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Abstract. A review study was conducted on existing lower-limb orthosis 
systems for rehabilitation which implemented pneumatic muscle type of 
actuators with the aim to clarify the current and on-going research in this 
field. The implementation of pneumatic artificial muscle will play an 
important role for the development of the advanced robotic system. In this 
research a derivation model for the antagonistic mono- and bi-articular 
muscles using pneumatic artificial muscles of a lower limb orthosis will be 
verified with actual human’s muscle activities models. A healthy and 
young male 29 years old subject with height 174cm and weight 68kg was 
used as a test subject. Two mono-articular muscles Vastus Medialis (VM) 
and Vastus Lateralis (VL) were selected to verify the mono-articular 
muscle models and muscle synergy between anterior muscles. Two bi-
articular muscles Rectus Femoris (RF) and Bicep Femoris (BF) were 
selected to verify the bi-articular muscle models and muscle co-contraction 
between anterior-posterior muscles. The test was carried out on a treadmill 
with a speed of 4.0 km/h, which approximately around 1.25 m/s for 
completing one cycle of walking motion. The data was collected for about 
one minute on a treadmill and 20 complete cycles of walking motion were 
successfully recorded. For the evaluations, the mathematical model 
obtained from the derivation and the actual human muscle activation 
patterns obtained using the surface electromyography (sEMG) system were 
compared and analysed. The results shown that, high correlation values 
ranging from 0.83 up to 0.93 were obtained in between the derivation 
model and the actual human muscle’s model for both mono- and bi-
articular muscles. As a conclusion, based on the verification with the 
sEMG muscle activities data and its correlation values, the proposed 
derivation models of the antagonistic mono- and bi-articular muscles were 
suitable to simulate and controls the pneumatic muscles actuated lower 
limb orthosis. 
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1 Introduction 
It is a general assumption that pneumatic muscles will play an important role in the 
development of assistive rehabilitation robotics system. In the last decade, the development 
of the pneumatic muscle actuated lower limb orthosis system was relatively slow compared 
to the motorized orthosis system. However, in recent years, the interest in this field had 
grown exponentially mainly due to the demand on a much compliant human-robotics 
system and advantageous attributes of the pneumatic muscles. Based on the review study, it 
could be understood that the suitable control schemes and strategies have yet to be found. 
Therefore, in this study, a novel control scheme and strategy for manipulating the anterior-
posterior mono- and bi-articular muscle actuators was proposed using simplified pneumatic 
muscles actuated lower limb orthosis derivation model and sEMG muscle activities of the 
human lower limb muscles. From the literature review analysis on the pneumatic muscle 
actuated lower limb orthosis, it shows that around 16 prototyped had been evaluated based 
on the development of different orthosis systems in last 10 years [1 – 11].  

Moreover, most of the existing pneumatic muscle actuated lower limb systems 
antagonistically controlled the leg orthosis with anterior-posterior mono-articular actuators 
at the hip, knee, or ankle joints [12 – 25]. However, compared to most of the published 
research articles, only few articles had introduced anterior-posterior bi-articular muscle 
actuators to simultaneously control the lower limb orthosis along with anterior-posterior 
mono-articular muscle actuators [29, 30]. The design of the proposed lower limb orthosis 
model was based on the human musculoskeletal system. This human musculoskeletal 
system consisted of different mono- and bi-articular muscles to support the movement of 
the joints. The muscles could be group into two different types of muscles which are mono-
articular muscles (i.e., Gluteus Maximus, Gluteus Minimus, Gluteus Medius, Vastus 
Medialis and Vastus Lateralis) and bi-articular muscles (i.e., Gastrocnemius, Rectus 
Femoris, and Bicep Femoris). These antagonistic muscles (i.e., agonist and antagonist) 
exhibit co-contraction movements in order to initiate and precisely move the human 
exoskeleton system. The co-contraction of the human muscles also contributes in increasing 
the stiffness at the joints and improves the human balance. In addition, these set of 
movements also to prevent an injury at the joints. This concept will be utilised to design the 
control scheme and strategy of the lower limb leg orthosis. 

