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Abstract — Human-Robot Interaction (HRI) is considered a benchmark problem in upper limb rehabilitation. Interaction forces
between robot and user play a vital role in terms of safety and effectiveness in HRI. Existing robots for upper limb rehabilitation have
not considered interaction forces between robot and user in their control algorithm for passive rehabilitation. This may lead to pain and
discomfort for patients. To bridge this gap, in this research, a new compound model-based control (NCMC) is proposed where
interaction forces at both upper arm and wrist has been incorporated into the control algorithm. Besides, this algorithm deals with the
parameter variation of the user (arm length, weight, height) by including an error-driven portion. The Lyapunov stability analysis of the
proposed control was carried out to see its stability. The NCMC was implemented on a seven degrees of freedom (DOF) upper limb
rehabilitation robot (u-Rob) with an ergonomic shoulder in doing upper limb rehabilitation exercises with healthy subjects. The
experimental results show the effectiveness of the proposed control and validate the stability of the proposed control approach.
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1. Introduction

Annually, in the United States, 785,000 individuals experience a new or recurrent cerebral vascular accident (CVA) or
stroke, and stroke individuals are projected to be doubled by 2030 [1, 2]. The global scenario of stroke occurrence is quite
similar to Unites States [3]. Hemiparesis/hemiplegia is the most common consequence of stroke, which leads to movement
deficiency in the contralateral limbs to the brain's affected side. It causes the affected individual loss of arm motor function
[4]. Stroke is a leading cause of serious long-term disability in the United States [3]. Besides, the human upper limb's
motor function can be lost due to sports injuries, trauma, occupational injuries, and spinal cord injuries [5-7]. Moreover,
physical disabilities such as full or partial loss of function in the shoulder, elbow, or wrist are common impairments in
older adults.

Task-specific and extensive doing of repetitive exercise have been proven to be effective in regaining lost mobility
[4]. Recent studies are corroborating that repetitive robot-assisted rehabilitation program significantly improves motor
function in the upper limb [8-14]. The conventional therapeutic approach requires a long commitment by both patient and
therapist and/or somebody else —who helps the patient in rehabilitation.

Robot-aided rehabilitation has gained much traction these days with the advancement of robotics, mechatronics and
sensor technology and automation. Many research groups built prototypes for robot-aided upper limb rehabilitation, e.g.,
Inmotion, MARSE-7, CADEN-7, CABexo, CAREX-7, etc. [15-20]. Two types of rehabilitation can be carried out with
such systems, namely passive and active exercises. In active exercises, a user contributes in reaching a task or goal,
whereas in passive exercises, robots carry the user limb and perform the exercise without taking any contribution from the
user.

A wide variety of control approaches (e.g. PID [21], Computed Torque Control [22], Sliding mode control[23-27] and
hybrid approaches [28-30]) were developed to run existing robots. Though some of the existing robots incorporated user
forces into the control algorithm for active exercises, most did not consider interaction forces in passive rehabilitation. It is
worth mentioning here that initially, patients need to go through rigorous passive therapy after stroke to regain as much
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mobility as possible. Not considering interaction forces during robot operation may reach pain, incorrect posture and
discomfort to patients. Being motivated by this issue, in this paper, a new compound model-based control (NCMC)
algorithm is proposed that takes interaction forces into consideration to improve human-robot interaction (HRI). This
algorithm has been implemented on a 7-DOF upper limb rehabilitation robot (u-Rob), and experiments were
conducted with healthy subjects. The main contribution of this research is the proposed NCMC control algorithm. The
rest of the sections are organized as follows: section-2 presents a brief description about hardware, kinematics,
dynamics and Jacobian of the u-Rob robot, section-3 depicts proposed NCMC control law and stability analysis,
section-4 presents and discuss experimental results, and lastly paper ends with the conclusion.

