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 This research the authors design the intelligent control for 3-DOFs lower limb 
rehabilitation robot base on the complex dynamics equation. The Force Feed-Forward 
Method (FFM) is promote to control the of 3-DOFs lower limb rehabilitation robot 
including dynamics characteristics. The robot can sense the force of the therapist which 
exerted on the robot and patient’s leg, then produces necessary forces through joints at the 
hip, knee, and ankle. The force feedforward controller is used to compensate the force 
generated by the therapist to perform patient-active exercises.  In this paper, firstly authors 
briefly introduce 3-DOFs lower limb rehabilitation robot, next the kinematics and dynamics 
equation of 3-DOFs lower limb rehabilitation robot established base on Lagrange-Euler 
method are presented, and then the control method is introduced. Last, the performance of 
the proposed control methods has been confirmed by numerical simulations of the robot in 
all three joints: hip, knee, and ankle. 
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1. Introduction  

The rehabilitation for patients after stroke using rehabilitation 
robot has three stages, early rehabilitation stage, intermediate 
training stage, and advanced training stage. In order to get a 
satisfying control effect, various control methods have been used 
for Robot which is suitable for each stage of the rehabilitation 
process. In the early rehabilitation stage, the position control 
strategy with the trajectory tracking control method is appropriate 
to continue repetitive passive exercises. After the early 
rehabilitation stage with continued repetitive passive exercises 
following the desired trajectory, the patient’s movement ability 
and muscle strength could be partial recovery.  From this time, the 
fixed exercises can cause negative reactions, limiting creativity, 
proactive and active training of patients. Thus, the force control 
method aims to create the interaction between patient and robot is 
a very important requirement in this phase of training. In [1], the 
authors proposed a new method to control the force when the 
patient performs lower limb extensions. The aim of this control 
method is increasing real-time resistance to lower limb force 
asymmetry. The force-position hybrid control method in high rate 

is applied in Rutgers Ankle system [2] to resistive force on the foot 
of the patient to perform virtual reality-based exercises. In [3] 
authors use the combination of impedance controller and PD 
controller to control hip, knee, ankle joint of a 3-DOF 
rehabilitation robot. However, with the impedance controller, its 
parameters directly affect the effectiveness of the patient's training. 
If parameters of the impedance controller are low, the patient's foot 
motion may be out of range of physiological motion. Conversely, 
if parameters of the impedance controller are high, it can reduce 
the patient's proactive training [4]. A force feedback system with 
sensors/observers and encoders can measure the angle of rotation 
of the joints and can transfer feedback forces to the controller to 
help the robot perceiving reality and supporting for patients [5]. 
Force feedback control has many advantages and has been studied 
worldwide for upper limb exoskeleton [6]. For the lower limb 
rehabilitation robot, several studies using a force feedback 
controller have been researched and developed. In [7], the 
exoskeleton has six flexible force sensors are placed in its shoe and 
two load cells are mounted between the end of the piston rod and 
the lower leg joint. Force feedback control is realized by 
comparing ground reaction force and applied force of the hydraulic 
cylinder. A force control strategy is developed in [8] to exert user-
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denied assistive force. The force controller involves two sets of PD 
plus feed-forward controllers corresponding to low- and high-force 
ranges, in which the interaction force between the subject and the 
robot (the feedback force) is calculated based on the Hooke's law. 
In [9], the authors introduced a rehabilitation robot which uses a 
force-position hybrid fuzzy controller to limit movement in the 
desired direction, while maintaining a constant force along the 
moving direction. The position and direction of movement of the 
patient's foot are collected, after which a resistance force is used to 
rehabilitation for stroke patients. The selection of impedance 
parameters is not rooting to make. These parameters need to be re-
selected during the training process to suit the patient's ability and 
progress [10]. Therefore, it is really necessary to have adaptive 
control strategies to improve the dynamic control performance of 
the rehabilitation robot. In [11], “robot-in-charge” and “patient-in-
charge” control strategies were applied for LOPES, in which an 
impedance controller is used to improve the proactive training of 
the patient. This study’s result shows that the assistive force from 
the robot is effectively delivered to lower-limbs and the force feed-
forward controller can be used to improve the force control 
performance of the lower limb rehabilitation robot. In [12], authors 
presented the structure of a novel force-position hybrid controller 
to encourage patient activeness to gait rehabilitation using driven 
gait orthotics. In this research, the proportional derivative (PD) 
close loop position controller and forced controller are applied. 
Impedance control strategy is a great approach for encouraging the 
patient’s active performing and real-time adjust the manipulator’s 
position and interactive force. In [13], the authors proposed a 
position-force controller, applied to gait rehabilitation robot, 
ALEX. With this controller, ALEX can guide patients to move in 
physiological trajectories.  

