
                                VOL. 13, NO. 23, DECEMBER 2018                                                                                                         ISSN 1819-6608 

ARPN Journal of Engineering and Applied Sciences 
©2006-2018 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
                                                                                                                                               8994 

DESIGN QUASI PASSIVE EXOSKELETON FOR BELOW 

KNEE PROSTHESIS 
 

Zainab Hassan
1 
and Wajdi Sadik

2
 

1Department of Mechanical Engineering, Al-Nahrain University, Baghdad, Iraq 
2Department of Prosthetics and Orthotics Engineering, Al-Nahrain University, Baghdad, Iraq 

E-Mail: ZainabHassan674@yahoo.com 

 
ABSTRACT 

A human ankle supplies a great amount of net positive energy during the walking stance period, mostly for 

intermediate to fast walking speeds. Instead of that, the commercially available ankle-foot- prosthesis are totally passive 

during stance, consequently can’t provide the net positive work then the clinical examinations to patients   who suffered 

from transtibial amputation using the conventional prosthesis presented high rate of metabolic energy as compared to 

normal people. Researchers approved that the main cause of high metabolism is due to inability of the conventional 

prosthesis providing net positive work at the terminal stance in walking. Therefore, a design of exoskeleton used for the 

patients who suffer from below knee amputations is proposed. The main aim of this study is evaluating the hypothesis of 

powered device in the ankle-foot prosthesis that can provide a positive energy at the terminal stance and can improve the 

patient metabolic walking economy, compared with patient using the conventional prosthesis. The proposed quasi-passive 

exoskeleton is consisted from controllable actuator and linearspring to simulate the human ankle-foot behavior. The 

exoskeleton device is constructed. The activity of exoskeleton is tested by patient has ankle foot prosthesis. The 

metabolism of the patients is also tested by measuring the electromyography (EMG) for patient muscles as well before and 

after wearing the device. The initial device tests showed an enhancement in electromyography (EMG) over 27% as 

compared to passive prosthesis, although the device weighed 1.18 KG, these results support the hypothesis and suggest a 

further work promise to improve the prosthesis. Also Conservation of the natural movement kinematics was described as 

an important requirement for a device to be beneficial in term of metabolic energy.  
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1. INTRODUCTION 
The increased number of cars and motorcycles in 

modern life, in addition to wars and terrorism taking place 

in Iraq has greatly affected the number of accidents 

leading to amputation of the lower limbs. There are 

different levels of amputation where the interest level in 

this study is below knee. To resolve this type of disability, 

manufacturing of many artificial legs have long been 

primitive and simple but evolved naturally with the 

development of the limbs but understanding the difficulty 

of a normal gait cycle which makes the industrial of an 

artificial limb which mimic the normal limb. A gait 

involves the stance and the swing phase. The stance phase 

is defined as a period from heel contact toe-off. The swing 

phase is defined as a period from toe-off to heel contact. 

These two phases are repeated in turn [1]. Figure-1 shows 

the normal gait cycle. 

 

 
 

Figure-1. Normal gait cycle [1]. 

 

In spite of the potential benefit of powered 

prosthesis certified for both lower and upper extremity 

amputation, all of the commercial activities and research 

has focused on the upper extremity [2-4]. Unfortunately 

the available commercial prosthesis is totally passive and 

the mechanical properties stay fixed during running or 
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even normal walking [5]. Contrariwise, the normal ankle 

foot of human varies its own stiffness with walking speed 

also within each gait cycle [6-7]. Moreover a lot of 

researches showed that the major function of the human 

ankle is to provide the convenient energy for forwarding 

the progression of the body [6-8], thus it can be expected 

that the below knee amputees who used the passive 

prosthesis suffered from non-symmetric gait patterns and 

also higher  metabolic energy rates[9-10], so to mimic the 

normal human ankle it’s very important to enhance the 

prosthesis in terms of increasing gait symmetry and 

walking economy, the prosthetic ankle foot should able to 

motive power and actively control joint impedance. Also 

many researchers were interested in this field like [11-14]. 

