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Abstract: 

 

With sharply increasing of elderly and disabled people at present, the 

work which focuses on making life easier for those people have been 

paid more attention. So a new stair-climbing wheelchair was designed in 

this paper which can work in three modes: stair-climbing mode, powered 

wheelchair mode and manual mode. It helps physically disabled and 

elderly people to move more flexibly and comfortably. The walking 

mechanism was first designed in this paper, as well as the theoretical 

design and calculation which was used to decide the structure and 

dimension; then transmission system design was followed. An 

optimization design for the planetary wheels mechanism is carried out 

based on the model which was modelled in software Autodesk Inventor. 

A seat backrest adjustment system was designed to adjust the centre of 

gravity before climbing up and down stairs. At the same time, a locking 

system was installed to make the wheelchair working more safety. 

Computer simulations were performed to evaluate this design. Stress 

analysis for different materials of the frame was carried out in inventor, 

in order to realize optimal selection for the material. Finally animation 

was made to show how the wheelchair works in different situations. 

Keywords: Stair-climbing Wheelchair, Autodesk Inventor Modelling, 

Optimization Design, Simulations 
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1 Notations 

A The cross-sectional area 

E Young‟s modulus 

F Force 

f                Friction 

G Shear modulus 

g Acceleration of gravity 

J The moment of inertia 

M Mass 

m The length of the rotation arm 

N Pressure 

n The rotation speed 

R Radius of gyration 

R Step-height 

r Correlation vector 

r Radius of the wheel 

T               Torque 

t Time 

y The allowable deflection 

Fr              Rolling friction 

Iz  The moment of inertia for section 

Rmax          Maximum diameter 

Wz              Anti-bending section modulus 

Ymax          The biggest deflection 

σ   Normal stress 

θ                 The allowable unit length torsion angle 

θmax            The biggest unit length torsion angle 
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Abbreviations 

FEM      Finite Element Method 

NURBS         Non-Uniform Rational B-Spines 
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2 Introduction 

The number of patients with disabilities is on the rise according to the first 

official report “the global disabled persons report", there are 650 million 

people which are about 10% of the global population are disabled in the 

1970s, and now the number has increased to 15%. Aging population who 

have chronic diseases is rising which makes the proportion of disabled 

persons expand. 
[1] 

The following picture (Figure 2.1) is about the proportion change of elderly 

people and younger people from 1950 to 2050, the percent of the young 

children is decreasing from 13% to 6%, in contrast to the percent of elderly 

population which keep increasing sharply. 

 

 

Figure 2.1 Young children and older people as a percentage of global 

population.
 [2] 

 

And figure 2.2 shows that the sick or disabled people among working age 

of 15 to 64 are 13.2% of the population in EU, and Sweden have the highest 

number which is 36.5%. Therefore the situation in Sweden is very serious 

and nursing care for the elderly and disabled people will become a big 

burden in the near future. 
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Figure 2.2 Inactivity due to illness or disability among working age 

population (15-64).
 [3] 

 

The people with physical disability not only have less living space, but also 

the quality of life is seriously affected and it also brings big burden to their 

family. Wheelchair as a means of transport tool plays an important role in 

the life of those people who are old and disabled. With the society paying 

more attention to the benefits of elderly and disabled people, barrier free 

facilities as well as the elevator has been widely popularized, common 

wheelchairs can easily access many places, but when the user face stairs 

which often poses as obstacles, people can only step back, even though 

with the assistance from others, it is still very difficult to overcome these 

obstacles, which is inconvenient for those people who use wheelchairs. So 

most of the time these disabled or elderly people can only stay at home, and 

lack of activities outside may influence on their physiology and psychology. 

BTH had a collaboration agreement with the government and the projects 

of recent years had been focused on making life easier for the disabled and 

elderly people. The previous students in BTH had already designed some 

wheelchairs like “Electric wheelchair for easy access to 

toilet
[4]

”、“Optimization design for the standard manual wheelchair
[5]

”etc, 

but the device for helping people to go up and down stairs can be much 
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improved, therefore considering above factors this topic is chosen by our 

group. 

This thesis is based on the existed stair-climbing wheelchair; the 

advantages and disadvantages between different types of wheelchairs are 

compared and summarized, in order to make our design overcome those 

disadvantages. The planetary wheels mechanism is optimized to extend the 

life of the gear for the transmission system and improve the security of the 

wheelchair; the seat backrest adjustment system is added which is used to 

adjust the centre of gravity of the wheelchair and keep the seat always in 

level with the ground while climbing up and down stairs. This device can 

also prevent the wheelchair from overturning backward, and improve the 

security and comfort of the wheelchair. Locking system is added which is 

used to lock the wheelchair while climbing up and down stairs, making sure 

it can only move in one direction, and protect the wheelchair from slipping 

down. And combining the principle of ergonomics: a desk, shopping basket 

is added, and a curved seat is designed which makes the seat more 

comfortable and convenient. Then all parts of the wheelchair are modelled 

in Autodesk Inventor, and the strength of the important components of the 

wheelchair will be simulation analyzed.  
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3 Background 

The stair-climbing wheelchairs which exist at present can be grouped into 

three categories: continuous stair-climbing wheelchair, intermittent stair-

climbing wheelchair, auxiliary stair-climbing wheelchair. And the 

continuous stair-climbing wheelchair can be separated into two different 

types which are: planetary wheel mechanism stair-climbing wheelchair and 

tracked mechanism stair-climbing wheelchair. 

 

3.1 Continuous stair-climbing wheelchair 

The main property of the continuous stair-climbing wheelchair is that it 

only has one set of supporting device, the wheelchair relies on this 

supporting device to realise continuous motions. According to the motion 

actuating mechanism it can be divided into planetary wheel mechanism and 

tracked mechanism, and the tracked mechanism is more mature which is 

used much widely in stair-climbing anti-riot robot. 

 

3.1.1 Planetary wheel mechanism stair-climbing wheelchair 

The planetary wheel mechanism is constituted by several small wheels that 

are equally distributed on a tie bar with shapes like “Y” or “+”. The small 

wheels can revolve on its axis, and it can also make a revolution around the 

central shaft. Every small wheel revolves on its own axis, when the 

wheelchair moves on the ground; and every small wheel revolves round the 

central axis, when the wheelchair goes up or down stairs. This type of stair-

climbing wheelchair can fulfil overloading and move smoothly but has low 

automation. The typical product of this kind of wheelchair is IBOT which is 

shown in figure 3.1. IBOT is developed by an independent technology 

company which is subsidiary of Johnson Company in the United States of 

America. It took over 8 years of development, and cost more than 1.5 

hundred millions, which performance tops the highest index among the 

currently existing stair-climbing wheelchairs. The structure of the IBOT is 

very compact, movement flexible and operation convenient, and the best 

optimization is that IBOT can stand up with two wheels. But it is very 

expensive, the price is $29000
[6]

, which means lots of people cannot afford 

it. 
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Figure 3.1 IBOT® 4000 Mobility System.
 [6] 

 

3.1.2 Tracked mechanism stair-climbing wheelchair  

At present stair-climbing wheelchair with tracked mechanism has been 

widely used which is shown in figure 3.2, and compare with the planetary 

wheel mechanism, tracked mechanism uses more continuous motion mode 

and has high transmission efficiency. The movement of the gravity centre 

of the tracked mechanism wheelchair is always along with a line which is 

parallel with the connection line of each stair edge when the wheelchair 

goes up and down stairs, and the wheelchair moves very smoothly, but the 

biggest weakness is that it has great resistance when it is moving on the 

ground, and inflexible; high pressure will be exerted on the edge of the 

stairs when tracked mechanism goes up and down stairs, so the stairs are 

easily damaged by the wheelchair.
[7] 
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Figure 3.2 Tracked stair-climbing wheelchairs
 [8] 