This paper focus on develop a new control method Force Feed-
forward for 3-DOFs lower limb rehabilitation robot for perceiving 
reality. The force feed-forward controller is designed for robot 
system can track the position, magnitude, and direction of the 
contact force between the patient’s lower limb and the robot. 
Moreover, it can produce necessary force through joints at the hip, 
knee, and ankle. To accomplish this task, we considered a problem, 
which consists of two steps. Firstly, the therapist exerts a force at 
links of the robot, the force is measured by force sensors placed at 
there. Meanwhile, the angular joint trajectories are determined by 
encoders located at joints. Secondly, a force feed forward 
controller is used to control DC motors located at joints to 
compensate the force generated by the therapist to perform patient-
active exercises. Furthermore, force sensors also measured the 
force exerted by the patient’s lower limb as the input signal of the 
FFM controller. Finally, numerical simulation results of the robot 
system with FFM controller will indicate whether the controller 
has achieved the desired control performance. Moreover, the 
simulation result is used to estimate the maximum torque of a DC 
motor for the next design steps of robot control.  

2. Mathematical model 

2.1. Robot’s mechanism 

The mechanical structure of the robot provides supports for 
rehabilitation training. It is a serial robot that has three main joints 
of the lower limb, including a joint at the hip, a joint at the knee, 
and a joint at the ankle with three links: base link, thigh, leg, and a 

foot platform. Movement of each joint is driven by a geared DC 
motor. The mechanism of Robot is shown in Fig. 1. The linkage 
diagram of 3 DOFs rehabilitation Robot is shown in Figure 2. A 
coordinate system is attached to each link of the Robot. The   
coordinate system is attached to the base link with its origin located 
at the hip joint and axis pointing to the right. This coordinate 
system coincides with the base coordinate system . Because all of 
the joints axes are parallel to each other, so all the twist angles and 
translational distances are zero. To perform force control for the 
robot using FFM control method, three DC motors are installed at 
joints with encoders are used to measure rotation angle, and force 
sensors are used to measure the force exerted by physiotherapists 
in training stages or force exerted by the user’s foot in practice 
stages. 

2.2. Kinematic model 

Figure 2 show the linkage diagram of 3-DOFs rehabilitation 
Robot, the Denavit-Hartenberg (D-H) parameters of Robot are 
given in Table 1, where the parameters ( )with 1, 2, 3ia i = are 
constant, the variables iθ vary by rotation around the 

( )with 1, 2, 3axisiz i = .  

 

 

Figure 1: Mechanism of 3-DOF Rehabilitation Robot [1] 

Table 1: D-H Parameters of 3-DOF Rehabilitation robot 

Joint i  iα  
ia  id  iθ  

1 0 1l  0 1θ  

2 0 2l  0 2θ  

3 0 3l  0 3θ  
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Figure 2: Linkage diagram of 3 DOF Rehabilitation Robot 

The Denavit-Hartenberg transformation matrices are derived 
by substituting the D-H link parameters into equations (1) and (2), 
[14]:  

1

cos sin cos sin sin cos
sin cos cos cos sin sin

0 sin cos
0 0 0 1

i i i i i i i

i i i i i i ii
i

i i i

a
a

d
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θ θ α θ α θ
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 − =
 
 
 

A
  (1) 

 0 0 1 1
1 2 .... i

i iA A A A−=                  (2) 

The transformation matrix of 3DOF rehabilitation robot is:  

123 123 1 1 2 12 3 123

123 123 1 1 2 12 3 1230
3

cos sin 0 cos cos cos
sin cos 0 sin sin sin

0 0 1 0
0 0 0 1

l l l
l l l

θ θ θ θ θ
θ θ θ θ θ

− + + 
 + + =
 
 
 

A  (3) 

where 2112 θθθ +=  and  321123 θθθθ ++=    

From equation (3), we can get the direct kinematic model and 
inverse kinematic model of Robot. 

