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Abstract 

 
This paper presents the new design of a novel concept wheelchair with the scaled prototype. A wheelchair-sized bed 
concept (patent pending) with 3 modes of ability (sitting-lying-standing) is proposed. Design begins by deciding the 
actuator and the component integrated in reality. The 3D wheelchair model was done in AutoCAD 3D. All 
components like joint, frame, actuator, gear box and any other part of wheelchair were drawn in AutoCAD. To 
verify the design model, a scaled 1:15 prototype was built for visual movement and collision verification. Motor 
servo and linkage mechanism was used to replace the real actuator in reality design. Finally from the scaled 
prototype, the movement and collision can be verified and reported. 
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1. Introduction 
Disabled people with different level of disability and limitation need a proper assistive technology. Disabled Living 
Foundation, an organization in United Kingdom which handled disabled people society declared in factsheet that 
there are many people studying different aspects of disability as part of their course work or for their own personal 
development. Recently, some of their works are focused in wheelchair development. Without an accessible transport 
system, many disabled people are deprived of the freedom to move beyond their immediate environment. Accessible 
vehicles would obviously make travel easier.  
Malaysia Government at 2009 started the “Dementia People” project. A group of researchers from Universities 
together with several industrial partners worked under the project to build an integrated system to handle dementia 
patient. The main product of this project would be a new advanced wheelchair. Hence, this research is to be part of 
the project. 
Here, we strictly focused on developing new concept of powered transformable wheelchair mechanism as main 
issue of the research which may participate to help disabled people in obtaining better condition. Observations and 
investigations on several existing powered transformable wheelchairs with those features and disadvantages are 
done to result a new design of powered transformable one. 
 
2. Related Works 
Wheelchairs were actually first developed thousands of years ago, but they did not begin to take a standard design 
until the beginning of the twentieth century. Today, there are many different kinds of wheelchairs available, so it can 
seem difficult to choose right type of wheelchairs. Wheelchairs can be basically broken down into manual 
wheelchairs, electric wheelchairs, or mobility scooters [1]. 
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Figure 1: Sample of motorized Wheelchairs. a.Propelled outdoor[2]. b.propelled indoor[3].c.adjustable powered[3] 
Many wheelchairs in market offer advance technologies and features than a conventional manual wheelchair. 
Powered or electrical or propelled wheelchair has an electrical motor in generating a wheel rotation [2].  Other 
wheelchairs with adjustable functions are also growth significantly in market nowadays. This type of wheelchair 
gives more freedoms to the user in adjusting chair positions. Chair can be transformed into lying position 
(rest/sleep), and also assist user in obtaining a standing position. Further, users are eased by using a joystick and 
button to adjust the desire position of the chair, Figure 2. Below is sample of Power 4x4 wheelchair specifications 
and features. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: Sample of wheelchair specification [3] 

 
There are also some patented wheelchairs having a triple functions feature. Technical MFG Group at 1968 designed 
an adjustable wheelchair device which support triple functions. Figure 3a shows the design. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Sample of patent a. Adjustable Wheelchair [4], b.  
Wheelchair with Self Raising Seat[5] and c. Power Stand-up and Reclining Wheelchair[6] 
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Reference which is used as guidance in designing a new concept wheelchair, come from Humans Factors Design 
Standard 2009. It is subtitled Anthropometry and Biomechanics and displayed in Figure 4. Dimension stated in inch 
and millimeter length. Another reference is Wheelchair Homes Design 2007, written by South East London 
Partnership which contains guidance in design a disabled people home. 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Example figure for demonstration Standard dimension of wheelchair [7] 
 

3. Wheelchair Actuator Technology 
An actuator is a mechanical device that is used to move or control a simple or even a complex mechanism. It takes 
energy from a source, and converts that into some kind of motion. The power source could be created by electricity, 
vibration, air, water, etc. Actuators can manipulate a linear motion, rotary motion, or oscillatory motion.  
Many type electrically-powered actuators are developed with specific function and need. DC motor for example, 
might be implemented on low level toys to a high-precision industrial application. Pneumatic and hydraulic 
actuators are fluidic powered. Pneumatics use compressed air, while hydraulic using compressed oil to actuate the 
mechanism. DC motor convert power into rotational force (torque), whereas pneumatic and hydraulic create a linear 
translational movement (pull and push force). 
 
3.1. Linear DC Motor 
Wheelchair with adjustable function is actuated by type of actuator. It could be single or even double, depend on 
product requirement. Most of wheelchairs use pneumatic, hydraulic, or linear DC motor since they have enough 
power to establish transformation of wheelchair compared with their dimension. 
 