 

3.2 Intermittent stair-climbing wheelchair 

The main characteristic of intermittent stair-climbing wheelchair is that it 

has two sets of supporting devices, which alternately support the wheelchair 

in order to realize the function of climbing stairs. The process of climbing 

stairs of this mechanism is similar to the people climbing up and down 

stairs, so it is also called walking stair-climbing wheelchair. Most of the 

early stair-climbing wheelchairs use this method, such as, the first stair-

climbing wheelchair which was developed in 1892. The principle of 

intermittent stair-climbing wheelchair climbing stairs is: one of the support 

devices elevates the wheelchair and the other set of support system first; 

then change to the other set of supporting device to support and take back 

the front of the support device, cycle as this until finished climbing all the 

stairs. The principle figure is shown below and the process of climbing is 

not continuous. The main characteristic of the intermittent stair-climbing 

wheelchair is that has low transmission efficiency and difficulty keeping 

balance. 
[7]
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Figure 3.3 principle figure of intermittent stair-climbing wheelchair
 [7] 

 

3.3 Auxiliary stair-climbing wheelchair 

There is another stair-climbing wheelchair which relies on the other 

auxiliary device helping to achieve the function of climbing stairs, such as 

the stair-climbing wheelchair attachments and the stair lift in the below 

figures. The stair-climbing wheelchair attachments rely on another device 

install on the wheelchair, and it needs assistant to help to realise the 

function of climbing stairs; the stair lift requires wide stairways if to install 

the lift which is very expensive.  

 

              

Figure 3.4 stair-climbing attachments                   Figure 3.5 stair lift
 [9] 

The analysis of advantages and disadvantages between different types of 

stair-climbing wheelchair is in the appendix 1. 
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4 Design and Modelling 

There are two main parts in this chapter which are basic stair-climbing 

wheelchair design and optimization design. And the design framework is 

given below (Figure 4.1): 

 

 

Figure 4.1 the frame work of our design. 

 

The figure 4.2 is our design which is comfortable and durable, has compact 

structure and beautiful looks. 
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Figure 4.2 Ｎew stair-climbing wheelchairs. 

 

The Autodesk Inventor Software was used during our design, modelling 

and simulation. Autodesk Inventor is one of the 3D mechanical solid 

modelling design software which was developed by the company Autodesk 

in USA, 1999. And it is widely used in the fields of mechanical engineering, 

automobile, profession of building etc.
 [10-11]

 

Rhino software was also used to build our 3D model and for rendering, this 

3D modelling software has powerful advanced modelling functions which 

are based on NURBS. It was created by the company of Robert McNeel in 

North America, 1998. 
[12] 

 

4.1 Walking mechanism design 

The walking mechanism is a very important part of the stair-climbing 

wheelchair; it directly impacts on the stability, safety and comfort of the 

wheelchair, so all kinds of factors must be considered to choose the walking 

mechanism. 

According to the analysis about the advantages and disadvantages between 

different types of climbing wheelchairs in the last chapter, the following 

concepts were observed, 

http://en.wikipedia.org/wiki/Solid_modeling
http://en.wikipedia.org/wiki/Solid_modeling
http://en.wikipedia.org/wiki/Solid_modeling
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Figure 4.3 Comparing different kinds of mechanisms. 

 

Planetary wheel mechanism has a great of advantages among the stair-

climbing wheelchairs, which not only has a simple and compact structure, 

flexible movement, good stability, small fluctuation range of gravity centre, 

but also combines the advantages of moving on the ground and climbing 

stairs. Therefore planetary wheel mechanism is chosen as the walking 

mechanism in our design. 

The number of planetary wheels can be two, three or more than three, in 

order to realize the requirements of small volume, light weight, 

consideration of overturning moment and wheel cluster centre fluctuation, 

three planetary wheels were chosen, symmetrical arrangement, the structure 

is evolved from 2K-H epicyclical wheels system (figure4.4)。And two 

casters are installed which is used for turning and supporting the wheelchair. 

 

Planetary stair-climbing 

wheelchair 

1. Light weight compared to 
tracked wheelchair, meanwhile 
effective protects the stairs; 

2. Automation rate rises greatly 
compared to the leg stair-
climbing wheelchair and 
stability increased.  

3. Assist is reduced compare to 
the auxiliary stair-climbing 
wheelchair, compact structure 
and security improved.  
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Figure 4.4 2K-H epicyclical wheels system.
 [13] 

 

4.2 Theoretical design and calculation 

The structure dimensions will be first determined in order to modelling the 

wheelchair. Then stress analysis will be carried out in different motion 

modes. At last the pulling force will be estimated. 

 

4.2.1 Structure design and calculation 

 

4.2.1.1 Determination of the basic parameters of the planetary 

wheels system 

The range of the structure size of the planetary wheels system is determined 

by the staircase, and the wheels of the wheelchair needs a stable support on 

the stairs during the process of climbing stairs, if the diameter of the wheels 

are too large, the wheelchair is unable to support itself on the stairs, and it is 

also not good for reducing the volume of the wheelchair; if the diameter is 

too small, the wheelchair will have a low efficiency when it moves on the 

flat ground, and it has a poor ability to adapt to the terrain. The step-wide G 

and the step-height R are determined by the stair design rules, which is 

shown in the table 4.1 

 

 



 18 

Table 4.1 Different types of stairs.
 [15] 

 

 

 

Apparently, the width of the staircases should be less than 240mm; the 

height should not be more than 190mm. The design of stair-climbing 

wheelchair should have stable support in the minimum width of 240mm, 

and can also roll in a certain distance. So here the width of the stairs 

b=240mm, and the height h=140mm are chosen, as the calculation 

reference of our design (The structure diagram of the planetary wheel is 

shown in figure 4.5). 

 

Figure 4.5 Structure diagrams of the planetary wheels. 
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Based on the geometrical relationship in the picture above, the following 

calculation is carried out, 

 

SO2 =  BO2
2 + BS2 =  r2 + (h − r)2                                              (4.1) 

 

O1O2 = 2mcos60°= 3m                                                                    (4.2) 

 

SO1= O1A2 + AS2= ( 3m2 − h2 − r)2 + r2                                  (4.3) 

 

Therefore： 

 

cosa =
SO 2

2+O1O2
2−SO1

2

2SO2×O1O2
 = 

h h−r +r 3m2−h2

m 3r2+3(h−r)2
                                             (4.4) 

 

Considering the structure limits and non-interference between the planetary 

wheels, the rotation arm m=104mm is selected, based on the geometrical 

relationship r＝90mm is calculated, then substituting the value of m，r，h 

into the equation (4.4),  α = 22° is calculated. 

 

Therefore：β = α + 30° = 52° 

 

Rmax = OS =  OO2
2 + SO2

2 − 2OO2 × SO2cosβ =90.7mm             (4.5) 

 

The maximum dimensions of the drive shaft centre should not exceed the 

radius Rmax , in order to ensure that there is no interference between the 

wheelchair and the edge of the stair when the wheelchair climbs the stairs. 

