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Abstract

Data shows that elderly people are more likely to live alone than younger 
people, meanwhile the percentage of elderly people with disabilities increases 
significantly with age. These trends and facts bring a number of issues. One of 
these we would like to solve is that it is difficult and dangerous for them to lift 
the heavy loads through ladder. Sometimes it is also very dangerous for 
normal people, not to mention to people with reduced mobility. 

In order to solve these issues and reduce the possibility of accident, we 
have come up with a new ladder used for attics that can transport the heavy 
loads automatically.  

As transmission part we use a rack and pinion mechanism to achieve a 
smooth transport and a ratchet mechanism for stopper to avoid sudden 
accident drops. The ladder also can be hidden when not using it.  

Keywords: 
Automatic, Rack and Pinion, Ratchet, Ladder 
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Introduction 
With the continuous development of the construction industry, also in 

order to save the space, attics in houses are becoming more and more 
common. Due to the irregular space of attics, it is always used for storing 
some uncommon stuff;  

According to the recent data we recognize a fact that older people were 
more likely to live alone than younger people, of all aged 16 and over who  
live alone less than 4% were aged 16 to 24, 17% were aged 50 to 64 and 59% 
were aged 85 and over [1]. Meanwhile, the percentage of elderly people with 
disabilities increases significantly with age. So currently a number of elderly 
people, the disabled as well as single women are facing a problem, how to 
lifting the heavy stuff goes upstairs, and how to use their attics space in their 
house reasonable. 

 
Figure 1 Percentage of usually resident household population living alone 

by age group 
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Figure 2 The percentage of elderly people with disabilities increases 

significantly with age 

Based on these discommodities, we would like to design a kind of ladder 
which can be used for any staircase, especially for the attics. Through this 
ladder, you do not need to move the heavy stuff by yourself, just put the stuff 
on the track, it will be moved automatically. Our design only can be applied 
to the attics case, the lifting mechanism is fixed on the ladder, so when you 
finish the task, it can be also fold and hidden in the attics. When the device 
finished the task of discharging the staff, the stopper part (ratchet) will not 
work anymore, so that it can go downstairs opportune. When it goes 
downstairs, it needs to be empty.   

What we will do about our product: we survey about the related existing 
tools, find the limitation and do some improvements, do some market research 
about the size of the normal ladders, credible material; Then modelling on the 
Inventor software, based on the survey we have before to model it; Hand 
calculation, we need to calculate the welding, spring, rack and pinion’s 
parameter; Do the simulation then compared the result of simulation with 
hand calculation.    
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1 Survey of related work 
Nowadays, the products in the market focus on convenient and user-

friendly, they pay more attention to customer experience, especially helpful 
for elderly and children. 

Most European houses have an attic. Those houses have a ladder or 
staircase to connect first floor with the attic. There are two main products 
popular in most European houses.  

1.1 Existing Products and Feedback 

 Staircase 1.1.1

Some families prefer to build a stable and secure staircase [2] to connect 
attic with floor. But this design has a disadvantage as it takes much space. 

 
Figure 3 Normal staircase 
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 Attic Ladder 1.1.2

Others choose an attic ladder [3]. It is foldable and hidden in the attic when 
you do not use it. At the same time, the appropriate price make most 
European families choose this product as attic ladder. But for some people 
like lumbar impaired people to open and remove the attic ladder is hard. 

  

Figure 4 Attic ladder in market 

Actually, both of them have a common drawback. According to our survey, 
some users have trouble to carry heavy things to the attic, meanwhile, lots of 
elders complain that the attic ladder is not friendly for them, they hope a new 
design ladder can take them to the attic by automatic way.  

 Chairlifts 1.1.3

In the market, a kind of lift help that people who cannot go upstairs by 
themselves called chairlifts [4] is using at daily life. According to rack and 
pinion’s transfer, the people who sit on the chair can move to upstairs and 
downstairs. But this product now just use at staircase, it means this device 
unavoidable takes a large space. 
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1.1.3.1 Straight-rail stair lifts 
 These are most common types of stair lifts and least expensive one. It 

used in private dwellings with straight stairs and has a straight rail (track) 
which is attached to the steps of the staircase.  

 Braking system using the electromagnetic braking, it is complemented 
by a self-locking gear box and over speed brake which completely ensures 
your safety. Safety sensors on the foot plate and carriage stop the unit 
whenever an obstruction is encountered.  

 

 
Figure 5 Straight-rail stair lifts 

1.1.3.2 Curved-rail stair lifts 
The similar principle as the straight-rail stair lifts, but it is more complex 

and expensive than previous one. Because the rail is custom-made to follow 
the staircase, and the chair is more complex that on a straight-rail stair lift (it 
has to be able to remain level while traveling along a track which changes 
direction and angle), curved-rail stair lifts are usually more costly than stair 
lifts for straight stairs.  And it is more suitable for families with multiple 
layers staircase. 
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Figure 6 Curved-rail stair lifts 

1.1.3.3 Wheelchair platform stair lifts 
This kind of stair lifts have a platform on it, mostly are used in public 

access buildings or outside private homes. The platform is large enough to 
accommodate a wheelchair and its user, and may have folding edge flaps 
which drop down and act as ramps to allow for variations in floor levels. 
These flaps also prevent the wheelchair from going over the edge of the 
platform. 

The rails are, necessarily, of heavy construction to support the load and 
the drive system is usually accommodated within a tubular section rail 
or aluminium extrusion. Some models have steel cables inside the tube, others 
have chains; yet others may use a rack and pinion system. 

 

 
Figure 7 Wheelchair platform stair lifts 
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Stair lifts [5] are highly individualized units that vary in price 
significantly. However, many base units begin between $2,000 and $4,000, 
which is a little expensive for normal family, meanwhile it occupy a large 
space. So it is not common in most family.   

1.2 Essential Components and Concepts 

Thus, the proposed design is hoped to a foldable ladder in meeting the 
security and stability of the case, meanwhile can carry heavy things even a 
person up to the attic. 

