positions of the not acces-
sible points, because of the hand path points are very 
closer (in order of a few centimeters). If an inacces-
sible point lies between two others accessible points, 
we can consider that is accessible, consequently the 
element is accessible. 

In the case of opening and closing an involving 
door, the path to be executed corresponds to a semicir-
cle. To open door, person must grasp the handle, turn 
the door around its pivot and move the wheelchair. 
The action carried out on the door requires, first, con-
tinuous contact between the hand of the person and 
the door handle (inverse kinematics). Secondly, it re-
quires feasible wheelchair configurations and finally 
feasible wheelchair displacements. Such operation is 
divided into three sub-operations, and the algorithm 
functionality is divided in three principal operations: 

– Inverse kinematic of articulated structure.
– Wheelchair configurations.
– Wheelchair configuration displacement.

Step 1: Inverse Kinematics
The first step determines the configuration of 

the upper part of the person body. The methodology 
principle detailed in paper proposed by Otmani and 
Moussaoui [26] virtual reality or game in particular, 
are very interested in these algorithms. We propose in 
this paper a comparison between several algorithms 
of incremental type. The considered application con-
cerns the accessibility evaluation of an environment 
used by a handicapped person (an apartment, a house, 
an institution…), is to optimize the error between the 
hand and the point to reach (the path between Pinitial 
and Pfinal) changing incrementally the values of the 
joint variables. The computation of the inverse kine-
matic of the articulated structure is realized, not in 

Fig. 3. Dynamic mobility space: Example of opening 
a pull/push revolving door

Tab. 1. Estimation/generation of wheelchair-user configurations

Inputs Algorithm Outputs

– Joint limits constraints of the articulated structure.
– Constraints related to the habitat geometry.
– Wheelchair dimensions and non-holonomic constraints.
– Characteristics of the handling element.
– Wheelchair dynamic mobility space .
– Hand path points Pinitial to Pfinal.
– Acceptable error between hand and target point equal to 1 unite. 

Estimation/generation 
of wheelchair-
user configurations.

Upper body configurations.
Wheelchair configurations.

Note. θL, θU lower and upper joint limits variables θi, respectively. C wheelchair mobility space. Pinitial and Pfinal represent the initial and final target hand points.
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Fig. 4. Wheelchair Dimensions
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Fig. 5. Example of a not crossed revolving
 door to push
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relation to a point but with respect to a surface that 
corresponds to the mobility space including the target 
point (Pinitial …Pi …Pfinal). The inverse kinematics allows 
us to compute the configuration of the articulated 
structure and the position as well as the orientation of 
the hand with respect to the universal landmark.

Step 2: Wheelchair Configurations
When we determine the position of the hand by 

computing inverse kinematics, we get all joint vari-
ables values. They allow us to determine the position 
of the wheelchair by the direct kinematics assuming 
that the error between the hand and the target point 
equal to zero. This method has the advantage of en-
suring obstacle avoidance without using path-plan-
ning techniques.

Step 3: Wheelchair Configuration Displacements 
The second advantage of this method is that it al-

lows us to have the right configurations displacements 
without using the path-planning techniques. Because 
we are not interested in the shape of the trajectory or 
its optimization, it is sufficient that the translations 
are feasible in the mobility space. To have feasible 
displacements of the wheelchair, the constraint of 
obstacle avoidance and that of a non-holonomy must 
be respected.

The first constraint was already verified by the 
computation of mobility space and by step 2. The 
following property ensures that the displacements 
of a wheelchair is still feasible and respect the con-
straints of a non-holonomy:
•	 Property: In [27], Laumond proved that if two 

configurations belong to the same domain 
connected then there exist feasible paths 
that connect them and respect the joint limit 
constraints.
According to this property, the translations of the 

wheelchair are feasible if the wheelchair configura-
tions belong to the same connected mobility space. 
Our approach aims to determine wheelchair clear-
ance space required, which ensures the conviviality of 
the handling element. The verification of the wheel-
chair displacement feasibility is successively real-
ized between each two feasible configurations of the 
wheelchair computed by steps 1 and 2 for the follow-
ing two reasons:
– The initial and final configurations of the 

wheelchair are not predefined at the start of 

computation. That is why the path-planning in this 
case is not feasible.

