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Abstract. In the paper, a feedback hybrid control including a force feedback control and a position 
control is proposed to control a four degree of freedom (4-dof) upper limb exoskeleton for 
supporting human movement at the shoulder, elbow and wrist joints. The novelty of the paper is 
that it has been able to control all the interaction forces at all links in the exoskeleton robot by 
using the proposed control. The desired interaction forces at the links and desired position are 
compared with the measured interaction forces and position, respectively. Then the torque at the 
shoulder, the torque elbow and the torque wrist joints are controlled to compensate the force error 
and the position error. The gains of the proposed controller are optimized by using the Balancing 
Composite Motion Optimization (BCMO). The simulation and control of the 4-dof upper limb 
exoskeleton using the proposed control is carried out in the paper to show that the interaction 
forces and the position of the exoskeleton track their desired values. 
Keywords: upper limb, exoskeleton, feed back control, PID control, hybrid control, optimization, 
simulation. 

1. Introduction 

The upper limb exoskeleton is an external structure in the shape of human upper limb and is 
directly attached to human upper limb by using brackets. It is equipped with force sensors for 
sensing the vector of interaction forces exerted by the human operator and the upper limb 
exoskeleton, and actuators for exerting necessary torques in revolute joints at wrist, elbow and 
shoulder [1-3]. The review of control systems in the active exoskeleton was presented in [4]. In 
the feed forward control system, the human operator’s interaction forces are considered as 
disturbance. The interaction force between human operator and an upper limb exoskeleton can be 
estimated by using a disturbance observer or using the force sensors [5], [6]. The target of the 
controller is to control the human operator’s force as small as possible [7], [8]. In force feed 
forward control of the upper limb exoskeleton for supporting human movement model [9], [10], 
a force sensor was placed at the end effector to measure the interaction force exerted by the human 
operator. The measured interaction force of the human operator’s hand was transformed to the 
torques at joints using Jacobian transposed matrix. Then a Proportional Derivative (PD) feed 
forward controller will control the torque at joints of the upper limb exoskeleton to compensate 
the torques exerted by the human operator. The force feed forward control method is popular 
because of its robustness and reliability for exoskeleton; recently it has been generalized to force 
feedback control method to feedback desired interaction force to human lower limb [11]. The 
force feedback control is very useful to control the interaction force at the end effector using 
Jacobian transposed matrix. The controlling torques exerted by the exoskeleton at joints interact 
with the torques exerted by the human operator. These interation torques at joints make the 
misalignments between human operator’s joints and the exoskeleton’s joints. In order to reduce 
the misalignments we can use the hybrid force and position control at shoulder, elbow, and wrist 
joints [12]. In this paper, a feedback hybrid control that is including a force feedback control and 
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a position control is proposed to control the upper limb exoskeleton to support human movement. 
The feedback hybrid force and position control aims to track the desired interaction force feedback 
to the human operator’s hand, and control position of the exoskeleton to track a desired position. 
A scenario is conducted with two stages. Stage 1: the human operator actively exerts force to guide 
the upper limb exoskeleton to the desired position. Without the supporting of the upper limb 
exoskeleton, the operator has to carry the external load and the exoskeleton. Stage 2: the positions 
of joints are measured by sensors placed at joints and the desired interaction force at the end 
effector is computed based on the current position of the exoskeleton. In stage 2, there are force 
sensors located at the links to measure the actual interaction forces. The errors between the desired 
interaction forces and the measured interaction forces at the links will be transformed to the 
torques at joints by using the transposed Jacobian matrices. The feedback hybrid controller will 
control the torques at joints to control the interaction forces at the links and the position of the 
exoskeleton. The current interaction forces at the links of the upper limb exoskeleton are 
controlled as close as possible to the desired interaction forces. Besides, the current position of the 
exoskeleton are controlled as close as possible to the desired position. The gains of the feedback 
hybrid controller are optimized by using the Balancing Composite Motion Optimization (BCMO) 
[13]. The numerical simulation shows that the interaction forces and the position of the 
exoskeleton track their desired values. 

2. Model of a 4-DOF upper limb exoskeleton  

The model of a 4-DOF upper limb exoskeleton is shown in Fig. 1. It has four degree of freedom 
(4-DOF) including two joints at the shoulder (𝜃ଵ, 𝜃ଶ), one joint at the elbow (𝜃ଷ), and one joint at 
the wrist (𝜃ସ), on 3 links: shoulder 𝑎ଶ, elbow 𝑎ଷ, and wrist 𝑎ସ. The lengths and masses of three 
links are represented by 𝑎ଶ, 𝑎ଷ, 𝑎ସ and 𝑚ଶ, 𝑚ଷ, 𝑚ସ respectively. The forces 𝐹ଵ, 𝐹ଶ, 𝐹ଷ, 𝐹ସ, are the 
interaction forces at links 1, 2, 3, 4, respectively. The lever length between the line of the 
interaction force 𝐹௜ and the axis of joint 𝑖 is 𝑙௜ (𝑖 ൌ 1, 2, 3, 4). The control torques at joints 1, 2, 3, 
4 are controlled by electrical motors located at joints 1, 2, 3, 4, respectively. 

 
Fig. 1. A 4-DOF upper limb exoskeleton  

The Denavite-Hartenberge (D-H) parameters for 4-DOF Upper limb Exoskeleton is shown in 
Table 1.  