2.3. Dynamic model 

 The dynamic model of 3DOF Robot is written in matrix form 
as [14]: 

 ( ) ( , ) ( )q q q q q+ + =M V G τ             (4) 

where  

11 12 13

21 22 23

31 32 33

( )
m m m

q m m m
m m m

 
 =  
  

M  is the manipulator inertia matrix, with 

the elements ijm of  ( )M q  have been calculated as follow: 
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12
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 where the parameters im , il are the mass and the length of link i ,  

respectively; 
2
i

i
l

a =  

[ ]1 2 3( , ) Tq q V V V=V    is the velocity coupling vector, the 

elements iV of  vector ( , )V q q  have been calculated as follow: 

( )
( )

( )
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( )

2
1 2 1 2 1 1 1 2 3 2 3 1 3 23 1 2

2
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θ θ θ
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[ ]1 2 3( ) Tq G G G=G   is the gravitational forces vector, with the 

elements iG of  vector ( )qG  are determined:  

( )
( )

1 1 1 1 2 1 1 2 12

3 1 1 2 12 3 123

cos cos cos

cos cos cos

G m ga m g l a

m g l l a

θ θ θ

θ θ θ

= + +

+ + +
         

( )2 2 2 12 3 2 12 3 123cos cos cosG m ga m g l aθ θ θ= + +   

3 3 3 123cosG m ga θ=  

with ( )29.8 secg m= is the gravity. 

[ ]1 2 3
Tθ θ θ=q  is vector of generalized Lagrange coordinates, 

[ ]1 2 3
Tf f f=F is the vector of generalized forces. 

Substituting matrix ( )qM , vector ( , )q qV   and vector ( )qG  
into equation (4), the torques 1 2 3, ,f f f  are calculated as follow:  
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 (7) 

3. Design the force feed-forward controller 

Rewrite general equation of motion of 3-DOF Rehabilitation 
Robot as: 

 ( ) ( , ) ( ) ( )T
dk ffq q q q q q+ + = +M V G u J F   (8) 

Solving equation (8) yield  

 1( ) ( , ) ( ) ( )T
dk ffq q q q q − = + − − q u J F V G M   (9) 

where dku  is control torques vector, ( )TqJ  is Jacobian sub-
matrix, which is used to transfer force value from the task space to 
the joint space,  ffF  is force exerted vector.   

In the intermediate training stage, the task of the controller is 
to produce a reasonable interaction between the patient and the 
Robot. To accomplish this task, in the same way, we built a FFM 
controller for an upper limb exoskeleton in our previous research 
[14], we considered a problem, which consists of two steps: 

Step 1: In the beginning, the therapist moves Robot by rotating 
its joints following the desired loading motion. The force of the 
therapist hF  is measured by force sensors placed there and it is 
generated to compensate for weight of the robot and the force of 
loading. At the same time, the angular joint trajectories are 
determined by encoders located at joints.  

Step 2: When the robot becomes active, control torques 
0,ru ≠  the force, which is measured by force sensors, is used as 

the input of the force feedforward controller to compensate the 
force generated by the therapist to perform patient-active 
exercises. Moreover, force sensors also measured the force exerted 
by the patient’s lower limb and sent these forces to the input of the 
FFM controller. In this step, the force exerted by the therapist is 
desired to decrease to zero and the force exerted by the patient’s 
lower limb is considered as a disturbance. The target of the control 
is to cancel the disturbance. 

From their problem, the feedforward control approach with the 
formula yield: 

 
1

( ) ( ) ( ) ( )
1

( ) ( )
i

T T
dk p i ff i I i ff i

j
w q w q

−

=

 
 = +   

 
∑u J F J F         (10) 

where ( )( ) 1, 2, 3i i =q   joints angles are measured by encoders and 

( )( ) 1, 2, 3ff i i =F force of the therapist or the patient’s lower limb 

are measured by force sensors and IP ww ,  are  constant. 

The block diagram of the FFM controller shown in Figure 3. 

Fingure 3: Block diagram of the FFM controller 

The FFM controller block is designed to perform two tasks: 
trajectory tracking and force control. There are two loops in the 
block diagram above. The inner loop is used to feedback data 
acquiring from encoders to implement trajectory tracking control. 
The outer loop is used to apply force control. The ( )TqJ  block is 
used to transfer force value from the task space to the joint space. 
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4. Numerical simulation of the force feed-forward 
controller  

Based on the controller proposed in section III, the numerical 
simulation of robot kinematic, dynamic, and controller are 
conducted on the MATLAB/Simulink software to evaluate the 
performances of the proposed force controller. In the simulation 
program, valuable system parameters are listed in Table 2, where 
the parameters im is the total mass of link, the motor, and the joint 

of stitch i ; il  the length of link i ; 1
2i ia l= ; gK  is the gear of 

motor. 
Table 2: Simulation parameters of 3-dof rehabilitation robot 

Parameter 1i =  2i =  3i =  

( )im kg  3.2 3.1 0.25 

( )il m  0.4 0.48 0.33 

( )ia m  0.2 0.24 0.165 

gK  19 19 19 

 