– The process of the accessibility evaluation of 
handling elements aims to check at each position 
and orientation of the handling element, if there 
are feasible wheelchair-user configurations.
In this particular example, wheelchair having the 

following dimension values: wheelchair width value 
(WhW) = 60 centimeters (cm), wheelchair length 
on the ground value (WhL1) = 60 centimeters (cm) 
and wheelchair length on seat level value (WhL2) = 
60 centimeters (cm). We use this example to illustrate 
different steps of a wheelchair minimum clearance 
space computation during the process of the open-
ing/crossing/closing of a pull/push revolving door, 
and the suitable handle-door height interval values 
according to person capacities (see Table 3). 

6. Results and Discussion 
6.1. Revolving Door to Push: Results and 

Discussion 
The corridor width relative to the push revolving 

door width value must have sufficient dimensions, to 
ensure an ample wheelchair user clearance space. In 
fact, the wheelchair maneuver space in front of doors 
not only depends on the wheelchair geometric, but 
also to the volume form occupied by the person arm, 
while contacting the handle door. The advantage of 
our approach is that it considers person upper body 
in the accessibility evaluation. Depending of the needs 

of the experience, it is possible to exploit certain parts 
of the upper body structure without others. 

Figure 5 presents an example of a not-crossed re-
volving door to push, with inconvenient dimensions. 

 6.1.1. Minimum Corridor Width
To ensure appropriate and reasonable modifica-

tion to the habitat for a wheelchair user in this case, 
we need to determine the minimum required cor-
ridor/door width values. In the initial stage we fix 
a door width at the value 88 cm superior to WhW 
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which ensuring a direct cross. Then we gradually re-
duce the corridor width from 190 cm value (which 
is superior to the wheelchair diagonal value 180 cm, 
ensuring a direct cross), to 60 cm (value sufficiently 

width. When the wheelchair maneuver exists, we note 
that the algorithms take an average of 0.33 millisec-
onds (ms) to compute the appropriate wheelchair-
user configuration if it exists. When the wheelchair 
maneuver does not exist the algorithms take an aver-
age of 87.50 ms to confirm that wheelchair-user con-
figuration is not realizable. 

6.1.2. Minimum Revolving Door to Push Width (Corridor 
Width Value Fixed at 90 Centimeter) 

In this step, we determine the minimum width 
value of the door guaranteeing wheelchair maneuver, 
with corridor width value equal to 90 cm. We have 
to make the same computation as the previous step.  
Figure 7a presents door width values used. We note 
that the range of values [70 cm, 87 cm] contain no fea-
sible maneuver of the wheelchair. Because of the area 
is not sufficient to turn the wheelchair from its hori-
zontal position to the perpendicular position. 

When door width value is equal to or greater than 
88 cm, the wheelchair maneuver is realizable. So, we no-
tice that the minimum sum of the door width + corridor 
width, required to cross a door in this case, with such 
wheelchair dimensions is 178 cm. This value is com-
puted with respect to the wheelchair design and spe-
cific person upper body capabilities (see Table 3), our 
simulation tool allows changing easily these constraints 
according to the person and the experience needs. 

6.2. Revolving Door to Pull: Results and 
Discussion

To cross a pull revolving door with wheelchair, the 
rectangle corresponds to the corridor width/length 
must be sufficiently wide. In the previous case, we are 
interested to compute the minimum sum of door and 
corridor widths. In this second case, we determine the 
minimum width/length of the corridor which guaran-
teeing wheelchair maneuver with a fixed door width 
value. According to the simulation carried out using 
different corridor width/length values presented in 
Fig. 9a, we notice that we require a corridor of a mini-
mum length equal to 194 cm and a minimum width 
164 cm, to cross a pull revolving door, irrespective of 
the arrival direction of the wheelchair. 

6.3. Minimum and Maximum Handle Height of 
Revolving Door to Push/Pull

The door handle grip position must be installed in 
such a way as will be easy to handle. In order to easy 
use it, we have to consider several aspects, among 
them its position in relating to internal angle of the 
wall or any other obstacle, and the kind of handle used 
(generally the handle grip that can handle by “drop it 
the hand”) which are the most appropriates. We have 
computed the interval of the handle grip height values 
from the ground which are the best suited to handling 
door. According to the data shown in the Fig. 11, we 
note that the height handle values directly affect the 
clearance space dimensions of the door. 