 

4.2.1.2 The condition of climbing stairs without slipping  

The situation which is shown in figure 4.6 is the easiest position to slip 

down the stairs. The distance between the front and the back wheel is 

supposed to be 1m, and the distance between the gravity centre and back 

wheel is supposed to be x.  
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Figure 4.6 the condition of slip. 

 

According to the force and moment equilibrium principle the following 

equations are obtained. 

 

𝑁𝑦 = 𝑥𝐺                                                                                               (4.6) 

 

𝑁1 = (1 − 𝑥)𝐺                                                                                     (4.7) 

 

𝑁𝑥 = 𝑁𝑦𝑡𝑔30°
                                                                                      (4.8)  

                                                                     

To make the wheelchair climb up stairs without slipping have to meet the 

requirement of the following condition: 

 

𝜇𝑁1 ≥ 𝑁𝑥                                                                                             (4.9)  

 

μ(1 − x)G ≥ x ∙ G · tg30  

Friction coefficient μ = 0.3 is chosen here,  

0.3(1 − x)G ≥ 0.58x                                                                     (4.10) 
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x ≤ 0.34                                                                                         (4.11) 

 

In order to make sure the wheelchair is safe enough, the centre of the 

gravity should be close to the back of the wheelchair, because of the driving 

wheels as the main weight of the wheelchair, and the wheelchair leans 

forward when it is climbing upstairs. So the location of gravity centre is set 

at x=0.3m from the rear wheel, which can realize the condition of climbing 

stairs without slipping. 

 

4.2.2 Stress analysis  

There are three motion modes for the stair-climbing wheelchair, they are: 

moving on a level ground, moving on a sloping ground and climbing stairs. 

Each of the motion modes will be stress analyzed to find out which case has 

the best stress condition and which case has the maximum torque. 

4.2.2.1 Stress analysis for the wheelchair moving on a level ground  

 

 
Figure 4.7 moving on the level ground. 

When the wheelchair is moving at constant speed the following equation is 

obtained,  
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fFriction  = FResistance                                                                     (4.13) 

 

𝑇 = 𝑓 × 𝑟                                                                                       (4.14)  

                                

Where, r is the radius of the wheel, FResista nce is the moving resistance, 

which is small enough and can be neglected. Therefore the force which 

acted on the transmission gears is very small, so the wheelchair moving on 

a good stress situation. 

 

4.2.2.2 Stress analysis for the wheelchair moving on a slope ground  

The degree of the slope is supposed to be 8 degrees as the figure 4.8 below; 

the positive pressure can be calculated in the following equation, 

 

𝑓 = 𝜇𝑁1                                                                                          (4.15)  

 

2𝑁1 =  1 − 𝑥 𝐺 × cos 8° = 519.89 𝑁                                          (4.16) 

 

𝑁1 = 259.95 𝑁 
 

𝑓 = 𝜇𝑁1 = 0.3 × 259.95 = 77.98 𝑁                                            (4.17) 

 

𝑇 = 𝑓 × 𝑟 = 7.02 𝑁𝑚                                                                    (4.18) 

                       
Figure 4.8 Moving on a sloping ground. 
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4.2.2.3 Stress analysis for climbing stairs 

 

Figure 4.9 Wheelchair climbing stairs. 

 

The gravity can be transferred to the planetary wheel system and marked as 

G´, which plays two important roles when the wheelchair climbs stairs, one 

helps the planetary wheel turning (left picture of the figure 4.9), the other 

hinders the planetary wheel turning (right picture of the figure 4.9). 

And the calculation obtained is as follows, 

 

𝐺 ′ =  1 − 𝑥 𝐺 = 0.7 × 750 = 525𝑁                                             (4.19) 

 

The balance equation for point A： 

 

𝑇 = 𝐺 ′𝑚𝑐𝑜𝑠𝜃 = 54.6𝑐𝑜𝑠𝜃 𝑁𝑚                                                      (4.20) 

 

Where T is the torque, G´ is the total gravity of the wheelchair act on the 

planetary system. The design weight of the wheelchair is supposed to be 

50kg, and the weight of user is 100kg, so the total weight is M=150kg. And 

the single side gravity G=75×10=750N, m is the length of the turning arm 

which is: m=104mm=0.104m。 

It is easy to see that when the rotating arm of the planetary wheel in the 

horizontal state, i.e. θ = 0, the distance between the barycentre of the 
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wheelchair and the supporting point of the planetary wheels train is farthest, 

where it also needs the largest Motor torque,  

 

Tmax = 54.6 N ∙ m                                                                             (4.21)  

 

The results which are calculated in above three situations are listed in table 

4.2 below. 

 

Table4.2 Result of different move modes. 

Situation   Torque  

Moving on ground  T1=0  N ∙ m 

Moving on slope  T2=7.02 N ∙ m  

Climbing  stairs  T3=54.6 N ∙ m  

 

4.2.3 Pulling force estimation  

The distance from fulcrum to the handle which is shown in figure 4.10 was 

measured, that is D=1.173m, the maximum torque is Tmax = 54.6 N ∙ m, 

which we already calculated in the last section. According to the moment 

equilibrium theorem, the force which people use to pull the wheelchair up a 

stair can be calculated: 

 

F1 = 54.6 ÷ 1.173 = 46.55 N                                                      (4.22) 

 

Fp = 46.55 × 2 = 93.1 N                                                              (4.23) 

 

This force is the maximum critical point force during the process of 

climbing up and down stairs, because the driving force will be provided by 

the motors which will be introduced in the motor selection section. And the 
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main role which the assistant play is supports the wheelchair and protects it 

from turning backward during climbing stairs.  

 

 

Figure 4.10 Draft of the wheelchair in Inventor. 

 

4.3 Transmission system design 

In this section the transmission system will be designed and the  principle 

of the transmission mechanism will be considered first; then the gears 

inside of the planetary wheel system will be selected and assembled; the 

motors selection as well as the storage battery selection will determined 

later. 

 

4.3.1 Working principle for the transmission system 

Wheelchair was designed to cope with flat, inclined ground, stairs and 

obstacles. An epicyclic gearing was chosen as the transmission system for 

each locomotion unit, where the two degrees of freedom are wheels and 

planet carrier rotations. If we want the wheelchair to have determined 

locomotion, we must give two determined inputs to every locomotion unit. 
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And the work principle for our stair-climbing wheelchair is: one input 

comes from two motors driver solar gears of the planetary wheels system 

refers to the figure 4.11, and the other degree of freedom is constrained by 

the situation of the ground. When the surface of the ground has low friction, 

planet carrier (i.e., the other input) can make the real-time adaptive 

adjustment according to the road conditions; when the wheelchair climbing 

stairs, one of the degrees of the freedom is restricted by the stairs, the 

wheels cluster can evolve into a planetary wheel system, the planet carrier 

drives the other two wheels around the wheel which degree of freedom is 

constrained to achieve the function of climbing stairs.  

 

 

 

Figure 4.11 Section views of planetary wheels. 

 

4.3.2 Gear selection  

The gears inside of the planetary wheels cluster is shown in figure 4.12, and 

now the teeth and modulus for each gear will be selected.  
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Figure 4.12 Structure of wheels cluster. 

