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Abstract. The aim of this article is to compare three strategies for servo assisted wheelchair motorization control. A 
servo assisted wheelchair is a therapeutic wheelchair which allows the user increase his physical and pulmonary 
capacity without risk of development DORT. Because this wheelchair has a driven system which is turned on only when 
the propulsion force applied by the user is higher then a specific value. This value is set up to avoid dort and at the 
same time to increase the muscular capacity and independent mobility. The model used is based on doubled bicycle 
model, driven force applied over the rear wheels and the steering over the front wheels. This mathematical model 
allows developing control strategies for the driven system which will be simulated without a prototype. For these 
article three strategies was developed, one “on-off” control, one rule control and one fuzzy control and they were 
simulated for a standard propulsion cycle and for most common problematic propulsion cycle. The most appropriated 
strategy for the studied system was the rule control, because it has a best performance in terms of the system 
displacement. Besides the system controlled by this strategy is not so sensitive to a problematic propulsion force.  
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1. Introduction  
 

Wheelchairs have suffered a great development in the last years, however studies of its dynamics behavior have 
practically not occurred, and it is important because allows the improvement of the users mobility. 

Recently works Arva et al. (2000), Buttler (2000), Cooper and Boninger (1999) and Corfman et al. (2000) shown the 
importance of having a more independent life. This contributes to have a better development of usual abilities as 
interpersonal communication, psychosocial skills and other important skills for living in a society. 

It is a very important factor in social interactions to have access and control over the territory, as stated by Butler 
(2000) and Di Marco et al. (2003). For a wheelchair user the ability to pass obstacles and locomotion are dependent on 
his wheelchair, the best wheelchair chosen is a primordial factor for having success and independence in all-day 
situations. 

Power wheelchair allows a bigger mobility, mainly in indoors ambient that has a regular floor, but they have as 
disadvantage a muscular atrophy of the upper extremities members. (Stein et al., 2003 e Cooper and Boninger, 1999, 
Duran at al., 2001). It is a consequence of using only the joystick to drive the wheelchair. 

A servo-assisted mechanism for a wheelchair can improve the user locomotion capability and at the same time it 
does not allow that him remain without making exercises. It is important because it allows the user to development the 
upper extremities muscles. The locomotion improvement occurs because with less effort is necessary to propel the 
wheelchair. So the physical effort to propel a wheelchair is no excessive and the upper extremities joints will not 
development repetitive effort lesion. (Lombardi Jr. and Dedini, 2005) 

The servo assisted mechanism concept is a group of motors fixed to the wheelchair able to propel the system but 
only turns on when the user force acting over the propulsion ring is higher then a specific value set by a doctor or a 
therapist. (Lombardi Jr. and Dedini, 2005) 

This work was divided in the following sections: a mathematical model for the system, including the definitions for 
the propulsion forces and the dynamical model for the wheelchair, after it was performed the study of the system 
behavior under the three control strategies (“on-off”, rule and fuzzy), and finally conclusion. 
 
2. Dynamical Model 
 

The dynamical model is based on the Newton-Euler and Jourdan equations and the aim is to develop the dynamic 
equations for computational simulation. All equations were written on the non inertial base over the system CG. 

These equations represent the system dynamical behavior related to the propulsion forces acting over the rear 
wheels, and with servo-assisted assembly the motor actuation is added in propulsion force. It is important to remember 
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that the steering occurs on front wheel, and the steering forces are always equal to zero because the front wheels are free 
and the changing direction is made by different forces acting over the rear wheels. 

In the fig. 1, it is represented the diagram of free body (DFB) of the wheel of system; this figure is enough to 
represent all important system forces, which are the transversal and longitudinal forces acting over the front and rear 
wheels. Each force is denoted by a sub-index from 1 to 4 which represents the number of wheel as shown on figure. 
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Figure 1. Free Body Diagram for the wheelchair 

 
It can be observed that even the longitudinal force as the transversal forces are influenced by the resistance forces 

defined as presented by Lombardi Jr. and Dedini (2005), so for the transversal force the expressions are represented by 
the Eq.(1) for the front wheels 1 and 2 and Eq.(2) for the rear wheels 3 and 4: 
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The expressions were developed for the most general situation for a pavement (with double inclination), which 

represents two rotations over the roll (axis X, represented by the variable γ) and pitch (axis Y, represented by the 
variable ϕ) angles. The wheels were considered rigid as presented in works by Becker (1997) and Lombardi Jr. (2002), 
thus the lateral force has a component resulting by multiplication of wheel sliding angle (ψ) and strictness movement 
coefficient of wheel (Cψ). The variable Fati used on previous equations represents the lateral friction force, what is 
responsible for avoid lateral slip movement. 