Table 1. Denavite-Hartenberge (D-H) parameters for 4-DOF upper limb exoskeleton 
Link 𝑎 𝛼 𝑑 𝜃 

1 0 𝜋/2 0 𝜃ଵ+𝜋/2 

2 𝑎ଶ 0 0 𝜃ଶ–𝜋/2 
3 𝑎ଷ 0 0 𝜃ଷ 

4-1 𝑎ସ –𝜋/2 0 𝜃ସ 
4-2 0 0 0 –𝜋/2 
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In Table 1, the parameters ai are constant. Only the variables 𝜃௜ (𝑖 = 1, 2, 3, 4) vary by rotation 
around 𝑧௜ିଵ axis. From D-H table, the homogeneous transformation matrices are obtained using 
Eq. (1), [14]: 𝐀௜௜ିଵ = 𝑅𝑜𝑡ሺ𝑧,𝜃௜ሻ𝑇𝑟𝑎𝑛𝑠ሺ0,0,𝑑௜ሻ𝑅𝑜𝑡ሺ𝑥,𝛼௜ሻ𝑇𝑟𝑎𝑛𝑠ሺ𝑎௜ , 0,0ሻ

= ൦cos𝜃௜ −sin𝜃௜cos𝛼௜ sin𝜃௜sin𝛼௜ 𝑎௜cos𝜃௜sin𝜃௜ cos𝜃௜cos𝛼௜ −cos𝜃௜sin𝛼௜ 𝑎௜sin𝜃௜0 sin𝛼௜ cos𝛼௜ 𝑑௜0 0, 0 1 ൪. (1)

The homogeneous transformation matrix that transforms the reference coordinate {4} which is 
attached to the end effector to the base coordinate {𝑏} or the fixed base {0} can be calculated by 
multiplying the individual transformation matrices as follows: 𝐀ସ௕ = 𝐀ଵ௕𝐀ଶଵ𝐀ଷଶ𝐀ସଷ . (2)

3. Feedback hybrid interaction force and position control design 

The dynamics equation of motion of the upper limb exoskeleton under force control is derived 
in Eq. (3). It is constructed in matrix form, which is suitable for a Multi Degree of Freedom 
(MDOF) system [15]: 𝐌ሺ𝛉ሻ𝛏 +  𝐂ሺ𝛉,𝛚ሻ + 𝐆ሺ𝛉ሻ +  𝐅ሺ𝛚ሻ = 𝐮ெ + 𝐮ு, (3)

where, 𝛉 = ሾ𝜃ଵ 𝜃ଶ 𝜃ଷ    𝜃ସሿ் is vector of angles of rotation at joints 1, 2, 3, 4;  𝛚 = ሾ𝜔ଵ 𝜔ଶ 𝜔ଷ    𝜔ସሿ் = ቂௗఏభௗ௧ ௗఏమௗ௧ ௗఏయௗ௧     ௗఏరௗ௧ ቃ் is vector of angular velocities at joints 1, 2, 

3, 4; 𝛏 = ሾ𝜉ଵ 𝜉ଶ 𝜉ଷ    𝜉ସሿ் = ቂௗమఏభௗ௧మ ௗమఏమௗ௧మ ௗమఏయௗ௧మ     ௗమఏరௗ௧మ ቃ் is vector of angular accelerations at 
joints 1, 2, 3, 4; 𝐮ெ = ሾ𝑢ெభ , 𝑢ெమ , 𝑢ெయ ,   𝑢ெరሿ் is vector of controlling torques exerted by direct 
current (DC) motors at joints 1, 2, 3, 4; 𝐮ு = ሾ𝑢ுభ , . . . , 𝑢ுరሿ்is vector of torques exerted by 
human operator at the joints 1, 2, 3, 4; 𝐌ሺ𝜃ሻ, 𝐂ሺ𝜃,𝜔ሻ, 𝐆ሺ𝜃ሻ, are matrix of inertia masses, vector 
of Coriolis and centrifugal forces, vector of gravitational forces, respectively. The detail elements of the matrix of inertia masses, vector of Coriolis and centrifugal forces, 
vector of gravitational forces are shown in the Appendix.  𝐅(𝜔) is the joint friction force vector which is model as the viscosity friction. The joint friction 
of joint 𝑖 (𝑖 =1, 2, 3, 4) is expressed as follows [16], [17]: 𝐹௜(𝜔௜) = 𝑏௜𝜔௜ ,    (𝑖 = 1,2,3,4), (4)

where, 𝑏௜ are coefficients of viscosity friction of joint 𝑖 (𝑖 = 1, 2, 3, 4), respectively. 
In this paper, a scenario containing two stages is considered: 
Stage 1: At the beginning, a human operator actively moves the robot by exerting the vector 

of human operator’s torques 𝑢ு to guide the exoskeleton robot to the desired position. The human 
operator has to carry the external load and the robot’s weight.  

Stage 2: The position sensors installed at the joints measure the angles and speed of the joints. 
The desired interaction force at the end effector is computed proportionally to the angular rotation, 
the angular speed of the wrist’s joint, and the gravitational force of the mass of the wrist, whereas 
the current interaction force is measured by a force sensor installed in the end effector. The force 
controller compares the current interaction forces at the links with the desired interaction forces 
to generate the torques at joints 1, 2, 3, 4 of the exoskeleton to support the human movement. 
Besides, the position controller will control the current position of the exoskeleton as close as 
possible to the desired position. 
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The block diagram of the interaction force control system is shown in Fig. 2. In stage 1, the 
human operator exerts torques to move the upper limb exoskeleton. In stage 2, the controller 
controls torque at the joints 1, 2, 3, 4 of the exoskeleton to control the interaction forces at the end 
effector and the links 1, 2, 3. The desired interaction force at the end effector is computed based 
on the positions and velocities of the wrist joint.  