2. u-Rob robot

The u-Rob is a 7-DOF robot, as shown in fig. 1, consisting of three modules, namely shoulder module, elbow and
forearm module and wrist module [31] with a wide range of motion (ROM). The shoulder module has three degrees of
freedom to realize abduction-adduction (A/A), vertical flexion-extension (S F/E) and upper arm internal-external
rotation (I/R). Besides, it includes two novel ergonomic mechanisms to provide shoulder elevation-depression and
protraction-retraction passively in response to abduction-adduction and vertical flexion-extension, respectively [26].
Two DOF elbow and forearm module realizes elbow flexion-extension (E F/E) and forearm pronation-supination
(P/S). Lastly, wrist module has two DOF to provide wrist flexion-extension (W F/E) and radial-ulnar deviation (R/U).
Further details can be found in our previous researches [26, 30, 31].
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Fig. 1: Seven DOF u-Rob robot with subject (left), coordinate frame assignment of u-Rob (right)

2.1. Hardware Structure

The u-Rob is composed of both serial and parallel linkage. The shoulder module includes two parallel
mechanisms of link and slider. To provide upper arm internal-external rotation and forearm pronation-supination, two
custom-made cups were designed. To actuate all the joints, Maxon motors coupled with harmonic reducers were used.
Three button-type force sensors were placed at the upper arm cup to measure upper arm forces and 3-axis wrist force
sensor was placed at the robot’s wrist. To ensure safety, position limits, velocity limits and torque limits were included
in the control algorithm. Note that each link of u-Rob inherently acts as a mechanical stopper for neighboring link.

2.2. Kinematics

Modified Denavit-Hartenberg (DH) method was used to assign the corresponding coordinate frames of the human
upper limb to the u-Rob as shown in fig. 1 [32]. In u-Rob, joint-1, joint-2 and joint-3 correspond shoulder abduction-
adduction, vertical flexion-extension, and upper arm internal-external rotation, respectively [31]. The elbow and forearm
motion correspond to joint-4 and joint-5 accordingly. The wrist radial-ulnar deviation and wrist flexion-extension
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correspond to joint-6 and join-7 of the robot joints, respectively. Modified DH parameters were computed, as shown in
Table 1 to obtain the position and orientation of u-Rob’s hand using homogenous transformation [26]. The homogenous
transformation matrices between successive links were computed as shown in equation (1). The kinematics of u-Rob were
computed in MATLAB (MathWorks, Natick, MA, USA).

Table 1: Modified DH parameters and range of motion of u-Raob robot.

Upper limb | Joint a1 d; i1 of Range of
Motion () | (Linktwist) | (Link offset) | (Link length) |  (Joint Motion
variable) (ROM)
A/A 1 0 0 Lo (o} 0 to 90°
SF/E 2 72 0 0 q+ /2 0 to 180°
I/R 3 /2 L, + L, 0 0z -90° to 90°
E F/IE 4 - l2 0 0 Q4 0 to 135°
P/S 5 /2 Ly 0 Os -90° to 90°
W F/E 6 -l2 0 0 Qs -7 /2 -30° to 20°
R/U 7 - l2 0 0 gz -60° to 50°
End-effector 8 0 0 L, 0
COS q; —sin q; 0 a1
i—1lp_ si.n q; cgs aj_q C€OSq; cgs aj_1 —sinag;_q -—sina;_q d; )
t sing;sina;_; cosq;sina;_qy COSQj_q cosa;_q d;
0 0 0 1
2.3. Dynamics
The dynamic equations of the u-Rob have been derived from the iterative Newton-Euler formulation as follows [33]:
T=M(q)§+C(q,q)q+G(q) +F(q,9) (2)

Where M(q) is the 7 x 7 mass matrix of the manipulator, C(q, q) isa 7 x 1 dimension vector composed of centrifugal
and Coriolis terms, and G(q) is a 7 x 1 vector of gravity terms. In addition, F(q,q) is a 7 X 1 vector of nonlinear
coulomb friction and can be expressed by the following relation with a coefficient of friction ‘c’. The dynamics were
computed in MATLAB (MathWorks, Natick, MA, USA). However, the M, C, G, and F matrix/vectors are so large, and are
not included in this work.