For the longitudinal forces the expressions are much similar to the expressions for the resistance forces despite of 
the terms F3 and F4 in longitudinal forces Fx3 and Fx4, which are the forces applied by the wheelchair user during the 
manual propulsion or the forces applied by the user and the motorization system during the servo-assisted propulsion. 
The following expression, Eq.(3), for the front wheels and Eq.(4) for the rear wheels, represent the longitudinal force 
for the wheels. 
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The variable µ represents the rolling friction coefficient. Now, applying the Newton-Euler and Jourdan equations, it 

is possible to obtain expressions for 
.

Vx , 
.

Vy e 
•

zω , respectively longitudinal, transversal and angular accelerations of 
the system. The equations resulting from this procedure are the following: 
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The variables δ1 and δ2 represent respectively the steering angle in the front left wheel and front right wheel. It is 

important to observe that these angles are defined by the forces differences between the rear propulsion wheels, in other 
words the system has no independent steering but it is defined by the momentum due by propulsion force over the rear 
wheels. 

Using the Eq.(5), Eq.(6) and Eq.(7), it is possible to simulate the dynamical behavior for a system composed by a 
wheelchair and a user, carrying out the aim of this paper. Following some graphics are being presented and are showing 
the dynamical behavior for a manual propulsion wheelchair, over a plane floor. The following simulations are based on 
the values: m, mass of the system, 110 Kg; L, distance between the wheelchair shaft, 0.5 m; l1, distance between the CG 
(center of gravity) and the front shaft 0.3 m; l2, distance between the CG and the rear shaft, 0.2 m; b, wheelchair width, 0.7m; 
Izz, inertia momentum of wheelchair, 6.78 m4 , µ, rolling friction coefficient, 0.015; h, CG height, 0.5 m The wheelchair 
geometric characteristics were based on ABNT 9050, an the inertia momentum (Izz) for the wheelchair was assumed as 
being equal to a cube with dimensions bxLxh. The others variables like µ and CG localization were assumed based on 
experimental observation. 

 
3. Considerations about the propulsion force 

 
In this section only the two main factors for the biomechanical modeling are going to be presented, these factors are 

the propulsion standard and the force cycle characteristics. 
For this study, it was considered that the movement happens only in the user sagital plan, what is consistent with the 

movement observed in recent studies of Souza (2000), Lombardi Jr. (2002). Each manual wheelchair user adapts to a 
propulsion standard, or in other words, the trajectory builds by the upper extremity during the propulsion. Souza (2000) 
relates that there are 4 standards paths for wheelchair propulsion, they are: arc, semi-cycle, simple looping and double 
looping, in this paper will be used only the arc as upper extremities movement. 

In the same way it is going to be considered that the propulsion force has regular characteristics, and it can be 
divided in three parts (T1,T2 e T3), where T1 is the time necessary to the user applies the force begins at zero until the 
maximum value (Fmax), which is dependent on users characteristic (lesion level, physical condition), T2 is the time 
when the force remains constant until the moment to release the hand, T3 is the time to goes back the hand until the 
initial contact point to repeat the cycle. It was adopted the values T3 equal to 1,0 s for plan paving e 0,4 s for slope 
paving T2 was considerate 3 times bigger than T1.  

Combining these two pieces of information mentioned previously, the propulsion force pattern is shown on the 
following figure, fig. 2: 
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Figure 2. Characterizes of Propulsion Force definition 
 

The maximum propulsion force value (Fmax) depends on the biomechanical characterizes of the subject, thus in this 
paper, as the aim is studying the dynamical behavior of the system will be assumed that the user is able to apply the 



necessary force for the movement. The force necessary for the movement is the sum of all forces of rolling movement 
over the wheel and the weight component if convenient (slope plane). 
4. Manual wheelchair simulation 

 
The aim of this section is to study the dynamical behavior of a wheelchair under the effects of the most common 

propulsion force characteristic. This information is important because based on this results it will be possible to quantify 
the improvement obtained using a servo assisted motorization system. 

 

  
 

Figure 3. Wheelchair Velocity (a) and Wheelchair Displacement (b) 
 
The propulsion force provide by the user was assumed as equal and enough for the movement, (F3 = F4 = 16.18 N) 

for the first simulation, in this simulation can be observed that the system has a linear displacement because this 
hypothesis. 

Can be observed in the fig. 3 (a) that wheelchair has an irregular behavior in terms of the longitudinal velocity 
(forward movement) due by the propulsion force. When there are a propulsion force bigger then zero the wheelchair 
tend to increase its velocity, when it not occurs the tendency it to decrease the velocity because the rolling resistance 
force. The transversal velocity is zero, what it is mean that the wheelchair has no sliding movement. 