Meanwhile, different suggestions and remarks also have been reached by the 
researchers to improve the design and control system of the pneumatic muscle actuated 
lower-limb orthosis, which why it might be concluded that the researchers’ interest has 
been shifted to the implementation of the natural type of compliant actuators [2 - 11]. 
Although lots of researches have been investigated regarding the co-contraction movements 
of human antagonistic muscles. However, their model implementation in controlling the 
antagonistic muscle actuators of lower-limb orthosis has not been completely discovered 
[12 – 25]. In addition, research study which focuses on the implementation of mono- and 
bi-articular actuators using pneumatic muscles for the lower-limb rehabilitation orthosis has 
yet to be extensively investigated [1, 29]; thus, simply actuating the actuators might not 
give a good result on the joint’s stiffness and stability of the lower-limb leg orthosis and its 
joint trajectories. Therefore, based on the related research findings, the simultaneous co-
contractively like movements between the anterior and posterior actuators could be 
considered within the control system strategy [26 - 30].  

Even though a considerable amount of work has now been done, this field is still rapidly 
evolving. The issue of which are the most effective control algorithms is still wide open. 
However, the randomized controlled trials are still necessary for identifying the suitable 
control algorithms even though it is expensive and time-consuming. Therefore, the purpose 
of this study is to validate the derivation model of the pneumatic muscle actuated lower 
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However, the randomized controlled trials are still necessary for identifying the suitable 
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limb orthosis with the actual human’s muscle activities model during walking motion. 
Where, it is to identify the new method for controlling the orthosis system using the co-
contractively control of the antagonistic mono- and bi- articular pneumatic muscle 
actuators. 

2 Model derivation of the mono- and bi-articular muscle 
actuators 
The contraction patterns of the antagonistic mono- and bi-articular artificial muscles of the 
pneumatic muscle actuated lower limb orthosis were found to be opposite to each other in 
between its anterior and posterior muscles [1]. Therefore, co-contraction models that 
generate input patterns for the antagonistic mono- and bi-articular actuators could be 
theoretically derived. To complete this theory, the model of the leg orthosis should be 
simplified before all the information could be group together, and then correlate all the 
important parameters into a mathematical equation as shown in Figure 1. The obtained 
model equations correlate the contraction of each of the antagonistic actuators with the 
positional data of hip and knee joints. The model derivation of the anterior-posterior 
contraction patterns could be referred from the previous journal publication [29]. Based on 
the derived mathematical model, the contraction of antagonistic mono-articular actuators 
for hip joint has a linear relationship with the hip joint angle. The contraction was also 
similar when compared at the antagonistic mono-articular actuators for the knee joint. 
Interestingly, the antagonistic bi-articular actuators have a linear relationship with a total of 
hip and knee joint angle as it manages the two joints simultaneously. The general idea for 
this model derivation was obtained based on the information that could be interpreted from 
the reference input data of the hip and knee joints. 
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Fig. 1.  Pneumatic muscle actuated lower limb orthosis simplified model for mono- and bi-articular 
muscles between hip and knee joints; where, 𝜀𝜀𝐻𝐻𝐻𝐻 and 𝜀𝜀𝐻𝐻𝐻𝐻 are the anterior-posterior muscle 
contraction of the hip joint; 𝜀𝜀𝐾𝐾𝐻𝐻 and 𝜀𝜀𝐾𝐾𝐻𝐻 are the anterior-posterior muscle contraction of the knee 
joint; 𝜀𝜀𝐵𝐵𝐻𝐻 and 𝜀𝜀𝐵𝐵𝐻𝐻 are the anterior-posterior muscle contraction of the bi-articular muscle (hip and 
knee joint); 𝛼𝛼 and 𝛽𝛽are muscle activation level for the anterior-posterior muscles; 𝜃𝜃𝐻𝐻 and 𝜃𝜃𝐾𝐾 are hip 
and knee joints. 