Figure 11 presents the simulation results of an 
opening pull/push revolving door with different han-
dle grip heights and in different clearance space di-

Fig. 6a. Feasibility to cross a revolving door to push in 
relation to the corridor width
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Fig. 6b. Execution time

inferior to wheelchair diagonal, 180 cm), by checking 
at each corridor width value the possibility of a cross-
ing the door or not. The results of the simulations are 
presented in the Fig. 6.

The curve shown in Fig. 6a can be shared in two 
parts. The first one, when the corridor width values 
belong to the interval [190 cm, 90 cm ], is the interval 
of values when the wheelchair maneuver to cross the 
door is possible. The second one, [90 cm, 60 cm ] con-
tains the values of corridor width when wheelchair 
maneuver is not possible. We observe that to cross 
a push revolving door having a width equal 88 cm, 
by a wheelchair having such dimensions (WhW= 60 
cm, WhL1 = 90 cm and WhL2 = 60 cm), the corridor 
width value must be superior or equal to 90 cm. The 
variations of the corridor width values to an eventual 
modification may implicate a displacement of the wall 
entirely, which is difficult to realize in practice, be-
cause it would be convenient to increase the doorway 
or just the right parts of the door.

The execution time is a method for evaluating al-
gorithm performances in real time application. Figure 
6b shows the execution time of the crossing revolving 
door to push process for several values of the corri-
dor width. We note that the runtime decrease while 
increasing corridor width and it is increasing when 
the corridor width values approach to the wheelchair 
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mensions (corridor width/length). We will notice that 
the interval of handle height [40 cm, 100 cm] contains 
the appropriate handle height values, because it is the 
only one which its values allow the wheelchair user 
to cross pull/push a door in the minimum clearance 
space (164 cm to 194 cm) computed previously in 
section 6.2. Therefore, we can consider it as the most 
appropriate interval to opening/closing a revolving 
door to pull/push, with such person joint limits (see 
Table 3) and wheelchair constraints (see Fig. 4).

Crossing pull/push revolving door by a wheelchair 
user has been tested with various handle heights and 
within various clearance space dimensions. Heights 
values between [40 cm to 100 cm] are the only ones 
in which the person can cross such a door easily when 
the wheelchair clearance space is minimum (164 cm 
to 194 cm). 

Figure 12 presents useful simulation times to 
opening revolving door with different handle heights 
and in different wheelchair clearance space dimen-
sions. Handle heights values between [40 cm, 100 cm], 
are the most suitable to the wheelchair dimensions in 

this case. The period necessary to opening a revolv-
ing door to pull/push when wheelchair clearance 
space dimension is (164 cm to 194 cm) is an average 
of 200 ms. It is noted that this period of simulation is 
decreased (an average of 80 ms) when the clearance 
space dimension at door is sufficiently wide (184 cm 
to 248 cm), and it is increased gradually (an average 
of 400 ms) when the clearance space is decreased. 

In the two others intervals [10 cm, 20 cm] and 
[140 cm, 138 cm], we need to an average of 400 ms to 
evaluate each height handle. However, the period sim-
ulation in the three intervals does not exceed 400 ms.

7. Comparative with Alternative and 
Supplementary Approaches
Figures 13 and 14 present four main configura-

tions of wheelchair-user to opening a pull/push re-
volving door. Here, we can see clearly the clearance 
space dimensions that could be respected in home 
design according to the position of the wheelchair-
user configurations (as we detailed in sections 6.1, 6.2  
and 6.3). 

Compared to the results adopted by the govern-
ments of some countries like United state [3] and 
France [2], legal requirements prescription presented 
by these approaches ignored individual abilities/pref-
erences details. For example, the prescriptive ADAAG 
can inform the design of the wheelchair by manufac-
tures, but it cannot represent their specific situation. 