 

In the section of stress analysis, three different motion modes have already 

compared, and the maximum torque happened when the wheelchair climbs 

up and down stairs, according to the size requirements of the triangle star 

wheel and in order to decrease the installation accuracy, the modulus of 

gears is selected as m=3 and the number of every gear teeth is supposed as: 

z1=38, z2=26, z3=18, and 45 steel quenched and tempered gears are chosen, 

the strength checking on the centre gear z1 as follows, 

 

Tmax = 54.6N ∙ m = 54600N ∙ mm                                               (4.24) 

 

Where, YN = 2, Yst = 2, SFlim = 1.5; σFlim = 270Mpa 

 

σFP =
σFlim Yst

SFlim  
YN =

270×2

1.5
=720 Mpa                                               (4.25) 

 

σF =
2KT1

ψdm3Z2
YFa YSa  

 

      =
2×1.5×54.6

0.08×33×382
× 2.8 × 1.52 = 2.2351 < σFP                            (4.26) 

 

Where, YFa = 2.8, YSa = 1.52, ψd = 0.08, K = 1.5. 

Obviously the gears which have been chosen can meet the requirements. 
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4.3.3 Motor selection  

1. Speed determination 

In last section the teeth of each gear have already been calculated, the sun 

gear is 38, the idle gear is 26, and the planetary gear is 18, the module is 3. 

Design standards of wheelchairs state that the moving speed of electric 

wheelchairs should not exceed  Vmax = 2 m s , and then transfer it to 

angular velocity as follows: 

 

n =
60×v

2π×r
= 212 r min                                                                      (4.27) 

So the angular velocity of central gear is: 

 

Z1

Z3
=

n3

n1
    

38

18
=

212

n1
 

 

n1 = 100 r/min                                                                               (4.28) 

 

2. Power checked  

The rolling friction coefficient between tire and normal road surface is 0.02, 

which is decided by checking the mechanical design manual
 [16],

 and we 

take safety factor Ks=1.5, the total weight of a person and the wheelchair is 

150kg. And the power required when the wheelchair works is, 

 

P = Ks
 fmgv = 1.50.021509.82 = 90                              (4.29) 

 

The motor is primarily used as the engine when the wheelchair moving on 

the ground or climbing up and down stairs, so the rated power should be 

much bigger than 90W. Based on this the type BLZ362S-24V-3500 is 

selected, and the motor´s technical parameters are in the list in the table 

below.
 [17-18]
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Table 4.3 fundamental technical parameters of the motor
 [19]

. 

Item Rated 

torque 

(oz-in) 

Rated 

voltage 

(V) 

Rated 

power 

(Watts)  

Rated 

speed 

(rpm) 

No load 

speed 

(rpm) 

Winding 

resistance 

(ohm) 

BLZ3

62S-

24V-

3500 

198.00 24 500 3500 4100 0.04 

No load 

current 

(A) 

Torque 

constant 

(oz-in/A) 

Back EMF 

voltage  

(V/kRPM) 

“L” 

length 

(in) 

Shaft Weight 

(lbs.) 

3.80 6.50 5.80 5.30 single 6.60 

 

4.3.4 Storage battery selection 

The batteries can be roughly divided into physical and chemical batteries. 

Moreover, batteries of a chemical type which can be repeatedly charged are 

called rechargeable batteries. There are various types of rechargeable 

batteries: lead-acid battery used for automobiles, nickel cadmium 

rechargeable battery called a small rechargeable battery, nickel metal 

hydride battery, lithium ion rechargeable battery, etc. 

Item FM24V1.3AH battery has been chosen because of the following 

reasons: 

 

<1> Lead-acid battery has the advantage of long service life, low price, 

and can store a large current discharge. 

<2> It has a small volume and light weight. 

<3> The selected motor needs 24V storage battery. 

 

And the parameters of battery FM24V1.3AH is shown in the table below, 
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Table4.4 parameters
 
of storage battery.

 [20] 

Item 

Rated Rated Outline size Weight 

Voltage 

(V) 

Capacitance 

(AH) 
Length Width Height (KG) 

FM24V

1.3AH 
24 1.3 193 42 52 1.1 

 

4.4 Material selection 

There are two principles that should be followed, when selecting materials, 

and analyzing if the selected materials will meet the strength requirements. 

The two principles are: choosing materials based on strength theory and 

choosing materials based on stiffness theory, which will be introduced in 

the “Appendix 4 principles for choosing material”. And other factors such 

as comfort, environmental friendliness and so on should also be considered. 

Considering the situation of our design, the primary stress act on the frame 

is tension so principle one based on strength theory is applied to choose our 

material. 

σ =
FN

A
≤ [σ]                                                                                  (4.30) 

 

σ =
FN

A
=

93.1

π×0.012 = 0.296MPa ≤ [σ]                                            (4.31)  

            

Where FN = FP , FP  is the pulling force which has been calculated in section 

4.2.3. At present manufacturers usually choose aluminium alloy or alloy 

steel as wheelchair materials and both of these two materials can meet the 

above strength requirements, so simulation analysis in the chapter of 

simulation and analysis will analyze which material has better properties. 
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4.5 Optimization design 

In order to improve our wheelchair, the following optimizations are 

designed: planetary wheels mechanism optimization, seat backrest 

adjusting mechanism, locking system and improvement the comfort and 

convenience based on the ergonomics theory. 

 

4.5.1 Planetary wheels system optimization 

Ordinary planetary wheel structure is when the central shaft drives the 

central gear; the central gear will drive the planetary gear and the planetary 

wheels to make the wheelchair go forward. When the wheelchair climbs 

stairs, the planet wheel is locked by the resistance; the whole planetary 

structure is derived by the central shaft rolling and completes the process of 

climbing. In this case, planetary gears will bear great torque and impact and 

will break easily. 

One idea is got from the car clutch, which is used to control the engine and 

the wheels transmission separation and combination. Depress the clutch, 

driving device of the engine is disconnected from the wheels, the power of 

the engine cannot pass to the wheels; release the clutch, the engine driving 

device is connected with the wheels, the power of the engine can then pass 

to the wheels. The principle diagram of the clutch is shown as follows. 

 

Figure 4.13 car clutches.
 [23] 
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So a kind of mechanism is chosen which can make the central gear and the 

box lock together when the wheelchair goes up and down stairs, and the 

driving force will act on the rotating arm, instead of the planetary wheels. It 

will avoid the gear bearing torque and impact during climbing up and down 

stairs, and protect the structure of the planetary gear. Except that, for the 

ordinary planetary wheel structure there is relative rotation when planetary 

wheel contacts with the ground during the process of climbing stairs, the 

wheelchair can slip easily and the tire will wear and tear more easily, this is 

a hidden security danger. This problem is solved by the improved planetary 

wheel structure, because after optimization the central gear and the box 

have been locked together, all the gears cannot rotate by its own axis, they 

can only roll together with the box, the whole planetary wheel system 

changes into a rigid body, then the centre shaft will drive the whole body 

rolling-over. This design ensures it is relatively static between the planetary 

wheels and the ground, and prevents the wheelchair from slipping when it 

goes up and down stairs. The main advantages of the optimization are: 

<1> The same drive system through simple transformation has two driving 

modes – move on the ground and climbing stairs which have compact 

structure and convenient operation.  

<2> Improved security and service life of the gears. 

 

Considering about the speed of the wheelchair is not very high, compared 

to the advantages of simple and compact structure, no relative sliding after 

connecting, accurate transmission ratio and operation convenience etc. gear 

clutch is selected which was installed between the planetary wheel 

mechanism and the motor box to realize the function we want. The 

structural diagram is shown in figure 4.14. 
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Figure 4.14 Gear clutch. 