 
Fig. 2. Block diagram of feedback hybrid interaction force and position control system 

In Stage 1: the human operator actively applies force to move the exoskeleton in the desired 
motion using the operator’s arm. The human operator’s forces exerted at the links are modeled as 
a nonlinear spring and damper model: 𝐹ு೔ = 𝜂ி೔ට1 + 𝜂ி೔ଶ 𝐹୫ୟ୶೔ , (5)

𝜂ி೔ = 𝐾௜𝑙௜൫𝜃ௗ௦೔ − 𝜃௜൯ + 𝐵௜𝑙௜൫𝜔ௗ௦೔ − 𝜔௜൯𝐹୫ୟ୶೔ ,    𝑖 = 1,2,3,4, (6)

𝐮ு = 𝐉ଵ் 𝐑ଵ଴ ൥𝐹ுభ00 ൩ + 𝐉ଶ்𝐑ଶ଴ ൥ 0𝐹ுమ0 ൩ + 𝐉ଷ்𝐑ଷ଴ ൥ 0𝐹ுయ0 ൩ + 𝐉ସ்𝐑ସ଴ ൥ 00𝐹ுర൩, (7)

where, 𝐮ு  = ሾ𝑢ுభ 𝑢ுమ 𝑢ுయ 𝑢ுరሿ் is vector of human interaction torques at joints 1, 2, 3, 4; 𝐾௜ is the virtual springs’ stiffness of the interaction force model (𝑖 = 1, 2, 3, 4); 𝐵௜ is the virtual 
dampers’ damping of the interaction force model (𝑖 = 1, 2, 3, 4); 𝑙௜ (𝑖 = 1, 2, 3, 4) is the lever 
length between the line of the human operator’s force 𝐹ு೔ and the axis of joint 𝑖;  𝛉ௗ௦ = ሾ𝜃ௗ௦భ 𝜃ௗ௦మ 𝜃ௗ௦య 𝜃ௗ௦రሿ் is vector of the desired positions of the exoskeleton at joints 1, 
2, 3, 4; 𝛉 = ሾ𝜃ଵ 𝜃ଶ 𝜃ଷ 𝜃ସሿ் is vector of the current positions of the exoskeleton at joints 1, 2, 
3, 4; 𝛚ௗ௦ = ሾ𝜔ௗ௦భ 𝜔ௗ௦మ 𝜔ௗ௦య 𝜔ௗ௦రሿ் is vector of the desired angular speeds of the 
exoskeleton at joints 1, 2, 3, 4; 𝛚 = ሾ𝜔ଵ 𝜔ଶ 𝜔ଷ 𝜔ସሿ் is vector of the current angular speeds 
of the exoskeleton at joints 1, 2, 3, 4; 𝐹ு೔ is the interaction force at link 𝑖 (𝑖 = 1, 2, 3, 4); 𝐹୫ୟ୶೔ is 

the maximum interaction force can occur at link 𝑖 (𝑖 = 1, 2, 3, 4); 𝐉௜ = ⎣⎢⎢
⎢⎡డ௫೔డఏభ డ௫೔డఏమ డ௫೔డఏయ డ௫೔డఏరడ௬೔డఏభ డ௬೔డఏమ డ௬೔డఏయ డ௬೔డఏరడ௭೔డఏభ డ௭೔డఏమ డ௭೔డఏయ డ௭೔డఏర⎦⎥⎥

⎥⎤
 is 

the Jacobian matrix (𝑖 = 1, 2, 3, 4), where ሾ𝑥௜ 𝑦௜ 𝑧௜ሿ் is the vector of coordinates of the 
location of the interaction force 𝐹ு೔ (𝑖 = 1, 2, 3, 4) in the global frame or the base {0}. 𝐑௜଴ is the 
rotation matrix of local frame placed at link 𝑖 (𝑖 = 1, 2, 3, 4) which transforms the vector of 
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interaction force at the local frame attached to link 𝑖 to the global frame at the base (details of 
Jacobian matrices and rotation matrices are shown in the Appendix); 𝑎௜ (𝑖 = 2,…, 4) is the length 
of link 𝑖. 

In Stage 2: the upper limb exoskeleton supplies the torque in order to follow and support the 
human operator’s movement. At this stage, the human operator will be supported with the 
exoskeleton. In Eq. (8), the desired interaction forces of the exoskeleton to the human operator are 
computed to support the human movement: 

𝐹ௗ௦೔ = 𝑎 ቆ𝑑𝜃ௗ௦೔𝑑𝑡 − 𝑑𝜃௜𝑑𝑡 ቇ + 𝑏൫𝜃ௗ௦೔ − 𝜃௜൯ + 𝑐𝐺௜(𝛉),   (𝑖 = 1,2,3,4), (8)

where, 𝑎, 𝑏, 𝑐 are virtual coefficients. 
The errors between the desired interaction forces and the current interaction forces at the links 

are defined as follows: 𝑒ிభ = 𝐹ௗ௦భ − 𝐹௠௦భ ,𝑒ிమ = 𝐹ௗ௦మ − 𝐹௠௦మ ,𝑒ிయ = 𝐹ௗ௦య − 𝐹௠௦య ,𝑒ிర = 𝐹ௗ௦ర − 𝐹௠௦ర , (9)

where, 𝐹ௗ௦೔ is the desired interaction force at the link 𝑖 (𝑖 = 1, 2, 3, 4); 𝐹௠௦೔ is the measured 
interaction force at the link 𝑖 (𝑖 = 1, 2, 3, 4). 

In reality, the current interaction force at the links 1, 2, 3, 4 can be measured by force sensors 
or load-cells. For simulation, the measured interaction force can be modeled as follows: 𝐹௠௦భ = 𝑃ଵ𝐹ௗ + 𝑃ଶ𝐹ுభ ,𝐹௠௦మ = 𝑃ଵ𝐹ௗ + 𝑃ଶ𝐹ுమ ,𝐹௠௦య = 𝑃ଵ𝐹ௗ + 𝑃ଶ𝐹ுయ ,𝐹௠௦ర = 𝑃ଵ𝐹ௗ + 𝑃ଶ𝐹ுర , (10)

where, 𝐹ௗ is the noise in the measurement; 𝐹ு is the interaction force exerted by human operator; 𝑃ଵ, 𝑃ଶ are the coefficients of the disturbance in the measurements and human operator’s force, 
respectively. 