Our project combine foldable ladder with rack and pinion becomes a 
product for meeting customer’s requirement. This design installs rack and 
pinion on the side of ladder’s handrail to help person carry things to attic. A 
transfer platform connected with rack and pinion, people put heavy things on 
the platform. By the driving of rack and pinion, platforms take things from 
floor to attic. This design is set for carrying about 100kg, so it is not a 
problem even take a person to attic. 
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2 Problem statement, objectives and 
main contribution 
Currently there already exist many kinds of retractable ladders dedicated 

for attics. Most of them have the same solution, when users want to use it, 
people need to pull it down by using a hook, then climb up the ladder while 
lifting the heavy stuff. For this solution, it not only cause many trouble, but 
also need young people to finish it. Besides, this approach also has some 
safety concerns. It is pretty easy to cause falling accidents. 

Main contribution of our project is to design an automatic ladder instead 
of normal ladders, people do not need to climb up the ladder, and just put the 
heavy stuff on the basket. It can transport the load automatically. Avoid the 
risk of falling accidents and inconvenience of elderly, disabled people.  

Because it has a big angle between the ground and ladder. The main 
problem is how to design a mechanism that can achieve automatic and 
transport the heavy stuff smoothly. When the load arrives at the destination, 
how can it dump automatically? 

 
Figure 8 The overall structure of the ladder 
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3 Solution 
3.1 Proposal of Transport Mechanism 

 Ideal 1:Wire rope driven winch drums 3.1.1

Figure 9 Winch drum [6] 

Transport platform are used to implement up and down motions controlled 
by the wire rope driven winch drum. 

The winch drum drives the wire rope; meanwhile the wire rope drives the 
transport platform to make it up and down motions. Through the remote 
controller to control winch drum, so that meeting the transport platform two-
way mobile’s requirement.  

Since the ropes are unstable in the structure, the winch drum takes a large 
space. This proposal has a good carrying ability, but the structure is still very 
complicated, and it occupies too large, against our design requirements. 
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 Ideal 2:Chain  3.1.2

 
Figure 10 Chain mechanism 

According to the design of roller coaster [7], chain implements the motion 
of transport platform as a kind of consideration. 

The motor drives the gear; meanwhile the gear controls the mobile of chain. 
The transport platform is installed on the chain, through the mobile of chain to 
achieve the motion of transport platform. 

This proposal solves the unstable rope’s problem, and also has a good 
carrying ability. But the ladder through fold to reduce the space occupy, chain 
cannot meet this requirement. 

 Ideal 3:Rack and Pinion  3.1.3

 
Figure 11 Rack and Pinion [8] 
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According to the design of stair lift, rack and pinion implements the 
motion of transport platform also as a kind of consideration. 

The motor drives the driving gear; meanwhile the driving gear drives the 
driven gear, the transport platform is installed on the driven gear, through the 
mobile of driven gear to achieve the motion of transport platform. 

Rack and pinion produce a very smooth stair lift ride, hence all stair lifts 
manufactures adopting the rack and pinion drive system in their stair lift 
design and production. Meanwhile rack and pinion can be folded. 

 Final Evaluation 3.1.4

Idea 1 has a good carrying ability, but the structure is the most complicated, 
and it occupies too large. Idea 2 is the most economical comparing with 
others, but it cannot meet our requirement because of chain cannot be folded. 
Idea 3 can meet the requirement of folding, and it is sufficiently stable.   

Table 1 The results of Idea 1 

No. Evaluation 

Index 

Weighting 

factor 
Score 

5 4 3 2 1 0 

1 achievement 0.2   √    

2 complexity  0.15 √      

3 Applicability 0.15    √   

4 Reliability 0.1  √     

5 Novelty 0.1   √    

6 Economic 0.05     √  

7 Replicability 0.05   √    

8 Operability 0.05   √    

9 Advancement 0.05  √     

10 Environmentally 

friendly 
0.1   √    
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Table 2 The results of Idea 2 

No. Evaluation 

Index 

Weighti

ng 

factor 

Score 

5 4 3 2 1 0 

1 achievement 0.2    √   

2 complexity  0.15    √   

3 Applicability 0.15  √     

4 Reliability 0.1    √   

5 Novelty 0.1   √    

6 Economic 0.05 √      

7 Replicability 0.05   √    

8 Operability 0.05     √  

9 Advancement 0.05   √    

10 Environment

ally friendly 

0.1 √      

Table 3 The results of Idea 3 

No. Evaluation 

Index 

Weighti

ng 

factor 

Score 

5 4 3 2 1 0 

1 achievement 0.2 √      

2 complexity  0.15   √    

3 Applicability 0.15  √     

4 Reliability 0.1 √      

5 Novelty 0.1   √    

6 Economic 0.05  √     

7 Replicability 0.05 √      
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8 Operability 0.05 √      
9 Advancement 0.05   √    

10 Environmentally 

friendly 
0.1  √     

 

 Program evaluation results 3.1.5

Table 4 Program evaluation results 

Where, 

p     Evaluation number 

q     Weighting factor 

   
Through the results of evaluation, idea 3 is better than others. Therefore, 

the final project is idea 3. 
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Figure 12 Rack and Pinion in Modelling 

3.2 Proposal of staircase 

 Idea 1:Rotation climb ladder 3.2.1

 
 
 

 
Figure 13 Rotation climb ladder 

Connection transmission stick 

Support stick 

Stair 
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In this case, the design and model were inspiring from shutter and blind 
windows,  as background said, the stairs only can let the person up and down, 
and it cannot move heavily stuffs, so it must carry by person, but we found 
that the reason which block stuffs up and down on the stairs is that  every stair 
have height,  and stuffs cannot climb the stair, it means the height between 
each stair is the big problem, if we can solve that, the stuff can move very 
easy up and down. 