In ankle angle, plantar flexion takes place when 

the tiptoe falls down, while dorsal flexion happens as the 

tiptoe is raised up. People who suffer from amputation 

may be get of balanced from the center of gravity [1, 2 and 

6]. In this study, in order to improve the gait cycle of the 

patient with an amputation, the below knee prosthesis have 

been controlled by proposed a design for exoskeleton used 

for this prosthesis. In addition, the main aim is to reduce 

the metabolism energy representing by EMG which makes 

the patient more comfortable. 

 

2. METHOD 

 

2.1 Mechanical design of the exoskeleton 

The simple Auto CAD model shown in Figure (2) 

consists of mechanical parts which are aluminum plate L 

shape hanging by spring acting like the leg muscle to give 

more smoothness in the movement also to mimic the 

normal leg and actuator. 

The model is converted into a mechanical device 

as shown in Figures 3 (a) and (b) while Figure-4 iullstates 

the assembly of the designed exoskeleton device including 

all main parts. 

 

 
 

Figure-2. The autocad model. 

 
                            (a)                                (b) 
 

Figure-3. Quasi passive exoskeleton. 

 

 
 

Figure-4. The fabricated exoskeleton components. 

 
Moreover, the exoskeleton is also fulfilled by the 

3D solid work program as shown in Figure-5. 
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Figure-5. The fabricated exoskeleton done by solid work. 

 

2.2 Electrical design of exoskeleton  
Figure-6 shows the electrical circuit which 

contains UNO Arduino, DC source, Power supply, 

actuator, force sensor, gyroscope [2]. All these parts are 

connected to give the final result which makes the goal of 

the exoskeleton. 

 

 
 

Figure-6. The electric connection of the 

exoskeleton circle. 

 

The exoskeleton operating mechanism 

During the gait cycle, patient who uses the 

conventional prosthesis passes through only two phases 

during the whole cycle. 

 

A) When the prosthesis foot stay contact to the 

floor while the other leg starts moving forward, (see 

Figure-7a) so the body rotates around the ankle-foot joint, 

the ground  reaction force rotates forward that leads to all 

the body weight distributes over the whole foot when the 

body reaches to the highest point of the gate cycle. The 

fabricated exoskeleton, in this situation when the foot is 

pressing on the force sensor, instruct will move to the 

actuator through the UNO Arduino that prevents the shaft 

from rotating around. 

 
  (a)                                       (b) 

 

Figure-7. Patient during walking. 

 

B) When the prosthesis leg start an initial 

condition, the ground reaction force starts to decrease 

since the body weight transferred to the other leg, (see 
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Figure-7b) the leg and the foot rotate around the foot-

distal. Now the heel will lift up from the force sensor, then 

another order sent to the actuator will make the shaft 

rotates with adjusted angle (90_110) which is a suitable 

angle of the ankle, causing a planter-flexion to the 

prosthesis foot.  

 

2.3 Ankle experimentation 

There are two challenges in order to validate 

usage of the fabricated exoskeleton. 

 

A. The electromyography (EMG) activity for the 

three chosen thigh muscles namely biceps femoris, rectus 

femoris, and vastus laleralisfor patient with below knee 

amputation shown in Figure-4, the first column represents 

the (EMG) without wearing the exoskeleton the second 

column with wearing the exoskeleton. These tests were 

fourcases, (shown in Figure 8): 

The EMG activity test was done to a patient with 

below kneeanamputation in the right leg, aged 27 years, 71 

k-gm weight and 170 cm height. 

 

1. a) Normal walking without the exoskeleton. 

b) Normal walking with the exoskeleton. 

2. a) Average speed walking without the exoskeleton. 

b) Average speed walking with the exoskeleton. 

3. a) Up the stairs without the exoskeleton. 

b) Up the stairs with the exoskeleton. 

