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Abstract 

resented was a proposal for realising a more 
comprehensive control strategy for the 
Functional Electrical Stimulation (FES) induced 

Sit-to-Stand (STS) movement restoration.  According 
to literature deficiencies existed in modelling, 
trajectory planning, and a more accurate and robust 
comprehensive approach for tuning of controllers for 
such systems. The framework intends to fill the gap by 
proposing four segments for modelling the system 

against the earlier popular 
models Utilising three 
segments. In the case of the 
trajectory planning, six 
order polynomial would be 
applied, also never 
proposed for the system 
before and has some 

features which are 
desirable to the system. 
Three nonlinear control 
schemes will be 
investigated, alongside the 
global human mass 
distribution and 
disturbances (fatigue, 
spasm and tremor) 
associated with people 
having such illnesses. The 
control systems have not 
been applied for the STS 
movement revival as well as 
the effect of the 
disturbances; the 
additional task was also to 
produce suitable 
mathematical models of 
the disturbances because 
they are not readily 
available. The newness of 
which include 
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improvement on the kinematic model, dynamic 
model, trajectory planning and the then harnessing of 
the sliding mode control, linearised feedback control 
and backstepping control techniques and considering 
of the effect human mass variation together with the 
likely disturbances for configuring the controllers. 

Hence, expected is moving 
the FES performance 
forward towards clinical 
acceptance. 

 
Introduction 

The intention of moving caused signals which are in electrical form to emanate 

from the central nervous system (brain). It is then channelled to the (peripheral 

nervous system) spinal cord, after which is passed the required nerves of muscles. 

It continued to the muscles where contractions are produced and hence, the 

desired movement. The significant difference between artificial stimulation using 

electrical signal and natural counterpart, is the way muscles are recruited. During 

electrical stimulation, the fast-twitch muscles are employed earlier than eventually 

the slow-twitch muscles. And in the case of natural stimulation, the slow-twitch 

muscles were the ones recruited after which are the fast-twitch muscles. This 

difference causes early fatigue associated with artificial stimulation, which was 

referred to as the functional electrical stimulation (FES) (Enoka & Duchateau, 

2008; Hall, 2012; M. O. Ibitoye, Hamzaid, Hasnan, Wahab, & Davis, 2016; 

Westerblad, Bruton, & Katz, 2010). 

The Functional Electrical Stimulation (FES) is a vital technique currently receiving 

attention for managing illnesses associated with the nervous system. It is a 

method that employs electrical currents reasonable intensity for movement 

restoration to a certain extent. Also, it is utilised for therapy as well as 

rehabilitation of movement. An exceptional feature of the FES was making the 

neural recovery faster (M. Ibitoye, Hamzaid, & AbdulWahab, 2014; M. O. Ibitoye, 

Estigoni, Hamzaid, Wahab, & Davis, 2014).  

A significant constraint of the FES system was the inability to pass the clinical 

stage. Control systems have been applied for such devices with certain degrees of 

successes. According to literature, lack of model, flexibility hamper with its 

accuracy. The trajectory planning also requires improvement regarding 

guaranteeing continuousness, terminal velocities and computational times. 

Another issue was not considering robustness, disturbance rejection, and stability 

at the same time while tuning the controller parameters (Huq & Tokhi, 2012; M. 

Ibitoye et al., 2014; Kasten, Ievins, & Moritz, 2015; C. Lynch & Popovic, 2012; C. L. 

Lynch, Sayenko, & Popovic, 2012; Minassian, Hofstoetter, Tansey, & Mayr, 2012; 
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Popović, Popović, & Došen, 2008; Ridley, 2011; Sadati, Naghibi, Walker, Althoefer, 

& Nanayakkara, 2018; Thakor, 2014; Wang, Sharma, Johnson, Gregory, & Dixon, 

2013; Williams II, 2013). Hence, the lack of more comprehensive control approach. 

Therefore, areas of improvements are on modelling, trajectory planning, and 

control methods tuning. Thus, the main aim of the research was to propose 

nonlinear comprehensive control scheme for the FES aided sit-to-stand (STS). The 

various objectives are to explore and make an improvement on the STS model. 

Next was to make investigations and enhance STS trajectory planning. 

The manuscript has four basic sections: an introduction, a review of relevant 

literature, proposed methodology and conclusion. The introduction gives an 

insight into the problem requiring a solution. The literature review then follows it. 

The review of the literature was then followed by the proposed methodology to 

achieve the conceptual framework aim at solving the problem. Finally, the work is 

then concluded at the end of the report. 