So we decide that make an incline plane which can instead of stairs, but 
it has another problem, if we design an incline plane, the angel must bigger 
than 60 degrees, and people cannot go up in such incline degrees plane, they 
will slip and drop off the ladder. And the problem is how to combine the 
incline plane and stairs together, we need the change something shape to 
make the stairs like an incline plane, the shutter helps. 

 

 
Figure 14 Lateral view of rotation climb ladder 

Like the shutter, it seem like each page like each stairs, and you just turn 
around the first stair, each stair will follow the movement, the mechanical 
structure is like picture1, the main components is stairs, and on the central of 
each stair, it has sock, then use a stick to connect each stairs, on the corner of 
stair it also has a sock, and use a stick to be connect stick, the function is that 
each stair can have same movement. 

In this case, the ladders have two mode, when the stairs is normal mode, 
and all the stairs is parallel from the ground, the person can go upstairs like 
the normal ladder, and when the person wants to carry heavy stuffs, the ladder 
can change another mode, the transform system can drive the first stair and 
make all the stairs like an incline plane. 
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 Idea 2:Fix the climb ladder 3.2.2

Considering the idea 1 has some security risks, once the motor appears 
malfunction, the stair will not support the people and cause falling accidents, 
we come up with the idea 2, that is fix the ladder and put the transport part on 
the top of the armrest. 

 

 

 

 

 

 

 

 

 

 

Figure 15 Ladder in the Inventor 

3.3 Automatic unloading mechanism 

 Idea1: Worm drive 3.3.1

The worm drive can help finish the automatic unloading platform tilt 
angle problem, according to worm (which is a gear in the form of a screw) in 
the circular motion, the worm gear (which is similar in appearance to a spur 
gear) rotated to a tilt angle. This is a easy mode to make an angle happened, 
and it is a safety way because it is controlled by operator. 

But in one hand, the worm drive cannot reversion, this is the most fatal 
problem, the automatic unloading platform must meet forward and reverse 
rotation. In another hand, this device is very expensive. 
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Figure 16 Connection between basket and ladder [9] 

 Idea 2: Hydraulic cylinder 3.3.2

3.3.2.1 Working principle 
 

 
Figure 17 Hydraulic Cylinder [10] 

 A hydraulic cylinder (also called a linear hydraulic motor) is a 
mechanical actuator that is used to give a unidirectional force through a 
unidirectional stroke. It can keep stable when the automatic unloading 
platform is working by hydraulic cylinder device. At the same time, in the 
same output power condition, hydraulic cylinder takes less space than others. 
But nowadays, hydraulic cylinder is working for heavy load conditions, in our 
case; it is out of our project's requirement. 
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3.3.2.2 Specific Implementation 

 
Figure 18 Specific location of hydraulic cylinder 

 The hydraulic automatic unloading platform has the requirements of tilt 
angle, so it can be constituted by a parallelogram between the gallows to meet 
this requirement.  Put the stage FG as one of the parallelogram side, we can 
change the shape of parallelogram by rotating the gallows to achieve the goals 
of changing the angle and height of stage. 

 Parallelogram FGHE’s shape can be changed by telescopic hydraulic 
cylinders which hinge at the A, D two points. In this scenario, hydraulic 
cylinder stroke only need to have a small change, the stage can rise high 
relatively. Therefore, its efficiency is relatively high. 
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 Final proposal 3.3.3

 
Figure 19 Unloading mechanism in modelling 

Here we choose the rack and pinion mechanical to finish automatic 
unloading action. The unloading stage connect with a rock, and gear can drive 
the rock up and down, so that is can control the angle of board, when the 
motor is close, the board is parallel with ground, and when the car arrive the 
end, the motor will rotate the gear can discharge the stuffs. 

 
 
 
 
 
 
 
 
 

 



36 
 

4 Hand calculation 
4.1 Transmision Part Design 

 Gear Design 4.1.1

 
Figure 20 Gear in modelling 

eeIn our case, a sets of gears should be designed. Firstly we suppose the 
input power P=150w and active gear’s rotating speed n=10.8r/min. Active 
gear has Z1=20 teeth, and the driven gear has Z2=60 teeth. So u=3, i=3. We 
suppose the gear can be used for 25 years (365 days in per year). The sets of 
gears are using nine standards of accuracy and spur gear transmission. 

Where, 

Z       The number of gear teeth 

u       Gear ratio 

i       Drive ratio 

The material in Z1 is 45 quenched and tempered steel, meanwhile the 
hardness is 230 HBS. And Z2 chooses 45 steel normalizing meanwhile the 
hardness is 170 HBS. 
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4.1.1.1 Stress cycles  
The stress cycles is calculated as: 

Where, 

       Motor rotation mode 

      Total working time 

According the equation,  

 

4.1.1.2 Allowable stress  
Allowable stress is calculated as: 

Where, 

   Contact fatigue limit of gear 

     Life factor of contact fatigue intensity 

     Size factor of contact fatigue intensity 

     Work hardening factor 

    Factor of lubricant film’s effect 

     Safety factor of contact fatigue intensity 
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Figure 21 Contact fatigue limit of gear 

 
Figure 22 Life factor of contact fatigue intensity 

Figure 23 Size factor of contact fatigue intensity 

From Figure 21, , , From Figure 
22, , , From Figure 23, , From the 
equation: , , because of our design adopt nine 
level accuracy,  . And we suppose  
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According the equation,  

4.1.1.3 Action gear’s torque  
Action gear’s torque is calculated as: 

4.1.1.4 The center distance  
The center distance of gears is calculated as: 

Where, 

K     Load factor 

    The factor of tooth width 

    The factor of elasticity 

    The factor of node area  

    The factor of coincidence degree 

Load factor K consists of Usage factor , Dynamic load factor , Tooth 
load distribution factor , Interdental the load distribution factor , the load 
factor is calculated as: 
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Figure 24 Dynamic load factor 

Because of the gear working on the steady processing platform, , 
From ! , , We choose ,  

Therefore, 

 
Figure 25 The factor of coincidence degree 
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From Figure 25, . According to equation 

  

Table 5 The factor of elasticity 

Gear Big gear 

Material E/Mpa Grey cast 
iron 

Ductile 
Iron 

Cast 
Steel 

Forged 
Steel 

Forged 
Steel 

 162.0 181.4 188.9 189.8 

Cast 
Steel 

 161.4 180.5 188.0  

Ductile 
Iron 

 156.6 173.9   

Grey cast 
iron 

 143.7    

From Table 5,  

Therefore, 

  

Finally,  

 
Where, 

     Modulus 

Finally,  
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 Check the gear 4.1.2

4.1.2.1 Check the gear teeth 

Therefore, ,  

The actual drive ratio is calculated as: 

The deviation of drive ratio is calculated as: 

Therefore, drive ratio meets the design requirements. 