 

4.5.2 Locking system design 

When the stair-climbing wheelchair climbs stairs, there is danger of falling 

down the stairs, in order to protect the user and avoid this kind of situation 

to happen we installed a ratchet mechanism locking system on the central 

axis which is shown in figure 4.15. When the wheelchair goes up and down 

stairs, people can screw the handle to lock the wheelchair and thus prevent 

the wheelchair from slipping down stairs. 

 

 

Figure 4.15 Ratchet locking device. 
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4.5.3 Seat backrest adjusting mechanism 

Most wheelchairs are oblique during the process of climbing up and down 

stairs, the user will feel uncomfortable, it can easily turnover, which poses a 

big safety risk. In order to overcome this problem, a seat backrest adjusting 

device is designed for our wheelchair, so before the wheelchair climbs up 

and down stairs, this device will adjust an angle for the seat and backrest to 

make sure the seat of the wheelchair keeps level with the ground all the 

time. 

The seat and backrest adjusting mechanism is shown in figure 4.16. It 

consists of a round handle (5), helical gear shaft (4), helical gear shaft (8) 

and the worm and gear mechanism (7), (10). The working principle for the 

seat and backrest system is: the user through the handle controls the helical 

gear shaft rotation, helical gear shaft will transfer torque to helical gear and 

drives the worm rotation, finally the worm transfer torque to the main shaft, 

and makes the seat backrest system adjust to any angle.  

 

Figure 4.16 The seat and backrest system. 

 

The advantages of the design are: 

<1> The seat and backrest adjusting mechanism adopts manual operation, 

which is not only energy-saving, environmentally friendly, but also 

reduces the weight from installing the motor. 

<2> User can adjust the seat backrest system to make the seat of the 

wheelchair parallel to the level ground when climbing stairs, which 

makes the user more comfortable . 
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<3> Changing the seat backrest angle to ensure the centre of gravity 

stays in a good place, preventing the wheelchair from overturning 

backward, improving the safety of the wheelchair. 

 

There are 65 degrees between the planetary wheels and the horizontal 

when the wheelchair moves on the ground (left picture of figure 4.17), 

when it climbs stairs in order to make the seat keep horizontal the degree 

between the planetary wheels and the horizontal change to 20 degrees 

(right picture of figure 4.17). And the total adjusting degree is 85 degrees. 

 

 

Figure 4.17 the degree when the wheelchair is on the level ground.  

 

4.5.4 Ergonomics design 

Along with society's unceasing progress, the rapid development of the 

production technology and the Internet, the production of human design has 

reached into a new stage. Design of the "human - machine - environment" 

mutual unity and the "human-centered" design concept has become the 

important foundation for the modern society. Comfort and security 

requirements are also constantly urging designers to bring forth the new 

through the old, specifically the facilities for people with disabilities, man-

machine factors should get more attention. 

The ergonomics is one of the disciplines of coordination on technology and 

human relations; study of human anatomy, physiology and psychology of 
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various factors in some kind of work environment; study the interactions of 

human and machine and environment; study of how to have unified 

consideration of working efficiency, human health, safety and comfort 

when people work and function in family life and holidays.
 [24]

 

Therefore, in order to make the design of the wheelchair be more mature, in 

order to make the operator more convenient and comfortable, the element 

of ergonomics has been added in our design. Based on the principles and 

methods of ergonomics, we optimize the structure of the stair-climbing 

wheelchair as follows. 

4.5.4.1 Folding desk 

This idea comes from students´ chairs (shown in Figure 4.18), we can also 

add a desk into our wheelchair design to convenience the disabled and the 

elderly for daily learning and living. 

 

Figure 4.18 Students' chairs. 

The design of our table is divided into two pieces as figure 4.19 shows,, 

when put away it's equivalent to a baffle, which can be used to protect the 

user; when open it, it can be used as a table for reading and learning, 

convenient and practical.  

 

Figure 4.19 The structure of desk. 
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4.5.4.2 Shopping basket 

This idea comes from walking aids as follows, 

 

Figure 4.20 Walking aids. 

 

In order to facilitate travel for the disabled and elderly people and also 

easily carry items, we arranged the space beneath of the wheelchair, and 

installed a shopping basket, which is shown in figure 4.21. 

 

 

Figure 4.21 Shopping baskets. 

 

4.5.4.3 Curve design of the seat 

People who use wheelchairs usually spend most of the day on the 

wheelchair. So in order to avoid oppression always in the same area and 

cause pressure sores, the surface shape of the seat is designed into a curve, 
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which meets the requirements of comfort, and the design is shown in figure 

4.22 as follows. 

 

 

Figure 4.22 Body pressure distributions on the seat. 
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5 Simulations and Analysis 

For solving the complex task of climbing upstairs and downstairs, the most 

important requirement is user safety and stability, so simulation and 

analysis is one of the important parts in our design. And in order to take 

into account of these requirements and know if our optimization designs 

improve the property of the wheelchair or not, the following simulations 

and analysis are needed:  

 

<1> If the frame of our wheelchair have a sufficiently large support base 

which can resist the expected loads under static conditions; 

<2> If the desk has enough strength when people use it;  

<3> If the lock device is strong enough for locking wheelchair when 

climbing up and down stairs; 

<4> Assembling simulations for the wheelchair, to see if the structure of 

the wheelchair is reasonable and if interference between any parts of 

the wheelchair exists. 

 

5.1 Strength checking and material choosing for 

Framework  

5.1.1 Material 

In the last chapter we have checked Aluminum-6061-AHC and Alloy steel 

can meet the strength requirements both, in order to choose the most 

suitable material which is more safety and with lighter weight for the 

framework of the wheelchair, those two materials will be analyzed and 

compared in INVENTOR. 

 

5.1.2 Load  

First we should know what the difference between force load and pressure 

load is: force acts on one point, and pressure acts on a surface. Obviously, 

when people sit on the wheelchair he or she will give a pressure to the seat 
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of the wheelchair. It is assumed that the people who sit on this wheelchair 

weigh about 100kg, and the load is considered as a homogenously 

distributed pressure over the seat. 

Considering different persons have different habits when sitting on chairs, 

some people like to sit more in front and some people like to sit more 

behind, so the pressure is added on different parts of the chair, and then 

stress analyze for the framework to see what will happen. 

 

5.1.3 Define constraints 

In our case the constraint is: fixing the two casters and the two planetary 

wheels. In order to simplify the structure we transfer that into four points 

which is shown in the following picture. 

 

 

Figure 5.1 Constraints for the frame. 

 

5.1.4 Results  

By choosing the material, adding the load and setting the boundary 

conditions into the simulation function of Inventor, the analysis result can 

be obtained as below (here we just choose the one which the pressure is 

acted on the centre of the chair and other situations will be shown in the 

appendix). 

../../../Users/lin/AppData/Roaming/Microsoft/Word/Images/seat and backrest system Stress Analysis Report 2012_8_12/0/Constraint_0_2_rev.png
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Aluminum-6061 HAC                                     Alloy steel 

 

Figure 5.2 Von Mises Stress of the framework 

 

Aluminum-6061 HAC                                     Alloy steel 

 

Figure 5.3 displacement 
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Aluminum-6061 HAC                                     Alloy steel 

 

Figure 5.4 safety factor 

 

Now we can get the conclusion in table 5.1 

 

Table 5.1 Parameter comparison. 
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From the conclusion above, the mechanical properties of both materials are 

closed to each other: alloy steel have less displacement, but it‟s more heavy 

and the safety factor is a little lower, so considering the light weight, more 

comfort and safety, Aluminum-6061 HAC is very reasonable. So 

Aluminum-6061 HAC will be selected as the material of the framework of 

the wheelchair. 