 

Review of Relevant Literature 

Table 1 shows a summing-up of the literature review on the FES induced STS 

moments. Where GP means Gaussian Process, A means analytical or mathematical 

model, V is virtual or software-based model, ANN is Artificial Neural Networks, 3Ss 

means three segments, VN means Visual Nastran, PID means Proportional Integral 

Derivative, 7OP means seven order polynomial, SCF means Switching Curve 

Feedback, KEC means Knee Extension Control, ANFIS means Adaptive Neuro-

Fuzzy Inference System, GA means Genetic Algorithm, VRF means Virtual 

Reference Feedback, and MPC means Model Predictive Control. 

Table 1 clearly shows that Different control schemes are investigated for various 

scenarios of FES-induced sit-to-stand movements. As earlier mention the purpose 

of this study, we categorise them into linear, intelligent, and nonlinear control 

techniques. The linear control methods require more precise or more refined 

sensors for improved or desired performance. The intelligent control methods 

although famous, but lack mathematical models which are needed for extensive 

research most especially stability. Additionally, most of the models are built on 

three segments, and in some cases, virtual models are used. In most of the studies, 

the modelling is not well explained. There was silence on the trajectory planning 

and in the work of Fattah et al. there was no extensive discussion on it. Although 

in some cases, authors try to explain the nominal performance, in almost all the 

studies, robust performance and stability studies are completely lacking. The 
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nonlinear control methods are less number of works for the application but 

showed encouraging results. And have the advantages of the likelihood of 

producing more stable, accurate, faster response, robustness, and lesser cost 

control systems. All these are possible because, in reality, systems are nonlinear. 

Hence, improvements can be attained by enhanced accuracy; because operation 

range was considered to be small in linear control techniques, tackling 

nonlinearities associated with the original systems, ability to deal with internal and 

external uncertainties, and its relative simplicity of design; it originates from 

foundation physics of system dynamics.  

Hence, the advantages of the nonlinear control methods and its absence for 

extensive studies on the FES induced STS control is a gap worth filling in order to 

make enhancements. Therefore, the sliding mode, linearised feedback, and 

backstepping control techniques are worth exploring due to their relevance. So 

also, stability analysis and robustness performance regarding mass variation and 

disturbance rejection, which are essential components lacking and are worth 

investigating. 

 

Table I: Summary of the FES aided STS literature review 

Author and year System 

modelling 

Trajectory 

planning 

Control 

system 

Merit(s) Demerit(s) 

Tsukahera et al. 

(2010)  (Tsukahara, 

Kawanishi, 

Hasegawa, & Sankai, 

2010) 

3Ss (A)  PD Experimentally 

tested 

Model improvement 

required, PD not 

suitable, quiet on 

trajectory planning, the 

absence of robustness 

analysis 

Fattah et al. (2008) 

(Fattah, 

Hajiaghamemar, & 

Mokhtarian, 2008) 

3Ss (A) 7OPs PD  Model improvement 

required, better 

trajectory planning 

required, PD not 

suitable, robustness 

analysis unavailable 

Dolan et al. (1998) 

(Dolan, Andrews, & 

Veltink, 1998) 

  SCF Experimentally 

tested 

Mathematical model 

unavailable, silent on 

trajectory planning, 

lack of robustness 

analysis 
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Poboroniuc  (2007) 

(Poboroniuc, 2007) 

  KEC- 

PID 

Reduced 

sensor  

number 

Mathematical model 

unavailable, re-tuning 

required, details on 

trajectory planning and 

modelling not available, 

robustness analysis 

unavailable 

Yu et al. (2001) (Yu, 

Chen, & Ju, 2001) 

3Ss (A)  PID Experimentally 

tested 

Model improvement 

required, PID not 

suitable, silence on 

trajectory planning and 

modelling details 

Kamnik (2005) 

(Kamnik, Shi, 

Murray-Smith, & 

Bajd, 2005) 

GP&ANN   Experimentally 

tested 

Mathematical model 

unavailable 

Davoodi & Andrews 

(1998) (Davoodi & 

Andrews, 1998) 

3Ss (V)  ANFIS  Mathematical model 

unavailable, design 

complexity, 

information on 

trajectory planning not 

available, no details on 

modelling 

Davoodi & Andrews 

(1999) (Davoodi & 

Andrews, 1999) 

3Ss (V)  ANFIS-

GA 

 Mathematical model 

unavailable, design 

complexity, no details 

of trajectory planning, 

robustness  

Afzal et al. (2010) 

(Afzal, Khan, & Tokhi, 

2010) 

3Ss(A); 

3SsVN(V) 