4.1.2.2 Pitch circle diameterd 
Pitch circle diameter is calculated as: 

4.1.2.3 Check circumferential velocity v 

Therefore, circumferential velocity meets nine level accuracy requirements 

4.1.2.4 Check the tooth root fatigue strength 
Allowable stress  is calculated as: 

Where, 

     Gear bending fatigue strength limit 

       The life factor of bending fatigue strength 

       The size factor of bending fatigue strength 
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       The factor of stress correction 

       The safety factor of fatigue strength 

 
Figure 26 Gear bending fatigue strength limit 

According to ! , , . 
We suppose , . 

 
Figure 27 The life factor of bending fatigue strength 

Figure 28 The size factor of bending fatigue strength 
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According to !  and ! , 
,  

Therefore, 

 

 

Fatigue strength  is calculated as: 

Where, 

       The factor of tooth shape  

       The factor of stress correction 

        The factor of coincidence 

         Tooth width 
Table 6 The factor of tooth shape 

 12 14 16 17 18 19 20 
 3.47 3.22 3.03 2.97 2.91 2.85 2.81 
 22 25 28 30 35 40 45 

 2.75 2.65 2.58 2.54 2.47 2.41 2.37 
 50 60 80 100 150   

 2.35 2.30 2.25 2.18 2.16 2.14  
 

Table 7 The factor of stress correction 

 12 14 16 17 18 19 20 
 1.44 1.47 1.51 1.53 1.54 1.55 1.56 
 22 25 28 30 35 40 45 

 1.58 1.59 1.61 1.63 1.65 1.67 1.69 
 50 60 80 100 150   

 1.71 1.73 1.77 1.79 1.83 1.85  

According to Table 6, , . According to Table 
7, , . We suppose . Gear width , 
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we suppose the factor of gear width , 
, finally . 

Therefore, 

 

 

 

 

 The main parameters and dimensions of gear 4.1.3

 
Figure 29 Basic parameter of gear [9] 
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,  
 

 

Table 8 Dimension of gear 

Symbol Remark Value Unit 

 The number of active gear teeth 28 / 

 The number of driven gear teeth 82 / 

 Gear ratio 2.93 / 

 Modulus 2 / 

 Pressure angle 20 angle 

 Addendum Coefficient 1.0 / 

 Headspace coefficient 0.25 / 

 Pitch circle diameter of active gear 56 mm 

 Pitch circle diameter of driven gear 164 mm 

 The addendum diameter of active gear 60 mm 

 The addendum diameter of driven gear 168 mm 

 The dedendum diameter of active gear 51 mm 

 The dedendum diameter of driven gear 159 mm 

 Center distance 110 mm 

 Gear width of active gear 35 mm 

 Gear width of driven gear 30 mm 
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4.2 Connecting Parts’ Design 

 Tight bolted connection 4.2.1

4.2.1.1 Ordinary bolt connection 
The function of this place bolt is to connect board and frame, the bolt 

need to support the weight of ladder and car, so we would like to check it 
whether safety or not. 

Figure 30 The bolt in modelling 

The ordinary bolt which under the transverse load R, working principle 
is after tightening the bolts, it generated by friction between the joints to 
balance the external load.  At this time, the bolt only bears the preload , the 
bolt bear collective effect of tensile stress and torsional shear stress when 
tightening bolts, acts subject to complex stresses. 

4.2.1.2 Calculation of preload 
According to the actual size of space, we choose the M6 ordinary bolt, 

for carbon steel, the preload is  
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Table 9 Parameter of ordinary bolt 

Symbol Remark Value Unit 
 Preload 5070.2 N 
 Allowable tensile stress 36 MPa 

 Safety factor 10 / 
 Yield point of bolt material 360 MPa 
 Yield point of bolt material 360 MPa 
 Design diameter 3.6 mm 

 

Table 10  Bolts ‘commonly used materials properties 

Material Tensile Strength  Yield point  
10 340-420 210 
Q215-A 340-420 220 
Q235-A 410-470 240 
35 540 320 
45 610 360 
15MnVB 1000-1200 800 
40Cr 750-1000 650-900 
30CrMnSi 1080-1200 900 

4.2.1.3 Stress analysis and strength calculation  
Since the composite stress is about 1.3 times of the tensile stress, to 

simplify the calculations, it still calculated in accordance with the tensile 
stress. But there need to expand 30% of tensile stress  

 
Figure 31 Stress Analysis of bolt 

Checking formula:          
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So the M6 bolt meets the requirements 

Allowable tensile stress:  

 

 Articulation hole bolt connection 4.2.2

 
Figure 32 Articulation hole bolt in modelling 

When the articulation hole bolt connection bear the transverse load F, it 
sheared; Articulation hole bolt, the connecting member 1 and 2 III caught by 
compression, when the three materials are the same, take the squeeze smallest 
height as calculation object. 
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Figure 33 Stress analysis of articulation hole bolt 

4.2.2.1 Shear stress calculation 

 

Under variable load allowable shear stress: 

 

4.2.2.2 Compressive stress calculation 

 