The fig.3 (b) represents the wheelchair displacement when the propulsion forces are equal, as mentioned before the 
wheelchair system change its direction using different forces on the rear (or motor) wheels. To sum up the maximum 
displacement get by the system was 3.0m in longitudinal direction only and the maximum velocity was 0.23 m/s. 

 

  
 

Figure 4. (a) Wheelchair displacement with different propulsion forces (sagital disparity) (b) Displacement with 
propulsion force equal to 8.90 (50% for the necessary force). 

 
In the fig. 4 (a), is shown that a little difference between the forces can change so much the system displacement and 

its direction. This difference between the propulsion forces is named as sagital disparity, and it is a kind of deformity 
present on propulsion force which affects the wheelchair performance. In this simulation was used F4 = 16.18N and F3 
was increased in 5 %. The maximum displacement obtained was 3.22 m in longitudinal direction and -0.3 m in 
transversal direction and the maximum velocity was 0.23 m/s. 

(a) (b) 

(a) (b) 
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In the fig.4 (b), is shown the total displacement for a system when the user is able to supply only 50% (F4 = F3 = 

8.09N) of the force necessary for the movement, as resulting the total displacement reached by the wheelchair was 0.24 
m, This displacement is smaller than the original situation and for this user his independent mobility will be prejudiced 
and he is being able to development DORT (damage over repetitive effort) because of the excessive muscular effort. 

 
5. Control Stratégies 

 
The design of control strategies for a global performance of a wheelchair drive system requires satisfaction of many 

design aspects including the turn on the motors, motors power. When it comes to a servo-assisted wheelchair the power 
and the turning on are not the only aspects to carry on, but as mentioned in previous works Lombardi Jr. and Dedini 
(2005), Lombardi Jr. (2002), it is important too paying attention for safety and users comfort. 

Thus the control system is not going to be composed by only one function but for many sub functions which are 
performing the desired behavior. For a complex control system composed by complex control strategies, it is very 
difficult to development only one system able to perform all activities desired; moreover, it will be difficult to choose 
the best control strategy for a complex system. 

Independence Axiom of the Axiomatic Design can easily distinguish between different designs and can provide an 
index showing which is the better. For a complex control system is possible to obtain decoupled designs each one 
referent to a specific function of a role control system. Axiomatic design provides a framework for describing design 
objects which is consistent for all types of design problems and at all levels of detail. Additionally, the design axioms 
provide a rational means for evaluating the quality of proposed designs, and the design process which is used guides 
designers to consider alternatives at all levels of detail and to makes choices between these alternatives more explicit. 

Based on these information three strategies were implement to control the motors turn on and the motor power and 
their performance were evaluated bearing on mind the total displacement during system simulation. These strategies 
correspond to the first function of the servo assisted control system, which was divided in some sub function to be 
development based on Axiomatic design. 

For the simulations was assumed that the user was able to perform only 50% of the total force necessary to 
wheelchair movement, in other words Fmax = 8.09N The control strategy must to perform with the other part of the 
propulsion force looking for the higher displacement. Of course the specific value for turning on the motor to realistic 
user must be set up by a therapist, but the performance of the control strategy can be evaluate for any value. 

 
5.1. “ON-OFF” Strategy 

 
The first strategy is “on-off” control, it is the basic control strategy and in most case it presents best results because 

has the better relation cost and performance. The first algorithm to the turning on the motors is a quite simple rule: if the 
force on the propulsion ring (Fp) exceeds a value, that in this case is defined as being 80% of the maxim value of the 
user’s forces (Fmax), the motors are turned on for maximum torque resulting in a enlargement of propulsion force 
defined as (Fmaxm), it is shown in fig. 5. 
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Figure 5. Block diagram for the “on-off” strategy. 
 
The system was simulated for the same situation presenting on fig. 4. For the system without sagital disparity, 

fig.6(a), the total displacement has no suffer deviation and reach the value of 2,0 m but for the system with sagital 
disparity, fig.6(b), the total displacement has suffer a deviation and reach the values on longitudinal direction 1.6 m and 
on transversal direction 1.3 m, but in this time the deviation occurs to left side. The absolute values for system deviation 
were higher with on-off strategy than for the system without servo assisted motorization, fig. 4(a). The system 
performance was poor if compared with the situation of normal manual wheelchair, what it is mean that the user has 



enough force to propel the system. But for the system performance is higher than the system without auxiliary 
motorization as presented on fig. 4(b). 

 

  
 

Figure 6. System Simulation with on-off control (a) without sagital disparity and (b) with sagital disparity. 
 

5.2. Rule Control Strategy 
 
One more complex strategy derived from the “on-off” strategy is the rule control. For this strategy it is determined 

ranges of application corresponding to ranges of actuations, in other words represent a system with rules as if 
<statement> then <action>. This kind of control strategy is more complex than the previous because it is necessary 
integrated circuit with logic ports and a more complex electronic assembly. Figure 7, presents a block diagram with the 
rules for this strategy. 