3 Methodology 
The first part of this research is to obtain a derivation model equations of the pneumatic 
muscle actuated lower limb orthosis as shown in Figure 1. These model equations represent 
the contraction value of each of the antagonistic mono- and bi-articular pneumatic muscles 
of the orthosis system. By introducing an input pattern of hip and knee joints during one 
complete cycle of walking motion into the mathematical model equations, the contraction-
expansion value of each of anterior-posterior mono- and bi-articular pneumatic muscles can 
be obtained, and the verified with the actual human’s muscle activities model. The second 
part of the research is to obtain sEMG muscle activities data model for both mono- and bi-
articular muscles of human’s lower limb using fifth order of polynomial equation. A 
healthy and young male 29 years old subject with height 174cm and weight 68kg was used 
as a test subject. The subject is an active sport player and has a strong lower limb muscles. 
Two mono-articular muscles which are Vastus Medialis (VM) and Vastus Lateralis (VL) 
were used to verify the mono-articular muscle models and muscle synergy between anterior 
muscles. Two bi-articular muscles Rectus Femoris (RF) and Bicep Femoris (BF) were used 
to verify the bi-articular muscle models and muscle co-contraction between anterior-
posterior muscles. The sEMG system (TMSi system, Netherland) was used to obtain sEMG 
muscle activation data of four muscles during walking motion. The test was carried out on a 
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treadmill with a speed of 4.0 km/h, which approximately around 1.25 m/s for completing 
one cycle of walking motion. Four sEMG electrodes were placed at the VM, VL, RF and 
BF muscles. The data was collected for about one minute on a treadmill and 20 complete 
cycles of walking motion were successfully recorded. The data were processed, filtered, 
and rectified to remove all the unrequired noise. A fifth order polynomial equations were 
used correlate the data into a model equations. The final part of the research is to verify and 
correlate the obtained derivation model with the actual human lower limb muscle’s model 
for both mono- and bi-articular muscles. 

4 EMG muscle activities 
It is strongly believed that the human antagonistic muscles activate simultaneously, when 
one muscle (i.e., agonist or antagonist) is in contraction the other muscle (i.e., antagonist or 
agonist) will be in expansion and vice versa. We define this as muscle co-contraction or 
muscle synergy. Muscle co-contraction refers to when any movement occurs which 
involved two sets of muscles working around joint. Normally, the muscles on one side of 
the joint must relax so that the muscles on the other side can contract. However, in co-
contraction is defined as both sets of muscles contract. Moreover, the definition of the co-
contraction also could be explained as both muscles were simultaneously made contraction-
expansion movements. When the muscles on one side of the joint are in contraction, the 
opposite muscles will not be in completely relaxed state. However, they are still in 
contraction but less than the opposite muscles. The muscle synergy refers to the interaction 
of two or more sets of muscles to produce a combined effect greater than the sum of their 
separate effects. Therefore, the result of this research study would verify the muscle 
activities of the human lower limb muscles both on the antagonistic mono- and bi-articular 
muscles. However, not all lower limb muscle could be easily obtained using sEMG muscle 
activity sensors due to small muscle’s site and weak muscle activation. Thus only VM, VL, 
RF, and BF muscles were selected to represent the anterior-posterior mono- and bi-articular 
muscles. 

5 Results and discussion 
For the result evaluations, VM and VL muscles were used to verify the anterior mono-
articular muscle model while, RF and BF muscles were used to verify anterior-posterior bi-
articular muscle models. In this research, it was crucial to obtain good correlation value for 
the sEMG muscle activities of the antagonistic bi-articular muscles because these muscles 
activities were more complex when compared to the mono-articular muscles. Figure 2 
shows the evaluation of the anterior mono-articular muscle model obtained from the 
mathematical derivation with VM (alone) and VM-VL (combined) muscle activities 
models. While, Figure 3 shows the evaluation of the anterior-posterior bi-articular muscle 
models obtained from the mathematical derivation with RF and BF muscle activities 
models.  