F(q,q) = c.sgn(q) 3)

2.4. Jacobian

The linear velocity vector of the end-effector frame (i.e. frame {8}) of the u-Rob robot is comprised of velocities along
three Cartesian axes. In contrast, the rotational velocity vector contains angular velocities around three Cartesian axes.
From this velocity vector, the Jacobian of the effector velocities (i.e. J(q) is a 6 X 7 matrix) end- has been computed in
MATLAB with respect to the end-effector frame. In addition, Jacobian has also been calculated with respect to the base
frame as well. Note that, u-Rob is a redundant manipulator; hence, its Jacobian is not a square matrix. Using equation (4),
pseudo-inverse, Jpseudo—inverse O the Jacobian can be calculated [34]. In this research, Jacobian of force sensor frame (i.e.
frame {8}) and upper arm frame (i.e. frame {3}) have been computed. These two Jacobians were used in proposed NCMC
control algorithm.
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]pseudo—inverse = ]T(Q) (](Q)]T (Q))_l (4)

3. New Compound Model-Based (NCMC) Control

For rehabilitation, a control approach must ensure safe and effective maneuvering. Since anthropometric parameters
(arm’s length, arm segment’s weight, segment inertia) vary from patient to patient, a model-based controller does not
ensure the safe and stable maneuvering of a robot. Besides, the control approach should consider the interactive forces
between the user (subject) and the u-Rob robot. Existing exoskeletons have largely ignored the interaction force in passive
rehabilitation. Therefore, to take the parameter variation and the interaction forces into the control approach, the error-
driven portion of control law and force estimation were included in addition to the model-driven portion. The goal here is
to provide a basis to the u-Rob robot (which was given by the model-driven portion), and then any error occurred due to
model uncertainty and variation of the anthropometric parameter is for the error-driven portion law to be taken care of.
Thus, to control the motion of u-Rob robot, a hybrid approach (based on model-driven computed torque, error-driven
proportional derivative torque, and Jacobian-based torque) was used.

3.1. Proposed NCMC control law
The overall control law, model-driven, and error-driven portions were given below.

Error driven portion of control law: — Kye — K,é

Modeldriven portion of control law: M{g; +Cq;+ G+ F
Interaction force: J7(q,9) E,

Modified model driven portion: Mis+Cqa+G+F—JT(QE,

The overall control law:

T= _er —K,e+ MGy +Cqq+G+F— ]T(q) Ey _jlrfa(Q) Fia (5)
Where,
M is a positive definite inertia matrix
qq € R7*1is the desired joint position vector
Gq € R7*1 is the desired joint velocity vector
Gq € R7*1 is the desired joint acceleration vector

IR
-1
€=qg—dqa

JT € R7*¢ is the Jacobian of end-effector expressed in end-effector frame

JI. € R7*¢ is the Jacobian of upper arm frame (i.e. frame 3) expressed in upper arm frame

F, € R3*1isthe Cartesian forces between user and the developed exoskeleton robot at the wrist
E,, € R3*1isthe Cartesian forces between user and the developed exoskeleton robot at the wrist
K, € R”*7 is the positive definite diagonal proportional gain matrix

K, € R”*7 the positive definite diagonal derivative gain matrix

3.2. Proof of Lyapunov stability:
From equation (4.6),

q= M_l(T -Cqg—-G—-F+ ]T(Q) Ey +]1€a(‘1) Fia)
Setting, Lyapunov function, V
V= 2eTKye + 2 ™M
= 26 pe 28 e
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i —ze pe 2e pel 2e e 2e é 2e e
Thus, V =e"K,é +e"Mé+2éTMé

. 1 .
=V =e"Kpé +6"M(G — o) +5¢"Me

* T . .T _1 . T T . 1.T'.
>V=eKeéetéeMM  (t-Cq—G—F+ ] (q)FW+]ua(q)Fua)—qd)+Ee Meé

* T . .T . T T .. 1.T'.
>V=eKeté (t—Cqg—G—F+ ] (q)FW+]ua(q)Fua—qu)+Ee Meé

. 1 .
>V=e"Kye+¢"(t1—Cqq—G—F+ J"(qQ) Ry +J5a(q) Fug — Mijg) + EéTMé —eTce

. 1 .
>V=eTK,e+¢"(t—Cqq—G—F+ J"(q) Fy +J1a(q) Fug — Mig) + EeT(M —2C)é
Lemma: If M(q) is a n X n inertia matrix and C(q,q) isan x 1 Coriolis and centrifugal vector, then they satisfy

following [36]
e'T[M(q) —2C(q, Q)]é =0, Vx,q,q are 7 X 1 vectors

=>V=e"Kye+e"(t=C4a—G—F+ J'(@ Ry + /(@) Fio — Mda)
Choosing 7 = —K,e — K,é + Mg +Cqq + G+ F — J"(q) Fy — J51a(q) Fuq
=>V=-¢TK,e <0

Thus, the stability of the proposed controller is guaranteed.