 

5.2 Strength analysis for the desk  

We should make sure if the strength of the desk is strong enough, in 

situations like people eating on the desk or putting weight like arms on it 

without breaking it.  Now 500N stress is put on the desk and analyzed in 

Autodesk Inventor, and the figure of Von Mises Stress, Displacement and 

Safety Factor is got, which is shown below:  

 

 

Figure 5.5 Von Mises Stress of desk. 

 

../../../Users/lin/Desktop/modle/simulation frame part/Images/desk????/0/Result_0_1.png
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Figure 5.6 Displacement of the desk. 

 

 

Figure 5.7 Safety factor of the desk. 

 

Compare the result in the table 5.4 

../../../Users/lin/Desktop/modle/simulation frame part/Images/desk????/0/Result_0_2.png
../../../Users/lin/Desktop/modle/simulation frame part/Images/desk????/0/Result_0_57.png
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Table 5.4 Parameter comparison. 

 

The maximum stress acted on the desk is 105Mpa, the minimum value is 0, 

and the latch which is one part of the desk used to lock the desk is taken out 

to analyze, which the maximum stress is 60.26MPa and minimum value is 

0, so the result is satisfying, the strength of our desk is enough. 

 

5.3 Strength analysis for the lock device 

Now we make sure if the strength of the locking device is strong enough, in 

order to keep the wheelchair climbing up and down a stair without slipping 

down. 

In the front chapter we have estimated the maximum torque when 

wheelchair go up stairs, which is Tmax = 54.6 Nm, so we check on this 

maximum torque if the locking device can work, and is strong enough. The 

figure of Von Mises Stress, Displacement and Safety Factor is shown 

below:  

  

Figure 5.8 Von Mises Stress of the locking device. 

../../../Users/lin/Desktop/modle/simulation frame part/Images/????/1/Result_0_1.png
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Figure 5.9 Displacement of the locking device. 

 

  

Figure 5.10 Safety factor of the locking device. 

 

Compare the result in the table 5.5 

 

../../../Users/lin/Desktop/modle/simulation frame part/Images/????/1/Result_0_2.png
../../../Users/lin/Desktop/modle/simulation frame part/Images/????/1/Result_0_57.png
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Table 5.5 Parameter comparison. 

 

 

The maximum stress of the locking mechanism is 151.8Mpa, the minimum 

value is 0, and we take out the pawl which is used to stop the rotation of the 

axis shaft, from the table above we can see the result is meet the 

requirement of the strength.  

 

5.4 Assemble simulation 

According to the assemble function and adaptive function of the software 

Inventor, assemble simulation was carried out in order to avoid interference 

between different parts of the wheelchair, and make sure the safety and 

reliability of our wheelchair. 

1. The whole structure assembly 

From the study above we know that our wheelchair consists of following 

parts: frame, backrest, seat, planetary wheel system, furniture caster, seat 

backrest adjusting system and shopping basket, the assembly figure and 

explosive view is shown in figure 5.11. 

 

Figure 5.11 Assembly diagram and exploded view. 
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2. Planetary wheels system assembly 

The figure of planetary wheels system is shown in figure 5.12 

 

 

Figure 5.12 Planetary wheels system. 

 

3. Seat and backrest system assembly 

The seat and backrest system is shown in figure 5.13 

 

Figure 5.13 seat and backrest system. 
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6 Conclusions 

In this project we designed a new kind of stair-climbing wheelchair, which 

has compact structure, can cope with flat or inclined terrain, stairs and 

obstacles. All parts of the wheelchair were modelled in software Inventor 

and Rhino, then simulation analysis to make sure the strength of the 

framework, gear shaft as well as the folding desk, the results are: 

 Design the walking mechanism and transmission system for our 

stair-climbing wheelchair, according to the calculations which 

decide the structure of the wheelchair, then model all parts of the 

wheelchair. 

 The optimization for the planetary wheel system changes the 

torsion acting on the box of the gear train instead of acing on the 

gear, which protect the security and service life of the gear. 

 The seat backrest adjusting mechanism adopts manual operation, 

which is not only energy-saving, environmentally friendly, but also 

reduces the weight of the wheelchair by not installing a motor. 

 Users can adjust the seat backrest system to make sure the seat of 

the wheelchair is parallel to the level ground when it climbs up and 

down stairs. 

 The optimization of ergonomics has been added in our design to 

make the wheelchair more convenient and comfortable. 

 Lock system is added to avoid the wheelchair slip down while 

climbing up and down stairs. 

 Two different kinds of materials have been chosen to analyse in 

Autodesk Inventor, in order to realize optimization selection. 

 Strength checking on locking system and the desk in Autodesk 

Inventor to make sure the safety of the wheelchair is good. 

 Assembling simulation is carried out in Autodesk Inventor in order 

to avoid interference between different parts of the wheelchair. 



 50 

7 Future works 

We consider that there are some improvements that need to be done in the 

future, for example:  

   

 Make a prototype and perform experimental tests on it. Then 

find new parts which need to be modified and improve. 

 Go up and down stairs without assistance. 

 Develop the intelligent control making it more automated 

 Sensor detection and alarm system can be installed which is 

used to notify the user when the wheelchair comes across 

obstacles.  

 Using sensor to control the adjusting angle for the seat and 

backrest adjusting system instead of manual control.  
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9 Appendices 

Appendix1: The advantages and disadvantages between different  

kinds of stair-climbing wheelchairs. 

 Type advantage disadvantage 

1 Planetary wheels stair-

climbing wheelchair 

 

 Stair-climbing 

ability 

 Suitable to 

almost all 

stairs 

 Compact 

 Convenient 

operation  

 Lightweight  

 Movement 
flexibility  

 Requires 

assistance  

 Must climb 

stairs 

backwards 

 Orbital stair-

climbing 

operation may 

be 

uncomfortable 

for passengers 

2 Dual wheel cluster stair-

climber 

 

 

 Suitable to 

most standard 

stairs 

 Autonomous 

stair-climbing 

operation 

possible 

 Operates as a 

general 

purpose 

powered 

wheelchair 

 

 

 

 Must climb 

stairs 

backwards 

 Orbital stair-

climbing 

operation may 

be 

uncomfortable 

for passengers 

 Large 

 Heavy 
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3 Tracked stair-climber 

wheelchair 

 

 

 Simple control 

 Strong ability 

to adapt to 

terrain 

 Not easy to 

slip  

 Good pass 

ability 

 Good adhesion 

 move 

smoothly 

 High 

transmission 

efficiency 

 

 High pressure 

exerted on the 

edge of the 

stair, easy to 

cause the stairs 

wear and tear 

 Large size 

structure and 

heavy. 

 Crawler drive 

with lower 

energy 

efficiency and 

moving slowly  

 Difficult to 

turn, especially 

in narrow and 

small aisle  

 Must climb 

stairs 

backwards 

4 Platform stair lift
 

 

 Compact 

(when not in 

use) 

 Carries 

wheelchair 

directly 

 

 

 

 

 

 

 Requires wide 

stairway 

 Mechanism 

dedicated to 

single stairway 

 Expensive 
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5 Lightweight wheelchair 

stair-climbing 

attachments
 

 

 Stair-climbing 

ability 

 Suitable to 

almost all 

stairs 

 Compact 

 Uses existing 

wheelchair 

 Lightweight 

 Requires 

special 

instruction 

regarding 

usage 

 Requires 

assistance with 

stairs and 

sloped areas 

 Orbital motion 

tends to be 

uncomfortable 

for passengers 

 Auto-brake 

mechanism 

does not suit 

roughly 

surfaced stairs 

 

6 Leg type climbing stair 

wheelchair 

 

 Mechanism 

move flexible 

 Strong 

adaptability 

for terrain  

 Structure 

complex 

 Control 

complex 

 Low efficiency 

 Low carrying 

capacity 
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Appendix 2: The decomposition figures of the stair-climbing 

wheelchair climbing stairs. 
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Appendix 3: The structure dimension and torque curve of the motor 

 

Figure Appendix 3.1 structure of the motor. 