Step 1: In this step, based on the desired loading motion, 

variables [ ]1 2 3
Tθ θ θ=q , IP ww ,  are given as follows: 

 1( ) 1i itθ ω=  ;  2( ) 2i itθ ω= ; 3( ) 3i itθ ω=       

where ( )1, 2, 3it i = is time, 321 ,, ωωω are angular velocities of 
joints, in this simulation their values are chosen as

( )1 2 3 0.025 rad
sω ω ω= = = and the gains 1; 1P Iw w= = . 

The force ffF  is an unknown parameter and measures by 
force sensors. In reality, this force may include force exerted by 
the therapist, force exerted by the patient, and the weight of the 
patient's foot. In this work ffF  is desired to decrease with time as 
expressed as: 

 
( )

( ) ( ) ( )

50 [1 1 1]i

T

ff ff i x ff i y ff i z

t Te N−

 =  
= × ×

F F F F
   (11)  

Simulation results are shown in figure 4 to figure 9, in case of 
applying force to foot platform link to rotate the ankle joint, the 
force exerted and the respective motion of the link are shown in 
figures following. In this simulation study, the motion of the foot 
platform is investigated at its center of gravity.  

Fig.4 to Fig.6 shows that when the therapist applies training 
activity, the foot platform of the robot moves according to the 
trajectory in the XY plane. Fig.7 to Fig.9 shows that at the 
beginning of motion, the force exert by the therapist is maximum 
because of the foot platform is in the static state and start to move. 
This force decrease to zero when the platform moves to the end 
of the trajectory. In this step, the trajectory is sensed by the 

encoder, and the force exerted by the therapist is sensed by the 
force sensor. 

 
Fingure 4: Motion of the footplatform in X axis 

 
Fingure 5:  Motion of the footplatform in Y axis 
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Fingure 6: Motion of the footplatform in XY plane 

 
Fingure 7: Force in X direction 

 
Fingure 8: Force in Y direction 

 
Fingure 9: Force in Z direction 

There are initial conditions for the calculation of control torque 
in step 2. 

Step 2: In this step, when the force ffF  decrease to zero, the 
force feedforward controller computed the control torques to 
compensate ffF  force. By using the equation (15), the control 
torques at the ankle joint in , ,X Y Z directions of the base 
coordinate system are shown in figures 10, 11 and 12, 
respectively. 

 

 
Fingure 10: Control torque in X direction 

 
Fingure 11: Control torque in Y direction 
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Fingure 12: Control torque in Z direction 

 The above results show that when the ffF  force decreases, 
the controller has calculated and created an increasing control 
torque to compensate for the reduced force. In the beginning,

( )0 0t s= , the force exerted is maximum ( )45ffF N= , the control 
torque is minimum, it is zero. In the period of 0 to 3 seconds, the 

ffF  force decreases, the control torque increases. When the 

( )0ffF N=  the control torque is maximum with an approximate 

value of ( )25 Nm in the X  direction, equal to ( )15.6 Nm in the Y  

direction and equal to ( )5.5 Nm  in the Z direction. The maximum 
value of control torque will be kept stable during the operation of 
the robot. During this process, if the patient's lower limb actively 
exerts a force on the robot, this force is measured by the force 
sensors and sensed to the controller input. The force exerted by the 
patient’s lower limb is considered as a disturbance, which is 
canceled by the FFM controller. However, this feedforward 
control still has some disadvantages and need to be evaluated in a 
real model to adjust the parameters towards a more realistic 
control.  

5. Conclusions 

In this paper, an advanced method for force control of a 3-DOF 
lower limb rehabilitation robot for perceiving reality using Force 
Feed-forward Model was presented. The robot system can sense 
the force feedback from reality and apply torque through joints hip, 
knee, and ankle. When the therapist or patient exerts a force at the 
robot’s links, the exerted force is measured by force sensors placed 
at there and used for computing torque generated at the joints based 
on the configuration of the robot. When the exerted force 
decreases, the FFM controller was used to compute and 
compensate the force generated by the therapist to perform patient-
active exercises. Numerical simulation results showed that the 
computed force control and corresponding loading motions. The 
results could be used to estimate the maximum moment of motors 
for the design steps of the robot control. In future work, we intend 
to present some experimental test results to compare with the 
numerical simulation results, which have just been presented in 
this paper. 
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