 The mounting frame’s screws 4.2.3

Because of the mounting frame’s size: width is 100mm, thickness is 
50mm. The triangle components’ width is 10mm. The support rods’ width is 
50mm. There are six screws fix on the frame, wherein each long side has two 
screws, and each short side has one screw. We select the triangle components 
to connection and fixed frame’s right-angle side, ladder and spring, we design 
two triangle components to make sure the three parts stable. Each part have 
five screws to make sure triangle components’ fixed. Meanwhile, we select 
the support rod is consisting of two rectangular, one screw fix on frame and 
support rod, another screw fix on two rectangular. We choose rectangular to 
be support rod because open and close the board need support rods’ 
movement. The mounting frame’s screws selection below: 
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Table 11 The mounting frame’s screws 
name Quantity Nominal 

diameter 
Pitch Pitch 

Diameter 
Pitch 

Diameter 
Frame 6 48 3 46.051 44.752 

Triangle components 10 6 0.75 5.513 5.188 
Support rods 6 30 2 28.701 27.835 

 The board’s screws 4.2.4

Because of the board’s components: The ladder base components’ width 
is 17mm. The support rods base’s width is 20mm. The ladder is fixed on the 
board, thus four ladder base components are installed at board, and each 
ladder base component need two screws to make sure the connection between 
board and ladder. The support rods base is working for the angle of opening 
and closing attic ladder. The board’s screws selection below: 

Table 12 The board’s screws 
name Quantity Nominal 

diameter 
Pitch Pitch 

Diameter 
Pitch 
Diameter 

Ladder base components 8 6 0.75 5.513 5.188 
Support rods base 4 10 1.25 9.188 8.647 

 The ladder’s screws 4.2.5

Because of the ladder’s components: The ladder fold components’ width 
is 10mm. The ladder base components’ width is 20mm. The fold components 
are consisting of two rectangular, two screws to make sure one piece of fold 
component is fixed on the ladder, both of fold component are fixed by 
cylindrical pin, and mission of cylindrical pin is ensure fold components can 
work for folding. We choose rectangular to be support rod because the ladder 
should meet fold requirement. Triangular structure’s ladder base components 
ensure ladder and board cannot move in any conditions, and one screw is 
enough to fix ladder and ladder base components. The ladder’s screws 
selection below: 

Table 13 The ladder’s screws 
name Quantity Nominal 

diameter 
Pitch Pitch 

Diameter 
Pitch 

Diameter 
Ladder fold components 8 6 0.75 5.513 5.188 
Ladder base components 2 10 1.25 9.188 8.647 
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 The spring’s screws 4.2.6

In the spring, the part connect to triangle components’ width is 5mm, the 
part connect to the frame’s width is 10mm. One of the springs is connected 
with the triangle components on the mounting frame, and another of the 
spring is connected with another side of mounting frame. The spring is 
working for slowing down the moment of opening attic ladder, so it is very 
important to fixed spring with the triangle components, and spring with 
mounting frame. The spring’s screws selection below:  

Table 14 The spring’s screws 
name Quantity Nominal 

diameter 
Pitch Pitch 

Diameter 
Pitch 

Diameter 
Triangle components 2 3 0.35 2.773 2.621 

Frame 2 6 0.75 5.513 5.188 

All of the screws are selected fine pitch thread; meanwhile all of them are 
left-handed screws. 

 

4.3 Stopper:Ratchet 

Stopper is a kind of device that prevents reversing, and support the 
weight. There have main three function of it: 1) support function; 2) prevent 
reversing; 3) allow the mechanism’s freedom of one direction movement. 
Usually there have three types of stoppers, based on the practical needs of our 
design we choose the ratchet as our stopper to prevent reversing. 

 
Figure 34 The ratchet in Inventor 
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 The determination of ratchet’s parameter 4.3.1

The determination of  is selected by the using conditions and movement 
requirements, according to the active member’s minimum swing angle   
should be larger than pitch angles , so we select z=16. 

1. According to the teeth by bending to determine the m 

(16) 

2. According to the teeth by squeezing to check the m 

(17) 

Generally the ratchet stoppers’ tooth is 12-20, and m should be greater 
than 6, so we choose m=6 

Table 15 Ratchet’s parameter 

Symbol Remark Value Unit 

 Torque on ratchet shaft 163.67  

 Coefficient of tooth width 2 / 

 Material allowable bending  stress  120 MPa 

 Allowable unit line pressure   400  

The ratchets’ toothed has been standardized, we can select the basic 
parameter based on the m. 
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Figure 35  The geometry of ratchet mechanism [11] 

 

Table 16 The dimension of ratchet and pawl 

m Ratchet Pawl 

t h a r    

6 18.85 4.5 6 1.5 6 4 2 

 

Table 17 Material properties 

Material HT150 ZG35, ZG45 A3 45 

Tooth width 
coefficient  

1.5-6.0 1.5-4.0 1.0-2.0 1.0-2.0 

Allowable unit line 
pressure  

150 300 350 400 

Allowable bending 
stress  

30 80 100 120 

The diameter of ratchet:  
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 FEM of pawl 4.3.2

The pawl’s shape can be made to straight type or hook type, here we use 
straight type. For straight type of ratchet pawl, it should base on the eccentric 
compression to calculate the strength, but the dangerous sectional is different 
to determined, so we use FEM to calculate the stress on contact surfaces 
between ratchet and pawl. 

Because the weight of car is 20kg, and the maximum load weight is 100kg, 
assume the force on the pawl is 1200N. As following : 

Maximum bending stress  

 
 

 

 

 

 

 

 

 

 

 

Figure 36 FEM simulation of ratchet mechanism 
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4.4 Spring 

In this part, instead of calculation only by ourselves, we also contact a 
spring manufactory to help us design it and verification, so that the spring can 
meet our design requirement better. 

  Hand calculation 4.4.1

Extension springs are typically manufactured with an initial tension F 
which presses the coils together [12], as what we need is an extension spring. 
It can help the ladder falling slowly.     