 
 
 
 
 
 
 
 
 
There are various methods of achieving linear motion. Several examples are mechanical actuators, hydraulic 
actuators, piezoelectric actuators, electro-mechanical actuators and linear motors. In the majority of linear actuator 
designs, the basic principle of operation is that of an inclined plane. The threads of a lead screw act as a continuous 
ramp that allows a small rotational force to be used over a long distance to accomplish movement of a large load 
over a short distance. Figure 5 shows a conceptual design of a basic linear actuator and Table 1 displays 
specifications of one marketable linear DC motor product. 
The system converts rotary motion (in the form of a DC motor) to linear motion. When an electrical source is 
applied to the motor, the threaded shaft is driven and the nut rides up and down in the corresponding direction. This 
action provides an extension and retraction capability for tasks requiring a linear displacement. Note that in this 
example the nut and red tube do not rotate, merely "ride" the threads on the spinning shaft up and down. Ride 
distance of red tube is called stroke length. 

Table 1. Linix, DGT24-100 specs [8] 

Figure 5: Linix, DTG24-100 DC Linear Actuator [8] 
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Important performance specifications to consider when searching for linear actuators include stroke, maximum rated 
load or force and maximum rated speed. Stroke is the distance between fully extended and fully retracted rod 
positions. The maximum rated load or force is not the maximum static load. The maximum rated speed is the 
maximum actuator linear speed; typically rated at low or no load. 
3.2. Pneumatic and Hydraulic actuator 
Pneumatic is mechanical actuator that deals with gas properties such as pressure, density, and applies the principles 
to use compressed gas as a source of power to solve engineering problems. The most widely used compressed gas is 
air, and thus its use has become synonymous with the term pneumatics [9]. 
Pneumatic cylinders are used for several reasons: 

• A pneumatic cylinder can produce a force typically 20 times as large as the maximum force of a solenoid 
with identical diameter. 

• The cylinder force remains almost constant throughout the stroke. 
• Solenoid strokes are very limited, typically equal approximately to the solenoid diameter. By comparison, 

cylinders have strokes up to 15 times the piston diameter. 
• There is nothing to burn out inside the compressed air in producing a force 
• The piston speed can easily be regulated, by placing adjustable restriction (needle valves) in the exhaust 

lines. 
 
 
 
 
 
 
 
 

Figure 6: Pneumatic work [10] 
 
Pneumatic and Hydraulic actuator have some disadvantages that may to be considered due to wheelchair 
application. Transformation on wheelchair for example standing or lying position will rely on actuator movement. 
Hence, actuator plays important rule to keep the user safety in every position. 
Disadvantages Pneumatic and Hydraulic: 

• Higher density, higher losses, more inclination to cavitations 
• Limited operational temperature < 55 °C 
• Worse lubrication characteristics, reduction of maximum load 
• Worse de-aeration characteristics 
• Sometimes chemically aggressive against sealing materials 

 
3.3. Pneumatic Air Muscle 
Several types of pneumatic actuators e.g. cylinder bellows, pneumatic engines and even pneumatic stepper motors 
are commonly used to date. A less well-know type is that of the so-called Pneumatic Artificial Muscle (PAMs) or 
Air Muscle. These are in fact inverse bellows, i.e. the contract on inflation. Their force is not only dependent on 
pressure but also on their state of inflation, which make for a second source of spring-like behavior [11]. They are 
lightweight because their core element is membrane, and yet, they can transfer the same amount of  energy  as  
cylinders  do,  since  they  operate  at  the same pressure  ranges and volumes. For these reason they carry a great 
potential to be used to power mobile robots, where they have additional advantages, such a direct connection, easy 
replacement and safe operation. The Shadow Robot Air Muscle is a simple yet powerful device for providing a 
pulling force. It behaves in a very similar way to a biological muscle. When actuated with a supply of compressed 
air, it contracts by up to 37% of its original length. The force it provides decreases as it contracts, and the first few 
percent of the contraction is very powerful indeed. The simplest use of a muscle is to move a lever. One muscle will 
pull the lever in one direction, and a spring can return it. Two muscles will allow the lever to be pulled in either 
direction, with considerable force. Because the muscle contracts over a known distance, it can be used to provide a 
safe movement. There is no need to ensure that the lever is not going to be rotated beyond its end-stop, since the 
muscle will only move the lever to its set up angle. Figure 7a shows an air muscle with 6 mm length from Shadow 
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Robot, has ability to pull 4.6 Kg Load, within 4 bars air pressure and 11% contraction from its initial length. Air 
muscle has many better features than pneumatic cylinder. Its weight between 10g and 150g, for example the 30mm 
Air muscle weight is 80g. Unlike pneumatic cylinders, air muscles have no 'stiction', and an immediate response. 
This results in a smooth natural movement. Air Muscles is flexible, since it needs no precise aligning. Air muscles 
powerful because can produce forces up to 700 N at pressures of only a few bars. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: a. 6mm Air muscle Shadow Robot Company. b. Contraction characteristic due to various loading. c. Speed 