In our approach, the detailed behavior model and 
simulation can readily accommodate the behavior 
details of different wheelchair designs, and designers 
can also use this method to analyze the performance 
of different wheelchairs within different building de-
signs while considering the disabilities and prefer-
ences of different users.Fig. 8. Crossed revolving door to push

Fig. 7b. Execution time

Fig. 9a. Revolving door to pull: required clearance 
space dimensions

Fig. 9b. Execution time

Fig. 7a. Feasibility to cross a door with a push in rela-
tion to the door width
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Our approach allows us to accurate computing 
the useful handle height values and a wheelchair 
clearance space, with respect to the constraints of 
a person body and a wheelchair design used, which 
allows customizing the accessibility assessment. Un-
like real environments, it makes accessibility assess-
ment safe, without risks with less expensive. It also 
allows manipulating freely person and wheelchair 
specifications imposed in simulation. The simulation 
tool that we have developed enabled us to simulate 
3D feasible movements of wheelchair-user couple, 
which allow us to evaluate the interior pieces of habi-
tat, by computing the required clearance space at the 
pull/push revolving door as well as the appropriate 
heights of the corresponding handle. Our developed 
simulation tool based on virtual reality in which we 
can control easily the interaction between the per-
son with disabilities and his/her environment. Its 
structure makes easy to consider the detailed abili-
ties and preferences of any wheelchair user, han-
dling elements dimensions and the habitat interior 
design. The wheelchair mobility space is computed 
in way that it can be changed according to the wheel-
chair orientations and handling elements variations 
(paragraph 5.1). Unlike to the precedent approaches 
that aim to determine the adequate mobility space 
width linked between different pieces in the habi-
tat, in our cases we aim to determine the clearance 
space dimensions around handling element (doors, 
windows,… etc.). We created feasible movements of 
a person upper body. The following Table 2 presents 
the positive and negative points provided by our 

proposed approach against the approaches adopted 
in some countries for handling elements accessibil-
ity assessment.

The following table (Table 4) gives the benefits 
provided by the approach proposed here, compared 
to the approaches used in France and the USA, in ac-
cessibility assessment for a wheelchair user.

8. Conclusion and Future Works
In this paper, we proposed a new numerical ap-

proach to analyze the accessibility of a handling el-
ements indoor habitat for person on wheelchair. 
Accessibility assessment prescriptions adopted in 
many are manually approaches, based on norms or 
recommendations. The manual measurements can 
be ambiguous, and unduly restrictive in practice. 
In order to compensate the measurements error of 
these approaches we used computer data-based tool 
implemented on Visual Studio, to simulate feasible 
behavior of wheelchair user at handling elements. 
Here, we have discussed our results using an example 
of revolving-door which is considered as an essential 
element of access and required an important clear-
ance space with specific dimension. To guarantee the 
correct handling of this element by wheelchair user, 
we determine for both door type push and pull, the 
corridor length/width minimum values in the case 
of an involving door to pull and minimum door/cor-
ridor width values in the case of an involving door 
to push. We also determined the handle door height 
values and its influence on wheelchair clearance 
space size. 

Fig. 10. Revolving door to pull: required 
clearance space dimensions

Fig. 11. Wheelchair clearance space of revolving door to push/pull in 
relation to handle height

Fig. 12. Execution time
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Fig. 13. Mains configurations to opening revolving door 
to pull

Fig. 14. Mains configurations to opening revolving door 
to push

Tab. 2. Handling element assessment positive and negatives points provided by our proposed approach against the 
approaches adopted in some countries

Wheelchair maneuvering clearances 
dimension 

Wheelchair maneuvering clearances 
position Interpretation

– Corridor width + door width 
(doorways) must be superior or equal 
to 2 meter [20].

– Swinging door to push: wheelchair 
clearances equal to: 1.7 m × 1.2 m [20]. 

– Swinging door to pull: wheelchair 
clearances equal to: 2.2 m×1.2 m [20].

– Swinging door to push: for front side 
approach the wheelchair maneuvering 
clearances equal to: doorways × 1.22 
m for hinged approach must be equal 
to: (doorways+0.56 m) × 1.07 m and 
for latch approach must be equal to: 
(doorways+0.61 m) × 1.07 m [3].

– Swinging door to pull: for front side 
approach the wheelchair maneuvering 
clearances equal to: (doorways+0.46 
m) × 1.52 m. for hinged approach must 
be equal to: (doorways+0.91 m) ×1.52 
m and for latch approach must be equal 
to: (doorways+0.61 m) × 1.22 m [3].

– Forward reach: the handle height 
shall be 1.22 m maximum where the 
minimum is 0.51 m [3].

– Handle door height must be to 0.4 m 
to 1.3 m [20].

– side reach: the handle height shall 
be 1.22 m maximum and the 0.38 
minimum [3].

–  The maneuvering clearances length 
extends from the hinge of the door, 
integrating the door and the handle.

– The maneuvering clearances length 
extends from the hinge of the door, 
integrating the door and the handle.