The desired interaction force and the measured interaction force are considered as the input 
and feedback output of the controller, respectively. Then the error between them will be 
transformed to the torques at joints by using Jacobian matrices: 

𝐮ா = 𝐉ଵ் 𝐑ଵ଴ ൥𝑒ிభ00 ൩ + 𝐉ଶ்𝐑ଶ଴ ൥ 0𝑒ிమ0 ൩ + 𝐉ଷ்𝐑ଷ଴ ൥ 0𝑒ிయ0 ൩ + 𝐉ସ்𝐑ସ଴ ൥ 00𝑒ிర൩. (11)

To compensate the human operator’s torques and support the human movement, the feedback 
hybrid control is proposed as follows [18], [19], [20]: 𝑢஼ = 𝐻ଵ𝐮ா + 𝐻ଶ(𝛉ௗ௦ − 𝛉), (12)

where, 𝐻ଵ is the proportional gain of the force feedback controller; 𝐻ଶ is the proportional gain of 
the position controller. 

The control voltage at joints 𝑖, 𝑈ௌ೔, (𝑖 = 1, 2, 3, 4), are controlled following the torques in 
Eq. (13). In order to keep the control voltage under the supply voltage, the saturation function is 
used as follows: 
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𝑈ௌ೔  = 𝑓(𝜂௜)𝑈ௌ௠௔௫೔    (V), (13)

where, 𝑈௦೔ (𝑖 = 1,…, 4) (V) is controlled voltage of DC motor 𝑖; 𝑓(𝜂௜) = 𝜂௜ ඥ1 + 𝜂௜ଶ⁄  (𝑖 = 1, 2, 
3, 4) is the saturation function; 𝑈ௌ୫ୟ୶೔ (V) – supply voltage of DC motor 𝑖; 𝜂௜ = 𝑢஼೔ 𝑠௜⁄  (𝑖 = 1, 2, 
3, 4) (Nm) is ratio of controlling torque and maximum allowed torque at motor 𝑖;  𝑠௜ = 𝜇௜ 𝑈ୗ୫ୟ୶೔𝑘௧೔ 𝑅௜⁄  (𝑖 = 1, 2, 3, 4) (Nm) is maximum allowed torque or stalling torque of  
motor 𝑖. 

The torque generated by the Permanent Magnetic Direct Current (PM DC) motor is directly 
proportional to the armature current due to the interaction between the stator field and the armature 
current: 𝑢ெ೔ = 𝜇௜𝑘௧೔𝐼௔೔ , (14)

where, 𝐼௔೔ (A) is current through the armature winding of DC motor 𝑖, 𝑘௧೔ (Nm/A) is torque 
constant of DC motor 𝑖. 

The relationship between the current and voltage of electrical motor is expressed in Eq. (15), 
[21], [22]: 

𝑈௦೔ = 𝑅௔೔𝐼௔೔ + 𝑘௘೔𝜇௜ 𝑑𝜃௜𝑑𝑡 + 𝐿௔೔ 𝑑𝐼௔೔𝑑𝑡 ,   (𝑖 = 1,2,3,4), (15)

where, 𝑈௦೔ (V) is voltage which controls PM DC motor 𝑖, the rotor accelerates until a steady state 
operating condition is attained; 𝑅௔೔ (Ω) is resistance of armature winding of PM DC motor 𝑖; 𝑘௘೔ 
(V/(rad/s)) is electrical constant of PM DC motor 𝑖, 𝜇௜ ௗఏ೔ௗ௧  (rad/s) is current speed of PM DC motor 𝑖; 𝐿௔೔ (H) is inductance of armature winding of PM DC motor 𝑖; 𝜇௜ is the ratio of the gearbox of 
PM DC motor 𝑖. 

Substitute Eqs. (14) in (15), the relationship between the output torque generated by motor 𝑖 
and control voltage 𝑈௦೔ (𝑖 = 1,…, 4), when 𝐿௔௜ ≈ 0 and negligible, is as follows: 

𝑢ெ೔ = 𝜇௜ . ൤𝑈௦೔ − 𝑘௘೔ . 𝜇௜ .𝑑𝜃௜𝑑𝑡 ൨ . 𝑘௧೔𝑅௔೔ ,   (𝑖 = 1,2,3,4). (16)

4. Numerical simulation 

In the simulation of the interaction force control using software program, the parameters of the 
system are shown in the Table 2. 

The desired angles and angular speeds of the exoskeleton’s joints are: 𝜃ௗ௦೔ = 0.25    (rad),     𝜔ௗ௦೔ = 0    (rad s⁄ ),      (𝑖 = 1, … ,4). (17)

The initial positions and initial speeds of the joints of the exoskeleton are: 𝜃଴ = ሾ0 0 0 0ሿ   (rad),      𝜔଴ = ሾ0 0 0 0ሿ்   (rad/s). (18)

In the simulation, the Eqs. (4) to (18) are simultaneously executed and solved with the Eq. (3) 
by using ode solver ode45 in software program.  

The results of the simulation using the generalized force feedback control: the movement of 
joints in the joint space are shown in Fig. 3, 4. The simulated interaction forces are compared with 
the simulated desired interaction forces in Fig. 5.  
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Table 2. Parameters for 4-DOF Upper limb Exoskeleton in the simulation program 
Parameters of the system Values 

Link length 𝑎ଶ, 𝑎ଷ, 𝑎ସ (m) 𝑎ଶ = 0.30, 𝑎ଷ = 0.40, 𝑎ସ = 0.20 
Link mass 𝑚ଶ, 𝑚ଷ, 𝑚ସ (kg) 𝑚ଶ = 0.50, 𝑚ଷ = 0.3, 𝑚ସ = 0.5 

Distance from joint to interaction force 𝑙ଵ, ...,𝑙ସ (m) 𝑙ଵ = 0.20, 𝑙ଶ = 0.20,  𝑙ଷ = 0.20, 𝑙ସ = 0.20 
Virtual coefficients: 𝑎 (Ns/rad), 𝑏 (N/rad), 𝑐 (N) 𝑎 = 0.5, 𝑏 = 0.5, 𝑐 = 0.5 
Frictional viscous parameters 𝑏ଵ,..., 𝑏ସ (Nms/rad) 𝑏ଵ = 0.3, 𝑏ଶ = 0.3, 𝑏ଷ = 0.3, 𝑏ସ = 0.3 