contraction characteristic due to various loading [12] 
 
Pneumatic cylinders produce a small force over a long movement. Air muscles, on the other hand produce very high 
forces, but pull relatively short distances. Therefore cylinders and air muscles are used in different ways, and are 
generally for slightly different applications. Important information need to be considered since using air muscle 
actuator to produce linear translation is the characteristic of muscle’s contraction. The following graphs in Figure 7b 
and 7c shows the dynamic contraction condition of the 30 mm muscle as the pressure is increased to 3.5 bar (lower 
line), then decreased back to 0 bar (upper line), under several static loads. 
 
4. Anthropometric Data and Asian Hospital Bed Size 
Humans vary significantly in size and build. In some situations, it is sufficient to design for the smallest or largest 
likely dimension. In other situations, adjustable benches, chairs or devices are required for the full range of people 
[7]. Diagram of human anthropometric can be shown in Figure 8, while anthropometric data can be found in Table 
2. The anthro-prefix usually applies to a body, whether human or a gorilla, metrics relate to measurement. The 
science of anthropometrics uses data on human dimensions and ranges of motion that is how far various body parts 
can move. Researchers usually measure subjects from a particular group, then calculate the averages and study the 
differences. Anthropometric data are the bases for the human scale standards included in the building regulations 
and product design guidelines that designers must use. Steinfeld notes that standardized data collection methods, 
plus larger and additional groups of subjects, mean that the future holds more and better anthropometric standards. 
Another source comes from United Hospital Bed brochure, which has AN ISO 9001 standard [13]. It stated that 
Standard hospital bed has range size 2030 – 2100 mm length, 900 – 1000 mm width and 600- 800 mm height. 
Anthropometric data and size of a hospital single bed are useful references to determine wheelchair parts dimension 
and separations.  
 
 
 
 
 
 
 
 

a. b. 

c. 

Table 2. Relative weight and Length of body segments for adult men 
and women [14] 

) 

Figure 8: Anthropometric Body Diagram [14] 
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5. Wheelchair Size-Bed Design 
 
5.1 Lever 
According to Prater L.E., machine is used to transform energy from one place to another [15]. Another use of 
machines is to multiply force. The pulley system enables us to raise the load by exerting a force that is smaller than 
the weight of the load. The machine enables us to gain force, but only at the expense of speed. Machines may also 
be used to multiply speed. Machines are also used to change the direction of a force. There are only six simple 
machines: the lever, the block, the wheel and axle, the inclined plane, the screw, and the gear. 
 
 
 
 
 
 
 
 

Figure 9: a. Simple lever [15] and b. Class of lever [15] 
 
Relationship among effort, length of lever, and resistance in general terms: the length of the effort arm is the same 
number of times greater than the length of the resistance arm as the resistance to be overcome is greater than the 
effort you must apply. Writing these words as a mathematical equation, we have: 

             (1) 

Where, L as length of effort arm, l as length of resistance arm, R as resistance weight or force, E as effort force. 
Knowledge of the basic machine performance as stated above will be used to obtain correct dimension with relation 
to wheelchair linkages. Actuated wheelchair is composed of several connected linkages and actuators that may result 
transformation. 
 
5.2 Wheelchair Design, Functions, and Features 
Raw concept of new transformable wheelchair and subsystems are explained in Figure 10a, while Figure 11 shows 
the wheelchair concept in achieving triple functions. Prototyping raw design into scaled model is done to document 
ideas and prove its concept in relation with dimension, shape, and actuator selection to result expected 
transformations. Scaled prototyping is started by divide bed frame subsystem into several sections which are 
referred to human anthropometry data. Figure 10b shows the separation of bed frame based on human body. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: a. Raw design of transformable wheelchair in autoCAD. b. Top view of Bed Frame separation based on 

human anatomy 
 
Explanation of Bed Frame parts name and function: 