4. Results and Discussion
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Fig. 2: Result of shoulder exercise (left) and result of elbow exercise (right)

In order to see performance of the proposed control, a wide variety of passive rehabilitation exercises were carried. In
the experiments, exercise was given input to the u-Rob robot as a pre-defined trajectory. The performance was measured in
termsof tracking of u-Rob’s joints’ position and velocity. To demonstrate the experimental results, plots of joint position
vs. time, error between the reference and actual position, velocity vs. time, and torque vs. time are presented. The red
dotted line stands for reference (desired) value in the position and velocity tracking, whereas the solid blue line stands for
the actual value. The experiments were conducted with five healthy subjects (age: 28 + 3 years, weight: 165 + 30 Ibs,
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height: 5 ft 5 inch £ 5 inch). The Institutional Review Board approved the study (IRB#:19.064; Study title: Experiment of
the human natural range of motion with developed robotic device for upper limb rehabilitation).

Though experiments were conducted for a variety of exercises, in order to avoid redundancy, here, only three
experimental results are presented. Figure 2 (left) shows the result of the repetitive exercise involving shoulder movements.
This exercise was initiated with all joints at zero position, and then the shoulder was vertically flexed to 170° and returned
to 0°. The exercise was repeated with a slower velocity to see how proposed NCMC control performs with velocity change.
The maximum error for position tracking was found around 0.91°, which shows the excellent tracking performance of the
controller. The maximum velocity during the first and second repetition was 60 deg/s and 45 deg/s, respectively. Figure 2
(right) shows the result of an elbow exercise, where the elbow flexion-extension motion was performed and repeated three
times. This exercise was initiated with elbow joint angle at 90°; all other joints remained at zero position. From the
experimental result, it was seen that the maximum error for position tracking was around 1.17°. The peak velocities for the
repetitions were 60 deg/s, 30 deg/s, and 20 deg/s, respectively.
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Fig. 3: Result of a diagonal reaching exercise involving simultaneous movement of multiple joints

Figure 3 depicts the result of an experiment involving simultaneous movements of multiple joints. This exercise
involves simultaneous movement of all joints except the joint-7 (wrist flexion-extension). It replicates a diagonal reaching
movement that starts moving from an initial position (all joints are in 0° while the elbow is at 90° position) to the reaching
position (abduction 25°, vertical flexion 90°, external rotation 45°, elbow flexion 10°, forearm pronation 45° and wrist ulnar
deviation 15°), and then return to the initial position. As observed from fig. 3, the results show that the NCMC control
made u-Robot robot follows the reference trajectory. From the figure, it is also seen that the position for all the joints
remained below 2°. The maximum error (1.85°) was found for the elbow joint.

From the results of all three experiments shown in this paper, it is evident that the proposed NCMC has excellent
tracking performance and stability; therefore, it can provide robot-aided upper limb rehabilitation.

5. Conclusion

This research proposes a New Compound Model-based Control approach based on robot’s and user’s interaction
forces to improve human-robot interaction. The Lyapunov stability of the proposed control is presented. After that, the
proposed NCMC control was experimented with a 7-DOF upper limb rehabilitation robot on healthy subjects to see the
controller’s performance and stability. The experimental results show that the controller performs well with low tracking
error. Besides, the result validates the stability of the controller. Future works remain to conduct a clinical trial with real
patients.