Figure 37 Parameter of Spring 

In the above figure, D is nominal diameter of the spring, d is the wire 
diameter. According the real space size, we assume that D=30mm, d=3mm, 
the free length of spring is L=396mm, and the stroke  is 177mm.  

 

 

 

 

 

 
There have totally 125kg on the both side of spring and bolts, if we equally 

distribute it, there also need have 310N force need the spring to support, but 
what we design is too soft, it is insufficient to support such a large force.  
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Table 18 65Mn spring steel material properties [13] 

 Contact with manufacturer 4.4.2

In order to meet the real design requirements, we contact a spring 
manufacturer to help us improve the spring. 

After the improvement, d=4mm, n=99, D=24.3mm, and the stiffness also 
improve to 4.5N/mm, it is enough to support the force. 

 

 
Figure 38 CAD drawings of spring 
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 Checking 4.4.3

Although there has been done a lot of improvements, the spring can 
support the working forces; we also need to check the material shear stress. 
Since extension springs have an initial tension in their resting state, they also 
have a shear stress in their coils while at rest. The maximum shear stress 
( ) occurs on the inner face of the coils, and is given by the equation, 

 

 

 

Where W is the Wahl Correction Factor, C is the spring index. 

4.5 Shaft 

 High-speed shaft’s structual design 4.5.1

1. High-speed shaft’s power , rotating speed  , torque  

=150W, =32.4r/min, =0.5586N m 

2. Estimate the minimum diameter of the shaft  

Material we choose 45 steel, based on the table 13 we choose 
=115 

Considering the presence of the keyway on the shaft, so the diameter 
should be increased by 5% 

, so we choose   
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Table 19 Material and allowable stress 

Material Q235A, 20 Q275, 35 45 40Cr,35SiMn, 

/MPa 15-25 20-35 25-45 35-55 

 149-126 135-112 126-103 112-97 

 High-speed shaft’s strength check 4.5.2

4.5.2.1 Calculation of Gear force  
1. Calculation of circumferential force 

2. Calculation of radial force 

3. Calculation of axial force 

4.5.2.2 Multi forces analysis and computing 
1. Vertical Direction 

 

 

 

 
 

Figure 39 Stress analysis of shaft 
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2. Horizontal Direction  

 

 
 
 

Figure 40 Horizontal direction of stress analysis 

 

3. Synthesis Moment 

               A point  

 
                                

                B point: 

  
                               

 

4. Equivalent Moment 

          Based torque in the pulse cycle, we choose =0.6 

5. Checking 

From synthetic equivalent moment we know that B sectional is the 
dangerous section. The material of shaft is 45 steel  

Table 20 Allowable bending stress of shaft 

Material     

Carton 
steel 

400 130 70 40 

 

 

A B 
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are respectively the allowable bending stress under the static stress, the pulsating 
cyclic stress, symmetrical cyclic stress state.  

 

Table 21 45 Steel material’s main mechanical properties 

Mechanical Properties Metric English 

Hardness, Brinell 179 179 

Hardness, Knoop 200 200 

Hardness, Rockwell B 88 88 

Hardness, Vickers 188 188 

Tensile Strength, Ultimate 625Mpa 90600psi 

Tensile Strength, Yield 530Mpa 76900psi 

Based the table 14 and 15, we can get ,  

Dangerous section’s minimum diameter calculate as : 

Since the strength safety diameter is less than 21mm, we get 21mm as the 
shaft’s diameter. 

 

 

500 

600 

700 

170 

200 

230 

75 

95 

110 

45 

55 

65 

Alloy 
steel 

800 

1000 

270 

330 

130 

150 

75 

90 

Cast steel 400 

500 

100 

120 

50 

70 

30 

40 
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4.6 Motor and Battery 

 Motor 4.6.1

In our case, the ladder transport goods by the transport platform, 
meanwhile the motor powered the transport platform to achieve this 
movement. Therefore, a suitable motor and large enough battery should be 
selected from existing products. 

Based on the results of preliminary estimates, the motor need powered 
 and have a suitable size to fix into the transport platform.  

The motor’s output power  is calculated as: 

And the transmission efficiency  is calculated as: 

Where, 

        The transmission efficiency of rolling bearings 

        The transmission efficiency of gears 

Table 22 Mechanical transmission efficiency value 

Category Transmission efficiency 
 

Gear transmission Spur gears Closed: 0.96 ~ 0.98 

Open: 0.94~ 0.96 

Bevel gear Closed: 0.94 ~ 0.97 

Open: 0.92 ~ 0.95 

Bearings Plain bearings Poor lubrication: 0.94 ~ 
0.97 

Good lubrication: 0.97 ~ 
0.99  
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Rolling bearings 0.98 ~ 0.995 

According to Table 22, we adopt , . 
Thus,  

 
And, 

 

According to check the model from internet, we find out S9D150 is the 
suitable motor for this case. Specific parameters in the following table: 

Table 23 the model of motor S9D150 

Model Voltage Output 
Power 

No load Rated output Run 
mode 

weight 

Revolutions Currents Revolution Torque Currents 

V W RPM A RPM Kg cm A Hr Kg 

S9D150-
12CH 

12 150 3200 3.0 2560 5.7 20 2000 2.8 

S9D150-
24CH 

24 150 3000 2.0 2650 5.5 8.5 2000 2.8 

S9D150-
90CH 

90 150 3000 0.5 2650 5.5 2.2 2000 2.8 

 
Figure 41 Outline of motor 

Because of we need a small battery capacity for meeting the space 
requirements, we select S9D150-12CH as the motor of the transport platform. 
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Figure 42 the motor ’S9D150-12CH’ [14] 

 Battery 4.6.2

According the limit of Voltage, we need to match a 12V battery of the 
motor, meanwhile we adopt lithium batteries, because it is a mature 
technology with light material and large capacity. 