 

 

Figure Appendix 3.2 torque curve of the motor.
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Appendix 4: Principles for choosing material 

1. Choosing wheelchair materials based on strength theory 

In machinery and equipment, a beam is mostly bearing the tensile and 

compressive function. Axial tension and compression are two simple forms 

of the beam deformation. In order to analysis the beam which bearing axial 

tensile or axial compression function, we add two force functioned at two 

ends of the beam which are equal and opposite, the action line is coincident 

with the beam axis. And the beam will elongate or shorten along the axis 

and its cross-section will become thinner or thicker, as shown in the figure 

4.13 the characteristic of deformation. 

 

 

 

 

Figure Appendix 4.1 Characteristic of deformation. 
[21-22]

 

 

What was talked above shows whether by stretching or compressing, the 

internal force on the cross section of the beam is along the axis of the beam, 

this force becomes axial force, it can be tension, also can be the pressure. 

The stress of each point on cross section is determined by the internal force 

distribution on the cross section of the beam. Under the action of the 

internal force, the beam will not only produce internal force, but also causes 

deformation and the internal force is closely related to the deformation. 

According to the plane assumption, the elongation or shorten of each 

longitudinal line between two arbitrary cross sections are the same. From 

the uniform continuity hypothesis of the material, the internal force on the 
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cross section is evenly distributed, which is namely the stress at each point 

is equal. 

Set the cross-sectional area of the beam to A, the axial force on cross 

section is N, then normal stress on this cross section is: 

σ = N A                                                                                          (A4.1) 

As mentioned above, the stress that the material of the beam can withstand 

is limited. So in order to ensure the beam can work normally, the work 

stress of the beam must not exceed the allowable stress of the materials. 

Therefore, conditions for stretching or compressing of the beam are: 

 NF

A
  

                                                                                 (A4.2)   

Where the [ ] means the allowable stress of the beam material. 

 

2. Choosing wheelchair materials based on stiffness theory 

Under different kinds of loads, the beam will produce different 

deformations. According to the different properties and the positions of the 

load, the deformations can be divided into four basic types that are axial 

tension, shearing, torsion and bending. 

The rigidity condition for circular shaft torsion is that the biggest unit 

length torsion angle θmax  of circular shaft should not exceed the allowable 

unit length torsion angle [θ]: 

 

θmax =
T

GIp
≤ [θ]                                                                             (A4.3) 

 

The rigidity condition for beam bending is that the deflection and corner for 

a specified section is not allowed to exceed the value allowed: 

 ymax ≤ [y]                                                                                       (A4.4) 

Or 

θmax ≤ [θ]                                                                                        (A4.5) 
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Where [y] and [θ] means allowable deflection and torsion angles 

respectively. 

 

2.1  Stiffness calculation when torsion occurs 

A couple of external forces „Me‟ act on each end of the beam, and their 

magnitudes are equal while the direction of rotation is opposite, acting 

surface is vertical to the axis of the beam, then the cross section of the beam 

experiences relative motion around the axis, this deformation is called 

torsion, as shown in the following figure 4.14: 

 

 

Figure Appendix 4.2 Torsion deformation of the beam. 
[21-22]

 

 

The feature of its deformation is that the arbitrary two cross sections of the 

beam rotate relatively around the axis of the beam, the relative angular 

displacement φ between two cross sections is called torsion angle, and φ 

means the torsion angle of section B relative to the section A. The 

longitudinal line of the beam has a tiny tilt when in torsion，and the angle 

of inclination of the longitudinal line of the surface is shown by γ. As 

shown in following figure: 

 

 

Figure Appendix 4.3 Torsion deformation when torsion occurs on the beam. 
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2.2 Stiffness calculation when bending occurs 

A couple of external forces „Me‟ act on each end of the beam, and their 

magnitude is equal while the direction of action is opposite, acting surface 

is coincident to a certain longitudinal plane which contains the axis of the 

beam, or when external force F which is located in the longitudinal plane 

and vertical to the axis of the beam is acting on it, the axis of the beam will 

bend, this deformation is called bending, as shown in the following figure: 

 

 

Figure Appendix 4.4 pure bending. 

 

Figure Appendix 4.5 Horizontal force bending. 

 

The shear figure and bending moment can be drawn as the following figure: 
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Figure Appendix 4.6 Shear figure and bending moment. 

 

The allowable deflection of the beam bending is that the maximum 

deflection for the selected material should not exceed its allowable 

deflection. The maximum deflection for the main structural beam is: 

ymax =
Iz

W z
                                                                                       (A4.6) 

Where Iz  means moment of inertia for section and Wz  means anti-bending 

section modulus. 

According to the bending rigidity condition, the maximum deflection for 

selected material should be less than its allowable deflection [y]. 
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Appendix 5: Simulation and analysis for people sit in different 

positions 

Aluminum-6061 HAC                                  Alloy steel 
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Figure Appendix 5.1 Von Mises Stress. 

 

Aluminum-6061 HAC                                  Alloy steel 
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Figure Appendix 5.2 Displacements. 

Aluminum-6061 HAC                                  Alloy steel 
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Figure Appendix 5.3 Safety factor. 
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Appendix 6: Result summary of framework from Autodesk Inventor 

Reaction Force and Moment on Constraints 

Constraint Name 
Reaction Force Reaction Moment 

Magnitude Component (X,Y,Z) Magnitude Component (X,Y,Z) 

Fixed Constraint:1 567.158 N 

42.5597 N 

57.8076 N m 

-15.4431 N m 

0 N -55.6843 N m 

565.558 N 1.57824 N m 

 

Result Summary 

Name Minimum Maximum 

Volume 17653800 mm^3 

Mass 37.8419 kg 

Von Mises Stress 0 MPa 206.334 MPa 

1st Principal Stress -42.1407 MPa 38.4948 MPa 

3rd Principal Stress -259.852 MPa 3.37896 MPa 

Displacement 0 mm 0.215619 mm 

Safety Factor 1.33279 ul 15 ul 

Stress XX -81.2115 MPa 16.9102 MPa 

Stress XY -63.0685 MPa 69.6706 MPa 

Stress XZ -54.7636 MPa 10.0018 MPa 

Stress YY -159.823 MPa 33.2582 MPa 

Stress YZ -75.0143 MPa 77.9303 MPa 

Stress ZZ -132.713 MPa 25.404 MPa 

X Displacement -0.0136624 mm 0.210828 mm 

Y Displacement -0.00766302 mm 0.0100562 mm 

Z Displacement -0.0777655 mm 0.0452493 mm 

Equivalent Strain 0 ul 0.00278367 ul 

1st Principal Strain -0.000000329044 ul 0.000962716 ul 

3rd Principal Strain -0.00323983 ul 0.000000183156 ul 

Strain XX -0.000414105 ul 0.000715755 ul 

Strain XY -0.00121743 ul 0.00134488 ul 

Strain XZ -0.00105712 ul 0.000193067 ul 
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Strain YY -0.00193925 ul 0.000468021 ul 