Based on the results, it shows that the derivation models for both anterior-posterior 
mono- and bi-articular muscles were comparable to the actual muscles activities for the 
VM, VL, RF, and BF lower-limb muscles. In addition, the patterns of the sEMG muscle 
activities data were highly correspond with the derived antagonistic mono- and bi-articular 
artificial muscle models. These results might indicate that the muscle activities of the 
antagonistic mono- and bi-articular muscles followed a certain patterns which can be 
defined by suitable model derivation. The evaluation on the VM and VM-VL muscle 
activity patterns which were both anterior mono-articular muscle proved that muscle 
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synergy was occurred between same anterior or posterior muscles. Figure 2 shows that 
there were an improvement in between the muscle activities data patterns when we 
compared the VM muscle activities alone and a combination of VM-VL muscle activities 
with the derivation models. Furthermore, the evaluation on the RF and BF muscle activities 
patterns proved that the human lower limb muscles exhibit co-contraction movements 
between anterior and posterior muscles. However, an existing delay less than 0.40 seconds 
occur in-between the activation of the anterior and posterior sEMG muscle activities. Albeit 
that, the patterns of the sEMG muscle activities for VM, VL, RF, and BF muscles were still 
agreeing with the derived antagonistic mono- and bi-articular muscle models.  

 

 

Fig. 2. Evaluation of the mono-articular muscle’s mathematical model with the Vastus Medialis 
(VM) and Vastus Lateralis (VL) muscle activities. 
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Fig. 3. Evaluation of the bi-articular muscle’s mathematical model with the Rectus Femoris (RF) 
and Bicep Femoris (BF) muscle activities. 

The correlation tests between the sEMG muscle activities for VM, VL, RF, and BF 
muscles models (data MODEL) with derivation models (orthosis MODEL) after rendering 
the existing delay produced high correlation coefficient values. The correlation value of the 
antagonistic mono-articular muscles varies between 𝑟𝑟 = 0.83 for the VM muscle activities 
and 𝑟𝑟 = 0.93 for the VM-VL muscle activities. On the other hand, the correlation value of 
the antagonistic bi-articular muscles varies between 𝑟𝑟 = 0.91 for the RF muscle activities 
and 𝑟𝑟 = 0.86 for the BF muscle activities. Therefore, it could be conclude that the proposed 
derivation models of the antagonistic mono- and bi-articular muscles were suitable and 
reliable to be implemented into the control scheme and strategy of the pneumatic muscles 
actuated lower limb orthosis. 

6 Conclusions 
In conclusions, the verification between sEMG muscle activities of VM, VL, RF, and BF 
muscles with derivation models shows that the antagonistic mono- and bi-articular muscle 
activities exhibit co-contraction movements in between anterior and posterior muscles, and 
muscle synergy in between multiple anterior or posterior muscles with respect to specific 
joints (i.e., hip and knee joints). Therefore, the hypothesis that the antagonistic muscles 
were activated and contract simultaneously could be implemented. However, there might be 
appropriate to include some delay as well in-between the activation of the anterior-posterior 
mono- and bi-articular muscle models. Based on the verification of the sEMG muscle 
activities data and its correlation values, it could be concluded that the proposed derivation 
models of the antagonistic mono- and bi-articular muscles were suitable to simulate and 
controls the pneumatic muscles actuated lower limb orthosis. Finally, it is crucial to obtain 
a good derivation model for the antagonistic mono- and bi-articular muscle models to 
successfully simulate and control the pneumatic muscle actuated lower limb orthosis 
comparable to human musculoskeletal system. In the future, an actual model of the 
pneumatic muscle actuated lower limb orthosis would be implemented. 
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