 PID- 

ANN 

 Model improvement 

required, re-training 

required, longer 

training time, silent on 

trajectory planning, the 

absence of robustness 

analysis 
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Hussain et al. (2014) 

(Hussain, Massoud, 

& Al-Mawaldi, 2014) 

3SsVN(V)  ANFIS- 

PID 

 Mathematical model 

unavailable, design 

complexity, re-training 

required, silence on 

trajectory planning and 

modelling 

Massoud (2014) 

(Massoud, 2014) 

3SsVN(V)  ANFIS- 

PID 

 Mathematical model 

unavailable, design 

complexity, re-training 

required, silent 

regarding modelling 

and trajectory 

planning, no 

robustness analysis 

Previdi et al. (2005) 

(Previdi, Ferrarin, 

Savaresi, & Bittanti, 

2005) 

  PID- 

VRF 

 Mathematical model 

unavailable, re-training 

required, not robust, 

no details on modelling 

and trajectory 

planning, lack of 

robustness analysis 

Esfanjani & 

Towhidkhah 

(2006) (Esfanjani & 

Towhidkhah, 2006) 

3Ss (V)  MPC Good design Mathematical model 

unavailable, longer 

computation time, no 

information trajectory 

planning 

 

Proposed Methodology  

This section describes the various proposed methods to be utilised in the study. 

The work comprises three primary headings: modelling (kinematic and dynamic), 

trajectory planning, and comprehensive control. Others are the performance 

testing and identification of the best control scheme for the system. Fig. 1 was an 

illustration of the general methodology with the aid of a flowchart. 
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Fig. 1 Flowchart of the Methodology Steps. 

 

The analytical model would be developed by considering an additional joint over 

the existing versions. Doing so would make the system more flexible and accurate. 

The evaluation would be made with Nuzik et al. (Nuzik, Lamb, VanSant, & Hirt, 

1986) sit-to-stand model. 
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The kinematic model development would be utilising the Denavit-Hartenberg 

method. It would be evaluated to ascertain the level in accuracy. 

The dynamic model has two essential components; the segmental dynamics and 

muscle model. Two methods would be applied in the process of the dynamic 

modelling to ensure correctness; the Newton-Euler and  Euler-Lagrange. Muscle 

model proposed by Ferrarin and Pedotti (Ferrarin & Pedotti, 2000) would be 

adopted. 

The William II (Williams II, 2013) proposed six-order polynomial would be utilised 

for the development of trajectory planning. Paving the way for curbing the issues 

of discontinuity, terminal velocities, and computational time elapse. 

The control schemes to be considered are the Sliding Mode Control (SMC), 

Linearised Feedback Control (LFC), Backstepping Control (BSC). Exploration of 

these methods was because their applications have yielded fruitful results for 

other forms FES. Parameters to be considered for controller configuration are 

robustness, associated disturbances, and stability.  

Robustness would be checked by considering global human weight distribution. 

The least and highest would be applied; so that the equipment can be used 

anywhere in the world without the need for any significant variation. Disturbances 

associated with the neurological disorder subjects are the fatigue, spasm, and 

tremor. These would be applied appropriately by considering models of these 

disturbances as proposed by Lynch et al. (C. L. Lynch, 2011; C. L. Lynch, Graham, & 

Popovic, 2011a, 2011b). 

Performance evaluation would be on basically the cumulative amount of 

stimulation current, the cumulative amount rate of change in the stimulation 

current, and tracking errors. Earlier studies show that the system with the lowest 

amount of these parameters produced the best performance (Ibrahim, 2011; 

Klauer et al., 2016; C. L. Lynch, 2011; Nasir, 2017; Ruppel, Klauer, & Schauer, 2017). 

Therefore, the method with the best would be chosen for the system. 

 

Conclusion 

The comprehensive control strategy was successfully formulated and presented 

for the FES induced STS movement restoration. The advantages of the nonlinear 

control methods and its lack of utilisation for rigorous studies on the FES induced 

STS control has left a space worth filling for making enhancements as observed in 

other forms of FES aided movements. Hence, harnessing the sliding mode, 

linearised feedback, and backstepping control techniques are worth investigating 
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due to their fruitful results portrayed in the case of other variants of induced 

movements. So also, stability analysis and robustness performance regarding 

mass variation and disturbance rejection, which are essential components lacking 

which are worth investigating as well. The newness of which include improvement 

on the kinematic model, dynamic model, and trajectory planning. And the then 

introduction of the three nonlinear control approaches for the FES induced STS 

movement. Hence, expected is moving the FES performance forward towards 

clinical acceptance.   
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