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Abstract. Using lower extremity exoskeletons in the healthcare field like for rehabilitation
is a substantial application. Lower limb exoskeletons can help in performing specific
functions like gait assistance, and physical therapy support for patients who are lost their
ability to walk again. The ground reaction force characteristics during human walking can
be an important descriptor of gait disorders. The purpose of this study is to reveal the effect
of the designed lower limb exoskeleton on the patient with right lower limb weakness
based on the investigation of the ground reaction force. Results show that dynamic
asymmetry practically disappears in the vertical GRF between the left and right legs during
walking using the exoskeleton. The symmetry between the left and right limbs when
walking using the exoskeleton for the maximum vertical GRF (first peak) is 98.9%, the
minimum vertical GRF (the valley) is 99%, and the maximum vertical GRF (second peak)
is 97.48%.
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1 Introduction

Lower extremity exoskeletons have recently been extensively developed as helpful and
rehabilitation aids for patients with lower-limb diseases [1-3]. Lower extremity exoskeletons
may be defined as wearable systems that are worn by a patient and work in harmony with the
patient’s movements [4][5]. Lower extremity exoskeletons are used to assist rehabilitation
training by providing functional motion assistance for patients with neurological and age-related
disorders [3][6-8]. The features of ground reaction force (GRF) during human walking can be a
useful diagnostic of abnormal gait. Exoskeletal ambulation can be investigated using GRF
analysis to see how the exoskeleton affects the patient with lower limb weakness. The GRF
acting on the body during upright movements is a major external force [9] which acts on the
foot by a supporting horizontal surface during standing, walking, or running [10] with the same
magnitude and in opposite direction to the force applied by the body [11] as shown in Fig 1.
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Fig. 1. GRF vector during the heel strike transient [12].

A mechanical sensor system [13] called a force plate is utilised to monitor GRF [14]. This plate
is based on Newton's third law of motion [15][16]. Many professional and sophisticated
computer systems include GRF measurement, which can be easily collected during normal
clinical gait analysis [17]. This force is three-dimensional and consists of a single vertical [18]
component plus two horizontal shear components [10]. Each component assesses a distinct
aspect of the activity. The vertical component is mostly caused by the body's vertical
acceleration [19]. The forces in the anterior-posterior and medial-lateral planes are represented
by the two horizontal components [20]. The vertical component of the GRF, which is the force
with the greatest magnitude that the earth reacts on the body, receives the most attention [21].
A typical vertical GRF profile of a single walking stride is shown in Fig 2. In a fraction of a
second, the vertical GRF of contact with the ground heel strike (HS) will drop to zero and rise
abruptly to virtually body weight. The body mass is travelling downhill and settling on the leg
at the instant of foot flat (FF). It will be essential to apply a vertical force greater than body
weight on the foot to decrease this downward motion while still supporting the body weight.
The subject's foot is bearing 120 percent of his body weight at this time. The movement of the
body's centre of mass is upward in mid-stance (MS). This action causes an upward acceleration,
allowing the body to be supported by a force less than its own weight. At MS, this person has a
body weight of 63 percent. The body mass is accelerated forward and upward at heel off (HO),
preparing for the stance phase of the other leg. This indicates that the body will need to be
supported by more than its own weight. Finally, toe-off (TO) is the point at which the foot loses
contact with the ground and the force equalises. The M-shaped graph, also known as a double
peak graph, depicts the fluctuation of force in relation to body weight and is typical of normal
gait [22]. The purpose of this paper is to study the effect of the designed lower limb exoskeleton
on a patient with lower limb weakness by investigated the vertical ground reaction force.
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Fig. 2. GRF in a normal walking stage [17].

2 Materials and Methods
2.1 Subject

Within Biomedical Engineering Department of the faculty of Al-Khawarizmi College of
Engineering, University of Baghdad, all tests were carried out. The study was conducted on one
subject, 21 years old female suffering from right side lower limb weakness. The weight of the
subject was (59 Kg), and the length was (1.67 m). The individual was given a thorough
description of the study's purpose and process, as well as verbal instructions. The subject was
chosen based on the projected exoskeleton's allowable length and shoe size range.