Strain YZ -0.00144803 ul 0.00150432 ul 

Strain ZZ -0.000932352 ul 0.000318774 ul 

Contact Pressure 0 MPa 254.255 MPa 

Contact Pressure X -50.2316 MPa 22.4858 MPa 

Contact Pressure Y -35.1138 MPa 29.2607 MPa 

Contact Pressure Z -249.291 MPa 70.164 MPa 

 

Alloy Steel 

Reaction Force and Moment on Constraints 

Constraint Name 
Reaction Force Reaction Moment 

Magnitude Component (X,Y,Z) Magnitude Component (X,Y,Z) 

Fixed Constraint:1 567.158 N 

42.5597 N 

57.8333 N m 

-15.5691 N m 

0 N -55.6763 N m 

565.558 N 1.56461 N m 

 

Result Summary 

Name Minimum Maximum 

Volume 17653800 mm^3 

Mass 128.583 kg 

Von Mises Stress 0 MPa 207.668 MPa 

1st Principal Stress -39.3438 MPa 39.2501 MPa 

3rd Principal Stress -258.239 MPa 3.07116 MPa 

Displacement 0 mm 0.0727639 mm 

Safety Factor 1.20384 ul 15 ul 

Stress XX -78.4639 MPa 16.7234 MPa 

Stress XY -63.2761 MPa 69.7519 MPa 

Stress XZ -55.0004 MPa 9.95854 MPa 

Stress YY -157.247 MPa 33.1684 MPa 

Stress YZ -76.5846 MPa 78.2358 MPa 

Stress ZZ -129.142 MPa 25.8008 MPa 

X Displacement -0.00456851 mm 0.0711478 mm 

Y Displacement -0.00256782 mm 0.00337095 mm 
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Z Displacement -0.0262313 mm 0.0152651 mm 

Equivalent Strain 0 ul 0.000938832 ul 

1st Principal Strain -0.000000102333 ul 0.000280696 ul 

3rd Principal Strain -0.00110847 ul 0.00000000247511 ul 

Strain XX -0.000145359 ul 0.000214047 ul 

Strain XY -0.000401263 ul 0.000442329 ul 

Strain XZ -0.000348783 ul 0.0000631517 ul 

Strain YY -0.000660812 ul 0.000157663 ul 

Strain YZ -0.000485658 ul 0.00049613 ul 

Strain ZZ -0.00032059 ul 0.000110642 ul 

Contact Pressure 0 MPa 253.534 MPa 

Contact Pressure X -48.4749 MPa 21.0324 MPa 

Contact Pressure Y -35.3629 MPa 29.8736 MPa 

Contact Pressure Z -250.597 MPa 71.7594 MPa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 74 

Appendix 7: Result summary of desk of the wheelchair from Autodesk 

inventor 

Reaction Force and Moment on Constraints 

Constraint Name 
Reaction Force Reaction Moment 

Magnitude Component (X,Y,Z) Magnitude Component (X,Y,Z) 

Fixed Constraint:1 500 N 

-495.32 N 

8.90944 N m 

1.13066 N m 

27.2466 N -0.770145 N m 

62.5734 N 8.80378 N m 

 

Result Summary 

Name Minimum Maximum 

Volume 576208 mm^3 

Mass 1.56152 kg 

Von Mises Stress 0.000344562 MPa 105.013 MPa 

1st Principal Stress -25.0608 MPa 113.862 MPa 

3rd Principal Stress -138.633 MPa 23.5277 MPa 

Displacement 0 mm 0.351641 mm 

Safety Factor 2.61872 ul 15 ul 

Stress XX -78.0604 MPa 68.2886 MPa 

Stress XY -11.939 MPa 15.3341 MPa 

Stress XZ -56.4584 MPa 45.6224 MPa 

Stress YY -45.4006 MPa 38.3196 MPa 

Stress YZ -20.6969 MPa 21.2259 MPa 

Stress ZZ -110.319 MPa 73.916 MPa 

X Displacement -0.00245737 mm 0.348396 mm 

Y Displacement -0.022066 mm 0.00142007 mm 

Z Displacement -0.0460642 mm 0.0108496 mm 

Equivalent Strain 0.00000000443464 ul 0.001436 ul 

1st Principal Strain 0.00000000328902 ul 0.00142092 ul 

3rd Principal Strain -0.00167627 ul -0.0000000030618 ul 

Strain XX -0.000652043 ul 0.00061222 ul 

Strain XY -0.000230463 ul 0.000296 ul 
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Strain XZ -0.00108984 ul 0.000880664 ul 

Strain YY -0.000352246 ul 0.000343691 ul 

Strain YZ -0.000399518 ul 0.000409731 ul 

Strain ZZ -0.00128704 ul 0.000757283 ul 

Contact Pressure 0 MPa 201.068 MPa 

Contact Pressure X -44.7961 MPa 75.4829 MPa 

Contact Pressure Y -51.7848 MPa 54.1389 MPa 

Contact Pressure Z -141.37 MPa 197.972 MPa 
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Appendix 8: Result summary of locking device of the wheelchair from 

Autodesk inventor 

Reaction Force and Moment on Constraints 

Constraint Name 
Reaction Force Reaction Moment 

Magnitude Component (X,Y,Z) Magnitude Component (X,Y,Z) 

Fixed Constraint:1 2.99659 N 

0 N 

62.2946 N m 

-0.249569 N m 

2.99659 N -0.804662 N m 

0 N 62.2889 N m 

 

Result Summary 

Name Minimum Maximum 

Volume 881193 mm^3 

Mass 2.38803 kg 

Von Mises Stress 0 MPa 151.805 MPa 

1st Principal Stress -8.82652 MPa 100.199 MPa 

3rd Principal Stress -85.8324 MPa 6.37801 MPa 

Displacement 0 mm 0.322781 mm 

Safety Factor 1.81153 ul 15 ul 

Stress XX -47.2525 MPa 37.1778 MPa 

Stress XY -62.6841 MPa 36.4789 MPa 

Stress XZ -64.4487 MPa 62.8913 MPa 

Stress YY -44.3574 MPa 73.2783 MPa 

Stress YZ -62.1283 MPa 71.5049 MPa 

Stress ZZ -19.1746 MPa 21.2591 MPa 

X Displacement -0.284875 mm 0.290033 mm 

Y Displacement -0.292041 mm 0.320877 mm 

Z Displacement -0.00126995 mm 0.00114169 mm 

Equivalent Strain 0 ul 0.00195504 ul 

1st Principal Strain -0.0000000000000717246 ul 0.00177779 ul 

3rd Principal Strain -0.00160392 ul 0.000000636375 ul 

Strain XX -0.00106852 ul 0.000673515 ul 

Strain XY -0.00121001 ul 0.000704164 ul 
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Strain XZ -0.00124407 ul 0.00121401 ul 

Strain YY -0.000620171 ul 0.00125813 ul 

Strain YZ -0.00119928 ul 0.00138028 ul 

Strain ZZ -0.000256643 ul 0.000438611 ul 

Contact Pressure 0 MPa 277.866 MPa 

Contact Pressure X -258.178 MPa 262.978 MPa 

Contact Pressure Y -89.6896 MPa 122.313 MPa 

Contact Pressure Z -22.7135 MPa 34.2777 MPa 
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