4. a) Down the stairs without the exoskeleton. 

b) Down the stairs with the exoskeleton. 

  

  
 

Figure-8. The patient during test. 

 

3. RESULTS AND DISCUSSIONS 

Figures 9-12 illustrate the comparison between 

EMG patient singles with and without wearing the device 

for four cases normal walking, walking with average 

speed, up the stair down the stair respectively. The EMG 

signals were chosen for three muscles: rectus Femoris, 

biceps femoris and vestuslaleralis. The time duration for 

each case is 6 seconds. 

 

 
 

Figure-9. Normal walking with and without the exoskeleton. 
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Figure-10. Walking with average speed with and without the exoskeleton. 

 

 
 

Figure-11. Up the stairs with and without exoskeleton. 

 

 
 

Figure-12. Down the stairs with and without exoskeleton. 

 

For the three selected muscles, it can be seen that 

the electromyography activity which mainly depends on 

the lower limb prosthesis posture. The activity of the 

muscles decreases and the muscle can be more comfort 

since the torque in the ankle joint increases.  

As it is clear from the three selected muscles that 

the load carried by the muscle is not equal where it 

depends on its location and on the muscles tendons. The 

effect of fabricated exoskeleton was reducing the muscles 

activity for the patient that can be clearly seen from the 

electromyography results of volunteer muscles which 

means it reduced the load on the muscles.  

In order to validate the fabricated exoskeleton 

and its activity of reducing the load on the muscles, the 

mean square errors (RMS) of EMG signal for each muscle 

in each case are calculated. Figures (13-16) show the bar 

chart to describe the RMS results. 
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Figure-13. RMS for three muscles with and without exoskeleton (normal walking). 

 

 
 

Figure-14. RMS for three muscles with and without exoskeleton (average speed walking). 

 

 
 

Figure-15. RMS for three muscles with and without exoskeleton (Up the stairs). 
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Figure-16. RMS for three muscles with and without exoskeleton (Down the stairs). 

 

The fabricated exoskeleton effect on the EMG 

activity was very clear and apparent. It can be seen that the 

electromyography signal is reduced, so when using the 

exoskeleton the reduction was between (11% and 27%) as 

compared to the same case when not wearing the 

exoskeleton. Hence, the load applied on the muscle will be 

reduced then the exoskeleton acts like an external carrier. 

These results due to select the most suffered muscles in 

the patient on which the device has been tested. She had a 

damaging in the second muscle Biceps Fomirosalso the 

vestuslaleralis muscle was carrying large part of the 

patient weight due to her motion nature, then after wearing 

the exoskeleton she feels much comfortable and that is 

clear  where (EMG) signals are reduced. 

 

4. CONCLUSIONS 

In this study, new design of exoskeleton device 

for ankle foot prosthesis is fabricated. The device is tested 

by patient efficiently.  By calculating patient EMG signals 

before and after wearing the exoskeleton, the metabolism 

of the patient is also tested. From the results that obtained 

in this study, the following conclusions can be made: 

 

a) The fabricated exoskeleton hardware and software 

implemented in the control system gave significant 

results. 

b) The used of linear spring with the specific 

exoskeleton gave more smoothness to the movement 

and was acting like the shank muscle. 

c) The implementation of the suggested exoskeleton 

reduced the lowed on the lower limb muscle by (90%) 

from its original value.  

Future work 
To improve the work and analysis procedure, the 

following recommendations can be suggested: 

 

a) Applying the experimental test to deferent weights 

and heights for getting a wide range of the 

electromyography signals before and after wearing the 

exoskeleton. 

b) Applying the test on persons who don’t suffer from 

amputation but from muscle weakness only. 

c) Applying the procedure in different manor like 

climbing up or down … etc. 

REFERENCES 

 

[1] J. Furusho, T. Kikuchi, M. Tokuda, T. Kakehashi, K. 