2.1 Procedure

Before the study began, the participant had approximately 15 minutes of acclimatization to the
exoskeleton device. Later for walked subject, four or five tests were carried to ensure the
exoskeleton with contented body fit. For providing rehabilitation of the right gait for the patient
including to keep the control of the exoskeleton that might be difficult and thus sagittal plane
motion is the most important plane during human walking is only considered and simplifies the
hip joint and knee joint as one degree of freedom hinge. A 2 degree of freedom (DOF) quasi-
passive lower limb exoskeleton is designed to improve gait rehabilitation, as shown in Fig 3. In
addition to its lightweight, the exoskeleton's links can be adjusted in size to align the
exoskeleton's joints with the patient's joints. The exoskeleton's components were chosen after
studying the kinetics and kinematics of human walking.
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Fig. 3. The proposed lower limb exoskeleton components.

As demonstrated in Fig 4a, the patient begins walking without the exoskeleton at a sufficient
distance from the force plate to achieve the self-selected speed before the foot contacts the force
plate's centre. The ground reaction force was measured by the force plate as the walking
procedure was repeated fifteen times. AMIT's Bioanalysis programme helped with the analysis,
data processing, and evaluation. Soon these tests finished the trials, the truest data based on the
intact left leg was chosen in the calculation results. The same experimental protocol was
repeated for the patient when walking using the proposed exoskeleton as shown in Fig 4b.

Fig. 4. The participant walking on a force plate (a) without the exoskeleton (b) using the exoskeletal
device.

3 Results and Discussion



The ground reaction force has widely employed for medical and clinical tests for patient
examination. The features of the GRF during human walking can be a useful diagnostic of
abnormal gait. The variation of the vertical GRF for both limbs during walking without and with
the designed exoskeleton is presented in Fig 5. The figure shows asymmetrical patterns in the
vertical GRF of the L and R lower limb during the walking of the patient without using the
exoskeleton. The time taken for posture stage is equal to 1.08s and 1.1s for left and right legs,
respectively. The extreme values of the vertical GRF whne the legs are not considered the
weights on L-R legs. The patient's left leg is normal and does not suffer from any problems;
therefore, the vertical GRF for this leg has the normal two peaked form and the mid-stance
valley. On moving downward and landed supported by the leg, the value of the first peak is
equal to 457.69N, the mid-stance valley is 400N, and for forward and upward movements for
the posture stage of the other leg, the second peak is equal to 445.25N. In comparison with the
left leg, the weak right leg has a significant irregular reduction in all the extreme values of the
vertical GRF. Shortly after the right heel strike and when the body mass moving downward, the
vertical GRF rises to its first peak which is equal to 372.56N. The mid-stance has an irregular
curve shape, and it has a hill with a peak value equal to 365.088N. The second elevation value
during heel off is equal to 355.17N. When walking without using the exoskeleton, the symmetry
between the two legs for the maximum vertical GRF (first peak) is 77.15%, the minimum
vertical GRF (the valley) is 90.44%, and the maximum vertical GRF (second peak) is 74.64%.
Dynamic asymmetry practically disappears in the vertical GRF between the two lower limbs
during walking using the exoskeleton. The duration of the stance phase for both legs is increased
and is equal to 1.32s for the left leg and 1.18s for the right leg. Increasing stance duration when
walking with the exoskeleton will provide static stability [23]. The extreme values of the vertical
GRF of the right leg are increased and the curve shape has become close to normal. So, the value
of the first peak comprises 423.9N in L-Leg, 419.216N in R-Leg, the value of the mid-stance
valley is 396.7N for L-Leg, 392.9N for R-Leg, and the value of the second peak is 426.37N for
the left leg and 415.9N for the right leg. For the vertical GRF, the symmetry between the left
and right limbs when walking using the exoskeleton for the maximum vertical GRF (first peak)
is 98.9%, the minimum vertical GRF (the valley) is 99%, and the maximum vertical GRF
(second peak) is 97.48%.
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Fig. 5. Vertical walking GRFs of the subject with lower limb weakness before and after wearing the
designed exoskeleton.

4 Conclusion

Ground reaction forces (GRFs) are employed to evaluate joint Kinetics in biomechanical
analysis, that mostly is considered to conclude many gait disorders. Investigating vertical
ground reaction forces makes it possible to certain exoskeleton on people with lower limb
weakness. The results show that the asymmetrical patterns in the vertical GRF between the left
and the right leg disappear during walking using the designed exoskeleton which indicates that
the designed exoskeleton help in performing gait improvement for a patient with unilateral lower
limb weakness and providing static stability by increasing the stance duration.
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