– The maneuvering clearances length 
extends from the hinge of the door, 
integrating the door and the handle.

– The maneuvering clearances 
length extends from the hinge of the 
door, integrating the door and the 
handle. For the hinged approach the 
maneuvering clearances length extends 
from the latch of the door, integrating 
the door and the handle.

– The maneuvering clearances length 
extends from the hinge of the door, 
integrating the door and the handle.

– The wheelchair maneuvering 
clearance dimension is very specific 
and it is computed without considering 
person’s deficiencies, beside the 
wheelchair approach direction didn’t 
taken into account. 

– The relation between maneuvering 
clearance dimension and wheelchair 
used is not defined clearly. The values 
defined are very specific and person’s 
deficiencies didn’t considered. 

– Generally, the reachability area is 
defined according to the person’s 
capabilities at upper body articulated 
structure level, so these values must be 
specifics for one person, and they are 
not converting specific needs for the 
others. 
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Our approach has advantages over traditional 
approaches for assessing acceptability of designs, 
which is adopted until today by countries for assess-
ing wheelchair accessibility. These methods can be 
complex and difficult to implement as a computer ap-
plication. Our new numerical tool models a feasible 
wheelchair user behavior that is related to handling el-
ements design inside individual or public apartments 
and to the wheelchair user requirements. In another 
hand, handling elements accessibility analysis is done 
by considering the volume occupied by person body 
which determined by the person capabilities. Because 
we negligee handling element weights, the dynamics 
constraints used in ergonomic field to predict actu-
ally a person upper body movement are ignored, so 
just the joints limits constraints are used to decide the 
results. In the case we believe that if the articulated 
structure posture respects the joint limit constraints 
(see Table 3), so it is feasible physically by the person.

Although, the analysis of the accessibility with 
only joint limit constraints of the person stores it in 
one aspect, a more general analysis could store both 
the geometric (joint limit) and dynamic aspect of the 
user for more potential and reusable analysis. One 
of the lines that we will work on in the future is to 
introduce the dynamic constraints in the assessment 
accessibility process such as muscular energy rate, 
external loads, torque limits to predict real human 
movements in the simulation.

Tab.3. Person upper body joint limits

Joint number
Joint rotation limits

Minimum Maximum
0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21

-180
0
-9
-9
-9
-9
-9
-9
-9
-9
-9
-9
0

-15
0

-89 
0

-60
0

-30
-90
-19

+180
0

+15
+9
+9
+9
+9
+9
+9
+9
+9
+9

+15
+15
+30
+89

+120
+60

+120
+30
+90
+19

Note. Upper body segments have following lengths in centimeter 
(cm) (see Fig. 1): L1=10 cm, L2=20 cm, L3=10 cm, L4=5 cm, 
L5=0.1 m, L6=10 cm, L7=30 cm, L8=30 cm

Appendix 
Here, we present Tables that containing clearance 

space dimensions at the both kind of revolving door 
to push/pull with different wheelchair dimensions. 

Tab.4. Useful corridor and revolving door to push width 
for different wheelchair dimensions 

Wheelchair 
dimension in 

centimeter (cm)

Minimum corridor 
width values in 
centimeter (cm)

Minimum door 
width values in 
centimeter (cm)

Min1 Min2 Min1 Min2

WhL1=100, 

WhW=70,

WhL2=50

104 94 90 100 

WhL1=110,

WhW=80,

WhL2=60

115 105 100 110 

WhL1=120, 

WhW=90, 

WhL2=70

127 116 110 120 

WhL1=130, 

WhW =100, 

WhL2=80

138 127 120 130 

WhL1=140, 

WhW=110,

WhL2=90

148 138 130 140

Tab.5. Minimum wheelchair clearance space dimen-
sions at revolving door to pull according to wheelchair 
dimensions

Wheelchair dimension 
in centimeter (cm)

Minimum 
corridor width 

values in 
centimeter (cm)

Minimum 
corridor 

length values 
in centimeter 

(cm)

WhL1=100,  

WhW =70,  

WhL2=0.5

174 204

WhL1=110,  

WhW =80,  

WhL2=60

184 214

WhL1=120,  

WhW =90,  

WhL2=70

195 225

WhL1=130, 

WhW=100,  

WhL2=80

206 233
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Tab.6. Achievable height handles of revolving door to 
pull according to different wheelchair dimension 