107-7



References

[1] E.J. Benjamin, M.J., Blaha, S.e., Chiuve, M. Cushman , S.R. Das, R. Deo, S.D. de Ferranti, J. Floyd, M. Fornage, C.
Gillespie, C.R. Isasi, M.C. Jiménez, L.C. Jordan, S.E. Judd, D. Lackland, J. H. Lichtman, L. Lisabeth, S. Liu, C.T.
Longenecker, R.H. Mackey, K. Matsushita, D. Mozaffarian, M. E. Mussolino, K. Nasir, R.W. Neumar, L.
Palaniappan , D. K. Pandey, R. R. Thiagarajan, M. J. Reeves, M. Ritchey, C. J. Rodriguez, G. A. Roth, W.D.
Rosamond, C. Sasson , A. Towfighi, C. W. Tsao, M. B. Turner, S. S. Virani, J. H. Voeks, J. Z. Willey, J. T. Wilkins,
J. H. Wu, H. M. Alger, S. S. Wong and P. Muntner, "Heart Disease and Stroke Statistics-2017 Update: A Report From
the American Heart Association,” Circulation, vol. 135, no. 10, pp. e146-e603, Mar 07 2017.

[2] E.J. Benjamin, P. Muntner, A. Alonso, M. S. Bittencourt, C. W. Callaway, A. P. Carson, A. M. Chamberlain, A. R.
Chang, S. Cheng, S. R. Das, F. N. Delling, L. Djousse, M. SV. Elkind, J. F. Ferguson, M. Fornage, L. C. Jordan, S. S.
Khan, B. M. Kissela, K. L. Knutson, T. W. Kwan, D. T. Lackland, T. T. Lewis, J. H. Lichtman, C. T. Longenecker,
M. S. Loop, P. L. Lutsey, S. S. Martin, K. Matsushita, A. E. Moran, M. E. Mussolino, M. O'Flaherty, A. Pandey, A.
M. Perak, W. D. Rosamond, G. A. Roth, U. KA. Sampson, G. M. Satou, E. B. Schroeder, S. H. Shah, N. L. Spartano,
A. Stokes, D. L. Tirschwell, C. W. Tsao, M. P. Turakhia, L. B. VanWagner, J. T. Wilkins, S. S. Wong and S. S.
Virani , "Heart Disease and Stroke Statistics&#x2014;2019 Update: A Report From the American Heart Association,"
Circulation, vol. 139, no. 10, pp. e56-528, 2019.

[3] WHO. (2020, Oct 1). Rehabilitation. Available: https://www.who.int/news-room/fact-sheets/detail/rehabilitation

[4] P. Poli, G. Morone, G. Rosati, and S. Masiero, "Robotic Technologies and Rehabilitation: New Tools for Stroke
Patients&#x2019; Therapy," BioMed Research International, vol. 2013, p. 8, 2013, Art. no. 153872.

[5] C. C. Dodson, Cordasco,F.A. , "Anterior glenohumeral joint dislocations," Orthop Clin North Am vol. 39, no. 4, pp.
507-518, vii, 2008.

[6] J. A. Mehta, Bain, G.I, "Elbow dislocations in adults and children,” Clin Sports Med 23 vol. 23, pp. 609-627, 2004.

[7] D. C. Reid, Sports Injury Assessment and Rehabilitation. New York, NY: : Churchill Livingstone, 1992,

[8] F. Amirabdollahian, R. Loureiro, E. Gradwell, C. Collin, W. Harwin, and G. Johnson, "Multivariate analysis of the
Fugl-Meyer outcome measures assessing the effectiveness of GENTLE/S robot-mediated stroke therapy," Journal of
NeuroEngineering and Rehabilitation, journal article vol. 4, no. 1, p. 4, February 19 2007.

[9] M. Gandolfi, E. Formaggio, C. Geroin, S. F. Storti, |. B. Galazzo, M. Bortolami, L. Saltuari, A. Picelli, A. Waldner,
P. Manganotti, and N. Smania, "Quantification of Upper Limb Motor Recovery and EEG Power Changes after Robot-
Assisted Bilateral Arm Training in Chronic Stroke Patients: A Prospective Pilot Study,” Neural Plasticity, vol. 2018,
p. 15, 2018, Art. no. 8105480.

[10] M. V. Janne, C. L.-A. Anneli, E. H. v. W. Erwin, G. M. M. Carel, and K. Gert, "Effects of Robot-Assisted Therapy for
the Upper Limb After Stroke: A Systematic Review and Meta-analysis,”" Neurorehabilitation and Neural Repair, vol.
31, no. 2, pp. 107-121, 2017/02/01 2016.