Based on the equation 

Where, 

         Total power 

           Currents 
t           Available time 

We suppose the lithium battery’s model is RJ-12180X, Specific parameters 
in the following table: 

Model RJ-12180X 

Standard voltage 11.1V 

Size 25*60*97mm 

Weight 185g 
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Capacity 1800mah 

Therefore, 

 

Because of the transport platform finish the movement up and down just 
need 1 minute, the battery’s capacity meet the requirement, and it has a 
suitable weight and size at the same time. Thus we adopt RJ-12180X as the 
battery for the motor. 

 
Figure 43 the battery ‘ RJ-12180X’ [15] 
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4.7 Welding 

 
Figure 44 Support rods base 

In the support rods base, we adopt welding to connect two part of the 
component. Welding is a kind of manufacturing processes and technology, 
which uses heat, high temperature and high pressure to engage the metal or 
other thermoplastic materials. 

The two top parts length is 60 mm with 4 fillet welds attached to the 
bottom part 3x60 mm. Weld length L=60 mm. On the board, 6 components 
share the stress, and in this case, the force is from ladder and transport 
platform gravity, .  Each component share 

 N. When the ladder is opening, the board has  with the frame, 
so the force which parallel to the board , 
meanwhile the force which vertical with the board . 

We suppose the width value of welding  the material is 
SIS1311-13. Therefore, allowable normal load case  



67 
 

Due to the values of  and  are both equals to 0. Thus, the multi-axis 
stress σj can be calculated as following equation 

 

Thus, a=3 mm and material is SIS1311-13 can meet the requirement of 
welding. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



68 
 

5 Modelling   
We use the software Inventor to create a modelling which can show us 

movement of fold ladder and also can let person know the detail of each 
components. We will introduce main components step by step. Our design is 
inspired by from normal ladder and we combine some laden car elements, and 
we think the most important parts is that you only need to push one button, 
and then the electrical system can help you finish all the carrying work.  And 
modelling shows us the details of our innovative design. 

5.1 The advantage of our design 

1. It easy to use a person only need thee movement, pull the hook to 
open the ladder board, pull the stair bar and open the ladder, push the 
green button the driver the car. 

2. We calculate each component which has relationship of person safety, 
the spring can control the speed of ladder if it falls down, and another 
function is that the spring can help you pull the board when you close 
it. 

3. The convenient structure help people carry heavy load. 

4. A ratchet is used in our design, in order to provide protection; it is the 
last safety protection. Electricity is responsible for power and drive, 
and mechanics is responsible for protection. 

5. The laden car is easy to disassembly, you can choose when you want 
to carry the load, and you can disassemble it when you finished. 

6. We use light materials to reduce the weight of the ladder, but the 
connection components are always strong enough. 

5.2 Movement process 

 Fully collapsed 5.2.1

In this condition, all three part of ladder is folded each other by connection. 
And if you want to open the ladder, you just need hooked the hook and pull it, 
you do not need worry that the ladder and board would fall down quickly and 
hit you, because the spring connect the board and frame, it will control the 
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speed of falling board, the when the fold stick become straight, it become 
open position. 

 
Figure 45 Fully collapsed 

 Expand ladder 5.2.2

When you finish opening the board, you need to pull the last stair and 
expand three part of ladder; each ladder is connected by a rotary connecting 
rod. When each part of ladder connects on by one, then you can go upstairs. 
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Figure 46 Expand ladder 

 Disassembly stuff 5.2.3

When you expand all ladder and go down stairs, then you want to carry the 
stuffs by laden car, you push the button, and then the PLC control system will 
work, it will control all the components coordinate each other, then when it 
arrive the top, car will stop and laden basket will inverted the stuff, and the 
car will come back when it finish. 

 
Figure 47Disassembly stuff 
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 Process of electrical system 5.2.4

Push the button first, then PLC will drive the main motor, and timer will 
start, when the timer over, the motor lose power and aid motor works. 

 

Figure 48 Control system 

 Main components and connection: 5.2.5

Number Name Quantity Material 

1 Frame 1 Wood 

2 hook 1 aluminum 

3 fold connection stick 4 steel 

4 sides wheel 2 aluminum 

5 bearing 2 aluminum 

6 laden car 1 aluminum 
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7 carry basket 1 plastic 

8 ladder 3 aluminum 

9 spring 2 65Mn 

10 ratchet 1 steel 

11 rack 6 steel 

12 support board 1 Wood 

13 switch contact stick 2 Aluminum 

14 fixed feet 4 iron 

15 start button 1 plastic 

16 drive motor 1 steel 

17 shaft 1 Steel 

18 driven gear 2 Steel 

19 capstan 1 Steel 

20 battery 1 / 

21 up and down gear 1 Steel 

22 disassembly motor 1 Iron 

23 PLC 1 / 
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 Main movement of connection 5.2.6

 
Figure 49 Overall Structure 

Attic always has little space between floor and floor, so the ladder should 
be easier to open and close, it also need convenience to use no matter go up 
by foot or carry heavily stuffs.   

This is main view to show all the components and elements what we use in 
our design, it can separate four main parts, First is frame, which is most 
important part because it have to fixed very safety, or it will make all the 
equipment fall down. Second is board, this part need some material which has 
strong strength and quality good, because it will connect with frame and 
ladder, so it is intermediary between ladder and frame. Third is ladder, it will 
be made of stairs and armrest. It is also important for going up and down. 
Fourth is laden car, the most difficult part. It has lots of mechanical and 
electrical structure. 
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Figure 50 Front view 

From front view, we can see that there are two tracks on the both sides of 
ladder armrest, when we design ladder, we think that how to make the car 
going up, because it need power, the normal cycle wheel do not have enough 
friction to drive the car because of big angles. So we use gear instead of wheel, 
and rack instead of rail. So the engagement of gear and rock can drive the car. 
We dig two socks on the armrest, and put the rock inside, then combine the 
gear and laden car 
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5.2.6.1 Transport section 

 

 

 

 

 

 

 

 

 

 

Figure 51 Lift view of car 

From left view, we can see the driven gear, it different from the capstan, it 
has different function, capstan can drive the car going up,  but the driven gear 
only need to drag the car in order to balanced it, it also can defined the car did 
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not rotate. So we put another two gears and rock on the left and right sides. 
And a stick connected gear and car. 