 Wheelchair dimension 
in centimeter (cm)

Height handle intervals
[Minimum, Maximum]

 in centimeter (cm)

WhL1=100, WhW =70, 
WhL2=50

[40 , 162]

WhL1=130, WhW =100, 
WhL2=90

[40 , 155]

WhL1=150, WhW =130, 
WhL2=110

[40 , 143]

WhL1=160, WhW =150, 
WhL2=110

[40 , 134]

Tab.7. Achievable height handles of revolving door to 
pull according to different wheelchair dimensions 

Wheelchair dimension 

in centimeter (cm)

Height handle intervals

 [Minimum, Maximum]

 in centimeter (cm)

WhL1=100, WhW =70, 
WhL2=50

[40 , 162]

WhL1=100, WhW =100, 
WhL2=90

[40 , 153]

WhL1=100, WhW =130, 
WhL2=110

[40 , 143]

WhL1=100, WhW =150, 
WhL2=110

[40 , 133]

 Note. WhL1 is fixed at 100 centimeter (cm)

ACKNOWLEDGMENTS 
The authors want to thank all persons participate in 

this study for their interest, comments, time and effort. 

AUTHORS
Ali Saidi sief* – PhD student at the University of 
Frères Mentouri Constantine, Algeria, Department of 
Electronics, Signal Processing Laboratory, 
saidi_sief_ali@yaho.com.

Alain Pruski – Professor at the University of Metz, 
LCOMS laboratory, ISEA, Metz, France, 
alain.pruski@univ-lorraine.fr.

Abdelhak Bennia –  professor at University of 
Frères Mentouri, Constantine, Algeria, Department of 
Electronics, Signal Processing Laboratory, abdelhak.
bennia@yahoo.com.

*Corresponding author

REFERENCES

[1] “Legislation.gov.uk,” 12-Jun-2015. [Online]. 
Available: http://www.legislation.gov.uk/uk-
pga. [Accessed: 12-Jun-2015].

[2] LOI n° 2005-102 du 11 février 2005 pour l’égalité 
des droits et des chances, la participation et la ci-
toyenneté des personnes handicapées. 2005.

[3] “Americans with disabilities act accessibility 
guide.” Washington, DC: Access Board, US Archi-
tectual ans TransporationBarriers Compliance 
Board, 1997.

[4] Arnaud J., Automatic generation of plans and virtu-
al tour of habitats suitable for the disabled deficit 
[PhD thesis]. 2007.

[5] Leloup J. Le projet HM2PH, habitat modulaire et 
mobile pour personnes handicapées : spécifica-
tion d’un espace de vie adapté pour personne 
en déficit d’autonomie [Internet]. Tours; 2004 
[cited 2015 Dec 2]. Available from: http://www.
theses.fr/2004TOUR4055.

[6] Goncalves F., Conception d’un environnement vir-
tuel avec adaptation de l’immersion pour la simu-
lation de conduite en fauteuil roulant [Internet]. 
2014 [cited 2015 Dec 2]. Available from: http://
www.theses.fr/s77298.

[7] Taychouri F., Monacelli E., Hamam Y., Chebbo N., 
“Analyse d’accessibilité avec prise en compte de 
la qualité de conduite d’un fauteuil”, Sci. Technol. 
Pour Handicap., 2007, no. 1(2), 173–92. DOI: 
DOI: 10.3166/sth.1.173-192.

[8] Han C. S., Law K. H., Latombe J.-C., Kunz J. C., “A 
performance-based approach to wheelchair ac-
cessible route analysis”, Adv. Eng. Inform., vol. 16, 
no. 1, 53–71, Jan. 2002.

[9] Otmani A. M. R., “A new approach to indoor ac-
cessibility”, Int. J. Smart Home, vol. 3, Oct. 2009.

[10] Yang James, Abdel-Malek K., “Human reach en-
velope and zone differentiation for ergonomic 
design”, Hum. Factors Ergon. Manuf. Serv. Ind., 
vol. 19, Jan. 2009, no. 1, 15–34. DOI: 10.1002/
hfm.20135.

[11] Vilar E., Rebelo F., Noriega P., “Indoor Human 
Wayfinding Performance Using Vertical and 
Horizontal Signage in Virtual Reality”, Hum. Fac-
tors Ergon. Manuf. Serv. Ind., vol. 24, no. 6, Nov. 
2014, 601–615. DOI: 10.1002/hfm.20503.