1. Head rest is to keep user head in safe position 

Arm rest 

Arm rest 

Head 
rest 

Back rest Bottom rest Leg rest Foot 
rest 

Flipper 

Flipper 

Flipper 

Flipper 

Actuator 

Bed Frame 

Mobile 
Platform 

a. b. 

a. b. 
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Lying state 

Sitting 
state 

Standing 
state 

2. Back rest is to maintain back and shoulder of user 
3. Arm rest is to support user arms position 
4. Bottom rest as a place for user bottom area 
5. Flipper as an additional part, which may flip to reduce total wide when it is transformed into chair or 

another state. This will be useful for wheelchair mobilization, for example passing through door, or narrow 
area. 

6. Leg rest is to maintain user legs in comfort condition. 
7. Foot rest is to support user feet. 

Referred to anthropometry data, could be proposed detail dimension for Bed Frame parts which is shown in Figure 
10b. From Figure 10b, is summarized that transformable wheelchair will have approximately 213 cm length, and 
90.61 cm width when transformed into lying state. This dimension is around the standard of single hospital bed, 
which means that user is assumed can use this wheelchair as bed rest. Transformable wheelchair is designed having 
independent actuator on each joint, to ease the user to make adjustments in achieving comfortable condition and 
position during operation. Therefore, next step is development of joint configurations on every part with its actuator. 
 
5.3 Joint Configuration and Actuator Selection 
Actuator is required to result a transformation in each joint. Consideration of actuator selection and joint 
configuration are referred from anthropometry data, existing wheelchair and actuator specification as disclosed in 
chapter 2. Consideration of mechanical configurations on each joint are explained as below: 
 
 
 
 
 
 
 
 
 
 
 

Figure 11: Transformable wheelchair functions and features 
 

a. Head Rest 
This area will maintain user head. Head is assumed need to be carefully actuated, since it is the most important part 
of human body. Transformation of mechanism is composed of actuator and linkages to obtain rotation on joint. 
Simply, it could be designed the mechanical structure as shown at Figure 12a and b. 
Where, Leffort as length of effort arm, connected to actuator (cm). l as length of resistance arm in this case is head rest 
part, distance of applied mass toward center of rotation (cm). θ as desired angle rotation (degree). a as actuator 
stroke translation (cm). Mechanism structure on Figure 4.5 is used to change translational force, become a rotational 
movement. Since actuator has limited stroke, the mechanism must cover desired rotation and applied weight. 
Considering relation between stroke movement and desired rotation we can calculate value of Lmax using:  

           (2) 

Where, Lmax as maximum length of effort arm,  as actuator stroke, π as constant of 3.14, θ as desired angle, l as 
length of resistance arm. There is consideration that Leffort is also limited which is come from actuator force toward 
applied weight. Refers to lever mechanism in chapter 2, we can state that Lmin is obtained by following equation:  

            (3) 

Where, Lmin as length of effort arm, l as length of resistance arm, R as resistance / applied weight, E as effort force. 
From both of equation above, we could notice that length of Leffort is limited by Lmax and L min, hence we can write: 
Lmax > Leffort > min. Simply, the statement explains that Leffort is not fixed value, since the designer can take any value 
between Lmax and L min , in fact there will be length adjustment in detailing the model. Refers to section 3, Air 
muscle with 30 mm diameter and 300 mm length, has 150 gram weight, 700 N pull forces and 100 mm stroke. 
While based on anthropometry data, human head is approximately 7.084 kg weight, and desired angle for head rest 
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is 450. Substitute the data above into Equation (4.1) and (4.2) we can obtain: 12,73 cm > Leffort > 1,01cm. Here we 
get that L min < Lmax , so it is possible to use pneumatic muscle as head rest actuator. 
 
 
 
 
 
 
 
 
 

Figure 12: a. Linkages mechanism of head rest. b. Head rest transformation 
 

b. Arm Rest 
During transformation, arm rest will maintain both of user arms. Arm rest is transformed by rotational and 
translational or sliding movement. Step of its transformation is shown as Figure 13. From Figure 13 it is pointed that 
there will be 900, for arm rotation and approximately 25 cm horizontal slide. Geared DC motor is then selected to be 
actuator for each rotation and slide. So, each arm rest will use two DCs motor. 
 
 
 
 
 
 
 
 
 
 
 
 

c. Back Rest 
User shoulder and backbone will be maintained by back rest part. This part is proposed having 900 of maximum 
rotational ranges. Linix linear DC motor as disclosed in chapter 2 is selected to be an actuator for back rest. It can be 
proposed linkage configuration likewise stated at head rest, and we can write up into following table after 
conducting the required parameter by using Equation 2 and Equation 3. 
 