Ikeda, Sh. Morimoto, Y. Hashimoto, H. Tomiyama, 

A. Nakagawa, and Y. Akazaw. Development of Shear 

Type Compact MR Brake for the Intelligent Ankle-

Foot Orthosis and Its Control (Research and 

Development in NEDO for Practical Application of 

Human Support Robot). 

[2] S. K. Au, P. Dilworth, H. Herr An Ankle-Foot 

Emulation System for the Study of Human Walking 

Biomechanics, Technology Cambridge. 

[3] W.C. Flowers, D. Rowell, A. Tanquary, and H. Cone. 

A microprocessor controlled knee mechanism for A/K 

prosthesis. Proceeding of 3
rd

 CISMIFToMM 

International Symposium: Theory and Practice of 

Robots and Manipulators, Udine, Italy. pp. 28-42. 

[4] K. Koganezawa and I. Kato. Control aspects of 

artificial leg. IFAC Control Aspects of Biomedical 

Engineering. pp. 71-78. 

[5] S. Ron, L. Williams & Wilkins. 2002. Prosthetics and 

Orthotics: Lower limb and Spinal. 

[6] M. Palmer. 2002. Sagittal plane characterization of 

normal human ankle function across a range of 



                                VOL. 13, NO. 23, DECEMBER 2018                                                                                                         ISSN 1819-6608 

ARPN Journal of Engineering and Applied Sciences 
©2006-2018 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
                                                                                                                                               9001 

walking gait speeds. Master’s Thesis, Massachusetts 

Institute of Technology. 

[7] D. H. Gates. 2004. Characterizing ankle function 

during stair ascent, descent and level walking for 

ankle prosthesis and orthosis design. Master’s thesis, 

Boston University. 

[8] A. L. Hof, B. A. Geelen and Jw. Van den Berg. Calf 

muscle moment, work and efficiency in level walking; 

role of series elasticity. Journal of Biomechanics. 

16(7): 523-537. 

[9] H. Bateni and S. Olney. 2002. Kinematic and kinetic 

variations of below-knee amputee gait. Journal of 

Prosthetics & Orthotics. 14(1): 2-13.  

[10] N.H. Molen, V.T. Inman, H. J. Ralston and F. Todd. 

1973. Energy/speed relation of below-knee amputees 

walking on motor-driven treadmill. 31: 173. 

[11] K. Shamaei, M. Cenciarini, A. A. Adams, K. N. 

Gregorczyk, J.M. Schiffman and M. Dollar. 2014. 

Design and Evaluation of a Quasi-Passive Knee 

Exoskeleton for Investigation of Motor Adaptation in 

Lower Extremity Joints IEEE Transactions on 

biomedical Engineering. 61(6). 

[12] A. M. Dollar, H. M. Herr. 2008. Design of a quasi-

passive knee exoskeleton to assist running. 2008 

IEEE/RSJ International Conference, 

DOI:10.1109/IROS.2008.4651202. 

[13] B. Collo, V. Bonnetand G. Venture1. 2016. AQuasi-

passive Lower Limb Exoskeleton for Partial Body 

Weight Support. 6
th

 IEEE RAS/EMBS International 

Conference on Biomedical Robotics and Bio-

mechatronics (Bio-Rob), June 26-29, Utown, 

Singapore. 

[14] M. eKim and S. H. Collins. 2017. Step-to-Step Ankle 

Inversion/Eversion Torque Modulation Can Reduce 

Effort Associated with Balance, Front Neurorobot. 11: 

62. 

[15] K.W. Oestreich. 2018. Mayo Clinicin the News 

Weekly Highlights for January 12. 

[16] J.M. Caputo, P.G. Adamczyk , S. H. Collins. 2015. 

Informing Ankle-Foot Prosthesis Prescription through 

Haptic Emulation of Candidate Devices, 2015 IEEE 

International Conference on Robotics and Automation 

(ICRA) Washington State Convention Center Seattle, 

Washington, May 26-30. 