[11] G. Kim, S. Lim, H. Kim, B. Lee, S. Seo, K. Cho and W. Lee, "Is robot-assisted therapy effective in upper extremity
recovery in early stage stroke? —a systematic literature review," Journal of Physical Therapy Science, vol. 29, no. 6,
pp. 1108-1112, 06/07

[12]K. W. Lee, S. B. Kim, J. H. Lee, S. J. Lee, and J. W. Kim, "Effect of Robot-Assisted Game Training on Upper
Extremity Function in Stroke Patients," Annals of Rehabilitation Medicine, vol. 41, no. 4, pp. 539-546, 08/31

[13]P. Sale, M. Franceschini, S. Mazzoleni, E. Palma, M. Agosti, and F. Posteraro, "Effects of upper limb robot-assisted
therapy on motor recovery in subacute stroke patients,” Journal of NeuroEngineering and Rehabilitation, journal
article vol. 11, no. 1, p. 104, June 19 2014.

[14] D. H. Yoo and S. Y. Kim, "Effects of upper limb robot-assisted therapy in the rehabilitation of stroke patients,"
Journal of Physical Therapy Science, vol. 27, no. 3, pp. 677-679, 03/31

[15]H. 1. Krebs, B.T. Volpe, D. Williams, J. Celestino, S. K. Charles, D. Lynch, and N. Hogan, "Robot-Aided
Neurorehabilitation: A Robot for Wrist Rehabilitation,” IEEE Transactions on Neural Systems and Rehabilitation
Engineering, vol. 15, no. 3, pp. 327-335, 2007.

107-8


https://www.who.int/news-room/fact-sheets/detail/rehabilitation

[16] L. Liu, Y.Y. Shi, and L. Xie, "A Novel Multi-DOF Exoskeleton Robot for Upper Limb Rehabilitation,” Journal of
Mechanics in Medicine and Biology, vol. 16, no. 08, p. 1640023, 2016.

[17]J. C. Perry, J. Rosen, and S. Burns, "Upper-Limb Powered Exoskeleton Design,"” IEEE/ASME Transactions on
Mechatronics, vol. 12, no. 4, pp. 408-417, 2007.

[18] M. H. Rahman, M. J. Rahman, O. L. Cristobal, M. Saad, J. P. Kenné, and P. S. Archambault, "Development of a
whole arm wearable robotic exoskeleton for rehabilitation and to assist upper limb movements," Robotica, vol. 33, no.
1, pp. 19-39, 2014.

[19] F. Xiao, Y. Gao, Y. Wang, Y. Zhu, and J. Zhao, "Design of a wearable cable-driven upper limb exoskeleton based on
epicyclic gear trains structure,”" Technol Health Care, vol. 25, no. S1, pp. 3-11, Jul 20 2017.

[20] M. Islam, C. Spiewak, M. Rahman, and R. Fareh, "A Brief Review on Robotic Exoskeletons for Upper Extremity
Rehabilitation to Find the Gap between Research Porotype and Commercial Type,"” Advances in Robot Automation,
vol. 6, no. 3, 2017.

[21] S. Crea, M. Cempini, M. Moise, A. Baldoni, E. Trigili, D. Marconi, M. Cortese, F. Giovacchini, F. Posteraro, and N.
Vitiello, "A novel shoulder-elbow exoskeleton with series elastic actuators,” in 2016 6th IEEE International
Conference on Biomedical Robotics and Biomechatronics (BioRob), 2016, pp. 1248-1253.

[22] M. R. Islam, M. Assad-Uz-Zaman, and M. H. Rahman, "Design and control of an ergonomic robotic shoulder for
wearable exoskeleton robot for rehabilitation,” International Journal of Dynamics and Control, vol. 8, no. 1, pp. 312-
325, 2020/03/01 2020.

[23] M. Babaiasl, S. N. Goldar, M. H. Barhaghtalab, and V. Meigoli, "Sliding mode control of an exoskeleton robot for use
in upper-limb rehabilitation,” in 2015 3rd RSI International Conference on Robotics and Mechatronics (ICROM),
2015, pp. 694-701.