Table 3: Back rest parameter 
Part R l θ  E Lmax Lmin 

Back rest 50 kg 31.5 cm 900 10 cm 4000 N 6.369 cm 3.935 cm 
 

Consideration is also taken for failsafe condition. Linear DC motor has gear screw mechanism, which will hold the 
stroke position even though actuator power fails. Furthermore, to avoid locking mechanism for linear DC motor, it is 
proposed to install double actuator for back rest. This is also adds mechanism safety and performance. Figure 14 
shows proposed back rest transformation. 

d. Bottom rest 
Bottom rest is mounted on mobile platform mast, which has spherical joint configuration at front side. It is also 
supported by two linear actuators which are jointed on rear side to perform standing position and counter-slope 
effect. Figure 4.9 shows joint configuration of bottom rest. Actuators are expected can produce 45 degree of bottom 
rest flip. Table 4.2 displays the result of bottom rest formulation. 
 

Table 4: Bottom rest parameter 
Part R l θ  E Lmax Lmin 

Bottom rest 150 kg 25 cm 450 10 cm 8000 N 12.738 cm 0.468 cm 
 

θ 

a 

L 

l 

a. b. 

Figure 13: Arm rest transformation Figure 14: Back rest transformation 
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e. Leg rest and Foot rest 
Leg rest and foot rest are proposed to have rotational capability up to 900 from its early state as described in figure 
4.10. Back rest, leg rest and foot rest are also important parts to be considered since these parts will support the user 
in standing position. Therefore, assumption is taken that these part need to be coupled with actuator which can 
handle failsafe feature likewise Linear DC motor. Write up required parameters into Table 4.3 for leg rest and foot 
rest as previous justification:  
                                      

Table 5: Leg rest and Foot rest parameter 
Part R l θ  E Lmax Lmin 

Leg rest 30 kg 23.32 cm 900 10 cm 4000 N 6.369 cm 1.749 cm 
Foot rest 3 kg 11.88 900 10 cm 4000 N 6.369 cm 0.88  

 
f. Flipper 

Flippers are designed to be additional parts which have advantage 
to decrease total width of wheelchair, when passes narrow area. 
Another function is to limit user movement which may cause 
disturbance for wheelchair stabilization. Further, we do an 
assumption that flipper will be coupled with bottom and leg rest 
mechanism to obtain 450 rotation as shown in Figure 4.11. 
 
 
 
 
 
 
6. Result 
Early virtual model is built using AutoCAD based on wheelchair justification as stated above. The idea was then 
realized by building a prototype model within 1:15 scale. Prototype is built using black acrylic material for its main 
shape and soft foam for bed padding.  
Rotation on each joint is actuated using servomotor which is controlled wirelessly. Further, transformation scenario 
could be applied from its initial state to another state. Figure 18 shows the prototyped model in triple conditions 
state. 
Observation on prototyped model, gave several feedbacks to be considered which are useful for next designing step: 

1. Arm rest will collide with the bottom rest as a result of incorrect algorithm adjustment during 
transformation. Therefore precise algorithm is crucial in avoiding possible collision. 

2. Transformations are expected safe for user, since there will be gap between moving parts during operations. 
Hence, need appropriate gap adjustment between neighborhood parts.  

3. Early smart mechanism that was tested to handle user in horizontal position was more complicated than 
initially assumed. Therefore, need to reconsider or devise another mechanism configuration. 

Linear 
A t t  

Spherical joint 

Figure 17: Flippers transformation 

Figure 15: Bottom rest transformation Figure 16: Leg rest & Foot rest transformation 
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4. Total width of wheelchair need to be reduced when it is transformed within wheelchair, since mobilization 
through narrow area should be considered. Hence, need an improvisation to fold some less important 
component of the wheelchair. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 18: Wheelchair prototype model within 1:15 scale 
 
7. Conclusion and Future Work 
In this paper we successfully present the new design from our novel concept wheelchair. The design and prototype 
stage has produced a new design of transformable wheelchair in dimension, detail profile, function and features. 
From scaled prototype, working space of the wheelchair at certain position could be obtained from model which 
would be useful in defining interaction between wheelchair and its real environment. Although this research is the 
preliminary study from the whole idea about building a size-bed wheelchair but it was also an alternative approach 
that finally achieved for designing and prototyping the size-bed wheelchair. 
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