Inertia moments 𝐼௅  (kg.m2) 𝐼௅ =  diag[0.00, 0.30, 0.40, 0.20] 
Inertia moments 𝐼ெ  (kg.m2) 𝐼ெ = diag[0.80, 0.50, 0.40, 0.60] 

Supply voltage parameters 𝑈௦ଵ௠௔௫,...,𝑈௦ସ௠௔௫  (V) 𝑈௦ଵ௠௔௫ = 12.0, 𝑈௦ଶ௠௔௫ = 12.0, 𝑈௦ଷ௠௔௫ =12.0, 𝑈௦ସ௠௔௫ = 12.0 
Stiffness 𝐾ଵ, ..., 𝐾ସ parameters  

of the interaction force model (N/m) 
𝐾ଵ = 10e3, 𝐾ଶ = 10e3,  𝐾ଷ = 10e3, 𝐾ସ = 10e3 

Damping 𝐵ଵ, ..., 𝐵ସ parameters  
of the interaction force model (Ns/m) 

𝐵ଵ = 10e1, 𝐵ଶ = 10e1,  𝐵ଷ = 10e1, 𝐵ସ = 10e1 

Maximum interaction forces (N) 𝐹௠௔௫ଵ = 2, 𝐹௠௔௫ଶ = 3, 𝐹௠௔௫ଷ = 2, 𝐹௠௔௫ସ = 1 

Torque constant parameters 𝑘௧ଵ,..., 𝑘௧ସ (Nm/A) 𝑘௧ଵ = 0.002, 𝑘௧ଶ = 0.003, 𝑘௧ଷ = 0.002, 𝑘௧ସ = 0.001 
Back electro motive force (Voltage) constant parameters 𝑘௘ଵ,..., 𝑘௘ସ (Vs/rad) 

𝑘௘ଵ = 0.001, 𝑘௘ଶ = 0.001,  𝑘௘ଷ = 0.001, 𝑘௘ସ = 0.001 
Resistor motor parameters 𝑅௔ଵ,..., 𝑅௔ସ (Ω) 𝑅௔ଵ = 3, 𝑅௔ଶ = 3, 𝑅௔ଷ = 3, 𝑅௔ସ = 3 

Ratio gearbox parameters 𝜇ଵ,..., 𝜇ସ 𝜇ଵ = 250, 𝜇ଶ = 250,  𝜇ଷ = 250, 𝜇ସ = 250 
Optimal proportional gains of the Hybrid Controller: 𝐻ଵ, 𝐻ଶ 𝐻ଵ = 101, 𝐻ଶ = 343 

Maximum allowed torques 𝑠ଵ,..., 𝑠ସ (Nm) 𝑠ଵ = 2, 𝑠ଶ = 3, 𝑠ଷ = 2, 𝑠ସ = 1 
The disturbance from outside environment (N) 𝐹ௗ = 0.01sin(100𝑡) 

The coefficients of the disturbance in the measurements and 
human operator’s force 𝑃ଵ = 1, 𝑃ଶ = –1 

Simulation time 𝑇 (s) 𝑇 = 20 

 
Fig. 3. The desired positions and measured positions of joints (rad) 

In Fig. 3, the movement of the exoskeleton is moved by the human operator intention and 
the exoskeleton will control the interaction force between human operator’s hand and the 
exoskeleton’s end effector to meet a desired interaction force. The actual angular rotations of 𝜃ଵ, 𝜃ଶ, 𝜃ଷ, 𝜃ସ of the exoskeleton are converging to their desired values. The objective of the hybrid 
control is not only controlling the positions of the exoskeleton but also controlling the interaction 
force at the links. 
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Fig. 4. The desired angular velocities and measured angular velocities of joints (rad/s) 

 
Fig. 5. The desired interaction force and the measured interaction force at links (N) 

The desired interaction forces and the simulated interaction forces at the links are shown in 
Fig. 5. Root mean square of the error between the desired interaction force and the measured 
interaction force at the end effector is defined as follows: 

𝑅𝑀𝑆൫𝑒ிర൯ = ඨ1𝑁෍ 𝑒ிర೔ଶே௜ୀଵ . (19)

The objective of the hybrid controller is to optimize the 𝑅𝑀𝑆(𝑒ிర). In the paper, the optimal 
solution of the RMS is solved by using the Balancing Composite Motion Optimization (BCMO) 
[13]. In the BCMO, we set the initial values of BCMO as follows. 

– The Maximum Generation: MaxGen = 10. 
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– The Population Size: NP = 50. 
– The Lower Bound of the solution space: LB = 1. 
– The Upper Bound of the solution space: UB = 500. 
The optimal proportional gains of the hybrid controller 𝐻ଵ = 101 and 𝐻ଶ = 343. The 𝑅𝑀𝑆(𝑒ி) = 0.46 (N). 

5. Conclusions 

The interaction forces between the human operator and the exoskeleton robot are an interesting 
problem for researchers. In this paper, a feedback hybrid control which combines the force 
feedback control and position feedback control has been proposed to control a 4-DOF upper limb 
exoskeleton. The human operator actively moves his arm at the beginning, then the exoskeleton 
is controlled to support the human operator in his desired motion. The errors between the desired 
interaction forces and the measured interaction forces at the links are transformed to the torques 
exerted at joints using Jacobian transposed matrices. The misalignment between the joints of 
exoskeleton and the corresponding joints of human are reduced using position control. The gains 
of the feedback hybrid controller are optimized by using the Balancing Composite Motion 
Optimization (BCMO). The numerical simulation shows that interaction forces and the position 
of the exoskeleton track their desired values. 
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Appendix 