[24] B. Brahim, M. Rahman, M. Saad, C. Ochoa Luna, and M. R. Islam, "Sliding Mode-Backstepping Control for Upper-
Limb Rehabilitation with The ETS-MARSE Exoskeleton Robot," presented at the RESNA 2016, Arlington, VA, July
2016.

[25] B. Brahmi, M. Saad, C. O. Luna, P. S. Archambault, and M. H. Rahman, "Sliding mode control of an exoskeleton
robot based on time delay estimation," in 2017 International Conference on Virtual Rehabilitation (ICVR), 2017, pp.
1-2.

[26] M. R. Islam, M. Rahmani, and M. H. Rahman, "A Novel Exoskeleton with Fractional Sliding Mode Control for Upper
Limb Rehabilitation," Robotica, vol. 38, no. 11, pp. 2099-2120, 2020.

[27] A. Razzaghian and R. K. Moghaddam, "Fuzzy sliding mode control of 5 DOF upper-limb exoskeleton robot," in 2015
International Congress on Technology, Communication and Knowledge (ICTCK), 2015, pp. 25-32.

[28] B. Brahim, C. Ochoa-Luna, M. Saad, M. Assad-Uz-Zaman, M. R. Islam, and M. H. Rahman, "A new adaptive super-
twisting control for an exoskeleton robot with dynamic uncertainties,” in 2017 IEEE Great Lakes Biomedical
Conference (GLBC), 2017, pp. 1-1.

[29] S. Han, H. Wang, and Y. Tian, "Model-free based adaptive nonsingular fast terminal sliding mode control with time-
delay estimation for a 12 DOF multi-functional lower limb exoskeleton," Advances in Engineering Software, vol. 119,
pp. 38-47, 2018/05/01/ 2018.

[30] M. R. Islam, M. Assad-Uz-Zaman, A. Al Zubayer Swapnil, T. Ahmed, and M. H. Rahman, "An ergonomic shoulder
for robot-aided rehabilitation with hybrid control,” Microsystem Technologies, 2020/06/26 2020.

[31] M. R. Islam, M. Assad-Uz-Zaman, B. Brahmi, Y. Bouteraa, I. Wang, and M. H. Rahman, "Design and Development
of an Upper Limb Rehabilitative Robot with Dual Functionality,” Micromachines, vol. 12, no. 8, p. 870, 2021.

[32] J. Denavit and R. S. Hartenberg, "A kinematic notation for lower-pair mechanisms based on matrices,” Trans. of the
ASME. Journal of Applied Mechanics, vol. 22, pp. 215-221, // 1955.

[33] J. J. Craig, Introduction to Robotics: Mechanics and Control, 4th ed. Upper saddle river, New Jersy: Pearson, 448
pages., 2017.

[34] B. Siciliano, L. Sciavicco, L. Villani, and G. Oriolo, Robotics (Modelling, Planning and Control). London: Springer-
Verlag 2009, pp. XXIV, 632.

107-9



[35] D. Mozaffarian, E. J. Benjamin, A. S. Go, D. K. Arnett, M. J. Blaha, M. Cushman, S. D. Ferranti, J. P. Després, H. J.
Fullerton, V. J. Howard, M. D. Huffman, S. E. Judd, B. M. Kissela, D. T. Lackland, J. H. Lichtman, L. D. Lisabeth, S.
Liu, R. H. Mackey, D. B. Matchar, D. K. McGuire, E. R. Mohlerlll, C. S. Moy, P. Muntner, M. E. Mussolino, K.
Nasir, R. W. Neumar, G. Nichol, L. Palaniappan, D. K. Pandey, M. J. Reeves, C. J. Rodriguez, P. D. Sorlie, J. Stein,
A. Towfighi, T. N. Turan, S. S. Virani, J. Z. Willey, D. Woo, R. W. Yeh and M. B. Turner, "Heart disease and stroke
statistics--2015 update: a report from the American Heart Association,” Circulation, vol. 131, no. 4, pp. €29-322, Jan
27 2015.

[36] Z. Li, C. Su, G. Li, and H. Su, "Fuzzy Approximation-Based Adaptive Backstepping Control of an Exoskeleton for
Human Upper Limbs," IEEE Transactions on Fuzzy Systems, vol. 23, no. 3, pp. 555-566, 2015.

107-10