Side wheel is very important part of our design to balance the laden car, 
because when the car climbing the ladder, the angle is too big, and car is 
almost parallel from the plane of ladder, so when the stuff is on the top of the 
basket, gravity is move back, and it would make the car roll off, we design a 
track to put two wheel inside, and the function is throw the car and protect 
balanced. This sides wheel also can disassembly, because when you finish 
carrying stuff and close the ladder, person need to disassembly the car, we can 
off the sides wheel first, and then it is easy to disassembly others. 

 
Figure 52 Design of wheel 

We add a small spring between wheel and connection, because 
sometimes you assembly sides wheel when you need laden car, some person 
use huge power to push the wheel to make sure it compact with track, it 
would break the wheel when used long time, so the spring can reduce this 
behaver. 
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5.2.6.2 Transmission parts  

 
Figure 53 Transmission part 

We can get that we use a group gear to fit the function. Because we use 
ratchet to protect the car slip down, so the gear cannot rotate the same with 
shaft, but the normal car usually turn around there wheel by shaft, so we need 
another gear to drive. The small one is connect with motor and big gear. 
When the motor start  the gear conduct power. 
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5.2.6.3 Unloading parts 

 
Figure 54 Unloading mechanism 

When the laden car carry stuffs on the top on ladder, how should it 
discharge, on the top of car, it has a board which can put heavily stuffs, and 
opposite of this plane, it connect with a rock, and gear can drive the rock up 
and down, so that is can control the angle of board, when the motor is close, 
the board is parallel with ground, and when the car arrive the end, the motor 
will rotate the gear can discharge the stuffs. 
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5.2.6.4 Frame fixed 

 
Figure 55 Frame and board coordination 

This is connection part which connects frame and board. The connection 
divided into two kinds of mechanism. First name is triangle connection, it 
responsible for turn around the board from the frame, can top of connection 
can connect the spring. Second name is folding connection. It can control the 
angle between the ground and board. It also can connect the spring which is 
connects the triangle connection. The spring here is not to be driving force, it 
just for cushion. When the people open the board, the spring can control the 
speed in order to rotate slowly. When the ladder close and collapse, the spring 
can help person dig the board.  
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5.2.6.5 Ladder fixed 

 
Figure 56 Connection of ladder 

The connection between board and ladder is a tripod base. We use two pin 
to fix it on the board, and use one pin to fix ladder on the connection. And we 
use four tripod bases on the board, so we can fix one part of ladder and board. 

 
Figure 57 Tripod connection 
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Because the ladder need be folded, so we should come up with a new 
connection to connect each parts, this connect is made of two sticks, can we 
use a bolt to make it rotating on one side, and each other side will fixed on 
each parts of ladder. So the ladder can rotate around the pin. 
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6 Eletrical control system 
In order to make our design more and more easy to use and control, we 

do not need to set up a lot of button and warning lights, we only need one 
button to control all the movement that we need. And I think our laden car 
should finish four necessary step to disassembly stuff. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 58 Flow chart 

We need some necessary components to control circuit. And first 
eletrical components is to slecte PLC, which fuul name is Programmable 
Logic Controller, A programmable logic controller, PLC, or programmable 
controller is a digital computer used for automation of typically industrial 
electromechanical processes, such as control of machinery on factory 
assembly lines, amusement rides, or light fixtures. PLCs are used in many 
machines, in many industries.  

 

Main motor move forward 

Main motor lost power, 
Disassembly motor move 

forward

Immediate 

9second 

1second 

Disassembly motor stop and 
move rollback. 

Push button 
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Figure 59 MITSUBISHI FX 2N-32R 

PLC has lot ofcompany and model, we need to chose a right one that 
adapt to our design.finially, we chose MITSUBISHI company and model 
FX2N.  

Mitsubishi FX2N PLC has small graphical , high speed, high 
performance, and all aspects are quite FX series, the highest grade of ultra-
small program means , not only in addition to 16 to enter the independent use 
of 25 points , but also can be applied between a plurality of basic components 
connection , analog control , positioning control and other special purposes. 

FX2N_32R PLC has 32 input and 32 output in the basic unit, we only 
need one input and three output, so it really enough for us. And here is 
program of our system. 
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Figure 60 Program of control 



85 
 

 
Figure 61 RDB diagram 

The timer inside can help us control the time arrantly, so we do not need 
worry that car will beyond the ladder and drop, and when the timer over, the 
car will stop moving.  

 
Figure 62 Input/output 

Table 24 Interface of PLC 

type interface Connection  
INPUT X1 PUSH BUTTON 
OUTPUT Y1 Main motor 
OUTPUT Y2 Disassembly motor 
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 Here is wiring diagram of PLC, we only use one input interface and two 
output interface, but we think we will set up more function in the plc in the 
future work.  
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7 Conclusion and Future work 
7.1 Conclusion 

 The attic ladder occupies 1300 mm×650 mm×490 mm when it is folded, 
and it occupies 1300 mm×650 mm×2624 mm when it is expanded. 

 The attic ladder and transport platform are made of aluminium, the 
mounting frame and board are made of wood, and the rack and pinion’s 
material is 45 steel. 

 We improve the traditional attic ladder and add an electric the motor to 
transport, loads up to 100 KG. 

 The battery ‘RJ-12180 X ’can power the motor‘ S9D150-12CH and a 
fully charged battery can make sure the transport platform run 27 times. 

7.2 Future work 

 According to the ratchet design, we can meet the requirement of safety, 
but it limits the downward movement. In the future works, we will finish 
the transport platform’s downward part by an electromagnet device to 
prevent the ratchet working. 

 Because the spring’s force changes during the deformation, we will 
replace the spring with a hydraulic device to ensure the attic ladders 
expand and fold can stability and smoothness. 

 We will improve the board opening and replace manual control to 
improve the convenience automatic control. 
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