In the nonlinear dynamic equation as shown in Eq. (3), we define 𝜃ଵ, 𝜃ଶ, 𝜃ଷ, 𝜃ସ, are angles of 
rotation of joint 1, 2, 3, 4, respectively; 𝜔ଵ, 𝜔ଶ, 𝜔ଷ, 𝜔ସ are angular velocities of joint 1, 2, 3, 4, 
respectively; 𝑚ଶ, 𝑚ଷ, 𝑚ସ are masses of links 2, 3, 4, respectively; 𝑎ଶ, 𝑎ଷ, 𝑎ସ are lengths of links 
2, 3, 4, respectively; 𝐴ଶ = 𝑎ଶsin𝜃ଶ, 𝐵ଶ = 𝑎ଶcos𝜃ଶ, 𝐴ଷ = 𝑎ଷsin(𝜃ଶ + 𝜃ଷ), 𝐵ଷ = 𝑎ଷcos(𝜃ଶ + 𝜃ଷ), 𝐴ସ = 𝑎ସsin(𝜃ଶ + 𝜃ଷ + 𝜃ସ), 𝐵ସ = 𝑎ସcos(𝜃ଶ + 𝜃ଷ + 𝜃ସ), 𝑠ଷ = sin𝜃ଷ, 𝑐ଷ = cos𝜃ଷ, 𝑠ସ = sin𝜃ସ, 𝑐ସ = cos𝜃ସ, 𝑠ଷସ = sin(𝜃ଷ + 𝜃ସ), 𝑐ଷସ = cos(𝜃ଷ + 𝜃ସ), 𝑠ଶଷ = sin(𝜃ଶ + 𝜃ଷ), 𝑐ଶଷ = cos(𝜃ଶ + 𝜃ଷ), 𝑠ଶଷସ = sin(𝜃ଶ + 𝜃ଷ + 𝜃ସ), 𝑐ଶଷସ = cos(𝜃ଶ + 𝜃ଷ + 𝜃ସ). 
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The detail elements of the matrix of inertia masses are: 

𝐌 = ൦𝑎ଵଵ 0 0 00 𝑎ଶଶ 𝑎ଶଷ 𝑎ଶସ0 𝑎ଷଶ 𝑎ଷଷ 𝑎ଷସ0 𝑎ସଶ 𝑎ସଷ 𝑎ସସ൪ + 𝐈௅ + 𝐈ெ    (kg.m2), (20)

where,  𝑎ଵଵ = 𝑚ଶ𝐴ଶଶ + 𝑚ଷ(𝐴ଶ + 𝐴ଷ)ଶ + 𝑚ସ(𝐴ଶ + 𝐴ଷ + 𝐴ସ)ଶ, 𝑎ଶଶ = 𝑚ଶ𝑎ଶଶ + 𝑚ଷ(𝑎ଶଶ + 𝑎ଷଶ + 2𝑎ଶ𝑎ଷ𝑐ଷ)+ 𝑚ସ(𝑎ଶଶ + 𝑎ଷଶ + 𝑎ସଶ + 2𝑎ଶ𝑎ଷ𝑐ଷ + 2𝑎ଶ𝑎ସ𝑐ଷସ + 2𝑎ଷ𝑎ସ𝑐ସ), 𝑎ଷଷ = 𝑚ଷ𝑎ଷଶ + 𝑚ସ(𝑎ଷଶ + 𝑎ସଶ + 2𝑎ଷ𝑎ସ𝑐ସ),      𝑎ସସ = 𝑚ସ𝑎ସଶ, 𝑎ଶଷ = 𝑚ଷ𝑎ଷଶ + 𝑚ଷ𝑎ଶ𝑎ଷ𝑐ଷ + 𝑚ସ(𝑎ଷଶ + 𝑎ସଶ + 𝑎ଶ𝑎ଷ𝑐ଷ + 𝑎ଶ𝑎ସ𝑐ଷସ + 2𝑎ଷ𝑎ସ𝑐ସ), 𝑎ଶସ = 𝑚ସ𝑎ସଶ + 𝑚ସ𝑎ଶ𝑎ସ𝑐ଷସ + 𝑚ସ𝑎ଷ𝑎ସ𝑐ସ,      𝑎ଷସ = 𝑚ସ𝑎ସଶ + 𝑚ସ𝑎ଷ𝑎ସ𝑐ସ, 𝑎ଷଶ = 𝑎ଶଷ,     𝑎ସଶ = 𝑎ଶସ,     𝑎ସଷ = 𝑎ଷସ. 
The matrix of the inertial moment of the links 1, 2, 3, 4 is: 

𝐈௅ = ൦𝐼௅ଵଵ 0 0 00 𝐼௅ଶଶ 0 00 0 𝐼௅ଷଷ 00 0 0 𝐼௅ସସ൪ ,    (kg.m2). 
The matrix of the inertial moment of the motors at joints 1, 2, 3, 4 is: 

𝐈ெ = ൦𝐼ெଵଵ 0 0 00 𝐼ெଶଶ 0 00 0 𝐼ெଷଷ 00 0 0 𝐼ெସସ൪ ,    (kg.m2). 
The detail elements of the vector of Coriolis and centrifugal forces are: 𝐂 = ሾ𝐶ଵ 𝐶ଶ 𝐶ଷ 𝐶ସሿ் ,    (kg.m2 s2⁄ ), (21)

where: 