 
Force Applied
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Maximum force set up
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Supplied force 
by the motors

(Fm)

Rules for motor:

If Fp < 0.5*Fmax then Fm=0
If Fp >=0.5*Fmax e Fp <=0.6*Fmax then Fm=Fp*0.5
If Fp >=0.6*Fmax & Fp <=0.7*Fmax then Fm=Fp*0.6
If Fp >=0.7*Fmax & Fp <=0.8*Fmax then Fm=Fp*0.7
If Fp >=0.8*Fmax & Fp <=0.9*Fmax then Fm=Fp*0.8
If Fp >=0.9*Fmax then Fm=Fp*1

 
 

Figure 7. Block diagram for the rule control strategy. 
 

  
 

Figure 8. System Simulation with rule control (a) without sagital disparity and (b) with sagital disparity. 
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Again the system was simulated for two conditions fig. 8(a) without sagital disparity and fig.8(b) with sagital 

disparity of 5%, as the same situation presenting on fig. 4. For the system without sagital disparity, fig.8(a), the total 
displacement has no suffer deviation and reach the value of 2,0 m but for the system with sagital disparity, fig.8(b), the 
total displacement has suffer a deviation and reach the values on longitudinal direction 2,5 m and on transversal 
direction -0,3 m, the deviation occurs to the same side as shown on fig.4(a), thus more coherent with the system 
behaviour. In both situations the system performance was poor if compared with the situation of normal manual 
wheelchair, what it is mean that the user has enough force to propel the system. But for the system performance is 
higher than the system without servo assisted motorization as presented on fig.4(b). 

 
5.3. Fuzzy Control Strategy 

 
The fuzzy control instead of treating of the variables in a numeric form it applies the semantic rules, as if <semantic 

condition> then <semantic action> For controlling only one variable, the propulsion force, fuzzy strategy acts quite 
similar way to control rules. Fuzzy logic is important because it can control a plan without a mathematical model, what 
in some cases determine this model can be a very difficult problem. One way very simple to express the semantic rules 
for the fuzzy strategy is presented in tab.1. 
 

Table 1 – Fuzzy logic Representation 
 

  Output: motor Force 
  NN MN PN ZN Z ZP PP MP PP 

NN 1 0,5 0,1             
MN   1 0,5 0,1           
PN     1 0,5 0,1         
ZN       1 0,5 0,1       
Z         1 0 0     
ZP           1 0,5 0,1   
PP             1 0,5 0,1 
MP               1 0,5 

Input: 
Propulsion 

force 

PP                 1 
 

  
 

Figure 9. System Simulation with fuzzy control (a) without sagital disparity and (b) with sagital disparity. 
 
The system was simulated for two conditions fig. 9(a) without sagital disparity and fig.9(b) with sagital disparity of 

5%, as the same situation presenting on fig. 4. For the system without sagital disparity, fig.8(a), the total displacement 
has no suffer deviation and reach the value of 1,95 m but for the system with sagital disparity, fig.8(b), the total 
displacement has suffer a deviation and reach the values on longitudinal direction 2,1 m and on transversal direction -
0.14 m, the deviation occurs to the same side as shown on fig.4(a), thus more coherent with the system behaviour. In 
both situations the system performance was poor if compared with the situation of normal manual wheelchair, what it is 
mean that the user has enough force to propel the system. But for the system performance again is higher than the 
system without servo assisted motorization as presented on fig.4 (b). 

The displacement deviation do not be forced to zero because manual wheelchair users use this strategy to change the 
system direction, and if the sagital disparity becomes zero the wheelchair will not be able to change its direction. 

 

(a) (b) 



6. Conclusion 
 
It is presented in tab.2 the sum up of the main results of the simulations, it can be noted that without servo-assited 

motorization the total displacement is very low and consequently the user will need more effort to propel the wheelchair 
and this effort is going to be performed during more time to reach the same displacement. So the user will be more able 
to development DORT in upper body extremities as shoulder, elbow and wrist, reducing his independent mobility and 
his social interaction. 

 
Table 2. – Sum up of the results 

 

 
 
Another important conclusion is that for the longitudinal displacement when there is no sagital disparity the 

behavior of the three control strategies are very similar, and for this situation it is necessary to use a constant gain to 
control strategies to reach the same displacement obtained for a system with standard propulsion.  

For systems with very low sagital disparity the rule control shows more efficient than the other because again the 
displacement reach for this control strategy is near to the standard propulsion. This works presenting one 
methodological approach to development control strategies based on Axiomatic Design to fragment the control problem 
e looking for better isolated solution to reach a optimized global strategy. 
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