[12] Herrera-Saray P., Peláez-Ballestas I., Ramos-Lira 
L., Sánchez-Monroy D., Burgos-Vargas R., “Usage 
problems and social barriers faced by persons 
with a wheelchair and other aids. Qualitative 
study from the ergonomics perspective in per-
sons disabled by rheumatoid arthritis and other 
conditions”, Reumatol. Clin., vol. 9, Feb. 2013, no. 
1, 24–30. DOI: 10.1016/j.reumae.2012.10.001.

[13] Crytzer T. M., Cooper R., Jerome G., Koontz A., 
“Identifying research needs for wheelchair 
transfers in the built environment,” Disabil. 
Rehabil. Assist. Technol., May 2015, 1–7. DOI: 
10.3109/17483107.2015.1042079.

[14] Winance M., “Universal design and the challenge 
of diversity: reflections on the principles of UD, 



Journal of Automation, Mobile Robotics & Intelligent Systems VOLUME  10,      N°  4        2016

Articles 39

based on empirical research of people’s mobil-
ity”, Disabil. Rehabil., vol. 36, no. 16, 2014, 1334–
1343. DOI: 10.3109/09638288.2014.936564.

[15] Yang J., Pitarch E.P., “Digital Human Modeling and 
Virtual Reality for FCS,” The University of Iowa, 
Contract/PR NO.DAAE07-03-D-L003/0001, 
Technical Report VSR-04.02, 2004.

[16] Denavit J., Hartenberg R.S., “A Kinematic Nota-
tion for Lower Pair Mechanisms Based on Matri-
ces,” Journal of Applied Mechanics, vol. 77, 1955, 
215–221.

[17] Lozano-Perez T., “Spatial Planning: A Configura-
tion Space Approach,” IEEE Trans. Comput., vol. 
C–32, no. 2, Feb. 1983, 108–120.

[18] Barki H., Denis F., Dupont F., “A New Algorithm 
for the Computation of the Minkowski Differ-
ence of Convex Polyhedra”. In: Proceedings of 
SMI 2010 – International Conference on Shape 
Modeling and Applications, 2010, 206–210. DOI: 
10.1109/SMI.2010.12.

[19] Tomiczková S., “Algorithms for the computation 
of the Minkowski difference”. In: Proceedings of 
the 26th conference on geometry and computer 
designers, České Budějovice: University of South 
Bohemia, 2006, 37–42.

[20] D. technique T. et ville, “Direction technique Ter-
ritoires et ville,” 11-Jun-2015. [Online]. Avail-
able: http://www.territoires-ville.cerema.fr/. 
[Accessed: 12-Jun-2015].

[21] Alexander R. M., “A minimum energy cost hy-
pothesis for human arm trajectories,” Biol. Cy-
bern., vol. 76, no. 2, Feb. 1997, 97–105.

[22] Gallagher S., Marras W. S., Davis K. G., Kovacs K., 
“Effects of posture on dynamic back loading dur-
ing a cable lifting task,” Ergonomics, vol. 45, no. 
58, Apr. 2002, 380–39.

[23] Kim J. H., Yang J., Abdel-Malek K., “A novel for-
mulation for determining joint constraint loads 
during optimal dynamic motion of redundant 
manipulators in DH representation”, Multibody 
Syst. Dyn., vol. 19, no. 4, Jan. 2008, 427–451.

[24] Latombe J.-C., Robot Motion Planning, vol. 124, 
11 vols. Boston, MA: Springer US, 1991.

[25] Pruski A., “A unified approach to accessibility for 
a person in a wheelchair”, Robot. Auton. Syst., vol. 
58, no. 11, Nov. 2010, 1177–1184.

[26] Moussaoui A., Otmani R., and A. Pruski, “A com-
parative study of incremental algorithms for 
computing the inverse kinematics of redundant 
articulated”, Journal of Automation, Mobile Ro-
botics and Intelligent Syst.ems, vol. 4, no. 3, 2010, 
3–9.

[27] Laumond J., “Feasible trajectories for mobile 
robots with kinematic and environment con-
straints”. In: Intelligent Autonomous Systems, 
L.O. Hertzberger, F. C. A. Groen (Eds), New York: 
North_Holland, 1987, 346–354.