𝐶ଵ = ൬2𝑚ଶ𝐴ଶ𝐵ଶ + 2𝑚ଷ(𝐴ଶ + 𝐴ଷ)(𝐵ଶ + 𝐵ଷ) + 2𝑚ସ෍ 𝐴௜ସ௜ୀଶ ෍ 𝐵௜ସ௜ୀଶ ൰𝜔ଵ𝜔ଶ      +൭2𝑚ଷ(𝐴ଶ + 𝐴ଷ)𝐵ଷ + 2𝑚ସ෍ 𝐴௜ସ௜ୀଶ (𝐵ଷ + 𝐵ସ)൱𝜔ଵ𝜔ଷ + 2𝑚ସ෍ 𝐴௜ସ௜ୀଶ 𝐵ସ𝜔ଵ𝜔ସ, 𝐶ଶ = −(𝑚ଷ𝑎ଶ𝑎ଷ𝑠ଷ + 𝑚ସ𝑎ଶ𝑎ଷ𝑠ଷ + 𝑚ସ𝑎ଶ𝑎ସ𝑠ଷସ)(2𝜔ଶ𝜔ଷ + 𝜔ଷଶ)      −(𝑚ସ𝑎ଶ𝑎ସ𝑠ଷସ + 𝑚ସ𝑎ଷ𝑎ସ𝑠ସ)(2𝜔ଶ𝜔ସ + 2𝜔ଷ𝜔ସ + 𝜔ସଶ)      −൬𝑚ଶ𝐴ଶ𝐵ଶ + 𝑚ଷ(𝐴ଶ + 𝐴ଷ)(𝐵ଶ + 𝐵ଷ) + 𝑚ସ෍ 𝐴௜ସ௜ୀଶ ෍ 𝐵௜ସ௜ୀଶ ൰𝜔ଵଶ, 𝐶ଷ = −𝑚ସ𝑎ଷ𝑎ସ𝑆ସ(2𝜔ଶ𝜔ସ + 2𝜔ଷ𝜔ସ + 𝜔ସଶ) − ൭𝑚ଷ(𝐴ଶ + 𝐴ଷ)𝐵ଷ + 𝑚ସ෍ 𝐴௜ସ௜ୀଶ (𝐵ଷ + 𝐵ସ)൱𝜔ଵଶ      +(𝑚ଷ𝑎ଶ𝑎ଷ𝑠ଷ + 𝑚ସ𝑎ଶ𝑎ଷ𝑠ଷ + 𝑚ସ𝑎ଶ𝑎ସ𝑠ଷସ)𝜔ଶଶ,
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𝐶ସ = −𝑚ସ෍ 𝐴௜ସ௜ୀଶ 𝐵ସ𝜔ଵଶ + (𝑚ସ𝑎ଶ𝑎ସ𝑠ଷସ + 𝑚ସ𝑎ଷ𝑎ସ𝑠ସ)𝜔ଶଶ + 2 𝑚ସ𝑎ଷ𝑎ସ𝑠ସ𝜔ଶ𝜔ଷ+ 𝑚ସ𝑎ଷ𝑎ସ𝑠ସ𝜔ଷଶ. 
The detail elements of vector of gravitational forces are: 𝐆(𝜃) = ሾ𝐺ଵ 𝐺ଶ 𝐺ଷ 𝐺ସሿ் ,    (kg.m2 s2⁄ ), (22)

where: 𝐺ଵ = 0,     𝐺ଶ = (𝑚ଶ + 𝑚ଷ + 𝑚ସ)𝑔𝐴ଶ + (𝑚ଷ + 𝑚ସ)𝑔𝐴ଷ + 𝑚ସ𝑔𝐴ସ, 𝐺ଷ = (𝑚ଷ + 𝑚ସ)𝑔𝐴ଷ + 𝑚ସ𝑔𝐴ସ,     𝐺ସ = 𝑚ସ𝑔𝐴ସ. 
The rotation matrices and the Jacobian matrices are: 

𝐑ଵ௕ = 𝐀ଵ௕(1: 3,1: 3) = ൥−𝑠ଵ 0 𝑐ଵ𝑐ଵ 0 𝑠ଵ0 1 0 ൩, (23)

𝐫ଵ = ൥−𝑙ଵ𝑐ଵ𝑙ଵ𝑠ଵ0 ൩ ,    𝐉ଵ = ൤𝜕𝑟ଵ𝜕𝜃ଵ 𝜕𝑟ଵ𝜕𝜃ଶ 𝜕𝑟ଵ𝜕𝜃ଷ     𝜕𝑟ଵ𝜕𝜃ସ൨ = ൥−𝑙ଵ𝑠ଵ 0 0𝑙ଵ𝑐ଵ 0 00 0 0      000൩. (24)

From (23) and (24), one has 

𝐉ଵ் 𝐑ଵ௕ = ൦𝑙ଵ 0 00 0 00 0 00 0 0൪, 𝐑ଶ଴ = 𝐑ଵ଴ ∙ 𝐑ଶଵ = 𝐀ଵ଴(1: 3,1: 3).𝐀ଶଵ (1: 3,1: 3) = 𝐀ଶ଴(1: 3,1: 3) = ൥−𝑠ଵ𝑠ଶ −𝑠ଵ𝑐ଶ 𝑐ଵ𝑐ଵ𝑠ଶ 𝑐ଵ𝑐ଶ 𝑠ଵ−𝑐ଶ 𝑠ଶ 0 ൩, (25)

𝐫ଶ = ൥−𝑙ଶ𝑠ଵ𝑠ଶ𝑙ଶ𝑐ଵ𝑠ଶ−𝑙ଶ𝑐ଶ ൩ ,    𝐉ଶ = ൤𝜕𝑟ଶ𝜕𝜃ଵ 𝜕𝑟ଶ𝜕𝜃ଶ 𝜕𝑟ଶ𝜕𝜃ଷ     𝜕𝑟ଶ𝜕𝜃ସ൨ = ൥−𝑙ଶ𝑐ଵ𝑠ଶ −𝑙ଶ𝑠ଵ𝑐ଶ 0−𝑙ଶ𝑠ଵ𝑠ଶ 𝑙ଶ𝑐ଵ𝑐ଶ 00 𝑙ଶ𝑠ଶ 0      000൩. (26)

From Eq. (25) and (26), one has: 

𝐉ଶ்𝐑ଶ଴ = ൦0 0 −𝑙ଶ𝑠ଶ0 𝑙ଶ 00 0 00 0 0 ൪, 
𝐑ଷ଴ = 𝐑ଵ଴ ∙ 𝐑ଶଵ ∙ 𝐑ଷଶ = 𝐀ଵ଴(1: 3,1: 3) ∙ 𝐀ଶଵ (1: 3,1: 3) ∙ 𝐀ଷଶ(1: 3,1: 3)      = 𝐀ଷ଴(1: 3,1: 3) = ൥−𝑠ଵ𝑠ଶଷ −𝑠ଵ𝑐ଶଷ 𝑐ଵ𝑐ଵ𝑠ଶଷ 𝑐ଵ𝑐ଶଷ 𝑠ଵ−𝑐ଶଷ 𝑠ଶଷ 0 ൩ ,  (27)

𝐫ଷ = ቎−𝑠ଵ(𝑎ଶ𝑠ଶ + 𝑙ଷ𝑠ଶଷ)𝑐ଵ(𝑎ଶ𝑠ଶ + 𝑙ଷ𝑠ଶଷ)−𝑎ଶ𝑐ଶ − 𝑙ଷ𝑐ଶଷ ቏,    𝐉ଷ = ൤𝜕𝑟ଷ𝜕𝜃ଵ 𝜕𝑟ଷ𝜕𝜃ଶ 𝜕𝑟ଷ𝜕𝜃ଷ     𝜕𝑟ଷ𝜕𝜃ସ൨ = ቎−𝑐ଵ(𝑎ଶ𝑠ଶ + 𝑙ଷ𝑠ଶଷ) −𝑠ଵ(𝑎ଶ𝑐ଶ + 𝑙ଷ𝑐ଶଷ) −𝑠ଵ𝑙ଷ𝑐ଶଷ−𝑠ଵ(𝑎ଶ𝑠ଶ + 𝑙ଷ𝑠ଶଷ) 𝑐ଵ(𝑎ଶ𝑐ଶ + 𝑙ଷ𝑐ଶଷ) 𝑐ଵ𝑙ଷ𝑐ଶଷ0 𝑎ଶ𝑠ଶ + 𝑙ଷ𝑠ଶଷ 𝑙ଷ𝑠ଶଷ       000቏ , (28) 

From Eq. (27) and (28), one has: 
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𝐉ଷ்𝐑ଷ଴ = ൦ 0 0 −𝑎ଶ𝑠ଶ − 𝑙ଷ𝑠ଶଷ𝑎ଶ𝑠ଷ 𝑎ଶ𝑐ଷ + 𝑙ଷ 00 𝑙ଷ 00 0 0 ൪, 
𝐑ସ଴ = 𝐑ଵ଴ ∙ 𝐑ଶଵ ∙ 𝐑ଷଶ ∙ 𝐑ସଷ = 𝐀ଵ଴(1: 3,1: 3) ∙ 𝐀ଶଵ (1: 3,1: 3) ∙ 𝐀ଷଶ(1: 3,1: 3) ∙ 𝐀ସଷ(1: 3,1: 3)      = 𝐀ସ଴(1: 3,1: 3) = ൥𝑐ଵ −𝑠ଵ𝑠ଶଷସ −𝑠ଵ𝑐ଶଷସ𝑠ଵ 𝑐ଵ𝑠ଶଷସ 𝑐ଵ𝑐ଶଷସ0 −𝑐ଶଷସ 𝑠ଶଷସ ൩ ,  (29)

𝐫ସ = ቎−𝑠ଵ(𝑎ଶ𝑠ଶ + 𝑎ଷ𝑠ଶଷ + 𝑙ସ𝑠ଶଷସ)𝑐ଵ(𝑎ଶ𝑠ଶ + 𝑎ଷ𝑠ଶଷ + 𝑙ସ𝑠ଶଷସ)−𝑎ଶ𝑐ଶ − 𝑎ଷ𝑐ଶଷ − 𝑙ସ𝑐ଶଷସ ቏, 
𝐉ସ = ൤𝜕𝑟ସ𝜕𝜃ଵ 𝜕𝑟ସ𝜕𝜃ଶ 𝜕𝑟ସ𝜕𝜃ଷ     𝜕𝑟ସ𝜕𝜃ସ൨       = ቎−𝑐ଵ(𝑎ଶ𝑠ଶ + 𝑎ଷ𝑠ଶଷ + 𝑙ସ𝑠ଶଷସ) −𝑠ଵ(𝑎ଶ𝑐ଶ + 𝑎ଷ𝑐ଶଷ + 𝑙ସ𝑐ଶଷସ)−𝑠ଵ(𝑎ଶ𝑠ଶ + 𝑎ଷ𝑠ଶଷ + 𝑙ସ𝑠ଶଷସ) 𝑐ଵ(𝑎ଶ𝑐ଶ + 𝑎ଷ𝑐ଶଷ + 𝑙ସ𝑐ଶଷସ)0 𝑎ଶ𝑠ଶ + 𝑎ଷ𝑠ଶଷ + 𝑙ସ𝑠ଶଷସ  
      −𝑠ଵ(𝑎ଷ𝑐ଶଷ + 𝑙ସ𝑐ଶଷସ)𝑐ଵ(𝑎ଷ𝑐ଶଷ + 𝑙ସ𝑐ଶଷସ)𝑎ଷ𝑠ଶଷ + 𝑙ସ𝑠ଶଷସ       −𝑠ଵ𝑙ସ𝑐ଶଷସ𝑐ଵ𝑙ସ𝑐ଶଷସ𝑙ସ𝑠ଶଷସ ቏. 

(30)

From Eqs. (29) and (30), one has: 

𝐉ସ்𝐑ସ଴ = ൦−𝑎ଶ𝑠ଶ − 𝑎ଷ𝑠ଶଷ − 𝑙ସ𝑠ଶଷସ 0 00 𝑎ଶ𝑠ଷସ + 𝑎ଷ𝑠ସ 𝑙ସ + 𝑎ଷ𝑐ସ + 𝑎ଶ𝑐ଷସ0 𝑎ଷ𝑠ସ 𝑙ସ + 𝑎ଷ𝑐ସ0 0 𝑙ସ ൪. 
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