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1. Introduction 

In the era of Industrial Revolution 4.0, the application of wearable assistive devices such as exoskeleton become 

popular to ease people in performing daily living activities and industrial operations. It is vital to ensure every product 

or device developed for human use must consider users’ or customers’ needs and expectations to remain competitive in 

the market [1]. In the advancement of robotics technology, human-use products should not only provide functionality 

and usability but also should be fashionable and fascinating [2]. As the number of workers in industrial workforce with 

musculoskeletal system problems increased [3], consequently the attention toward exoskeleton technologies as a human 

Abstract: Wearable assistive devices such as passive exoskeleton have been recognized as one of the effective 

solutions to assist people in industrial work, rehabilitation, elderly care, military and sports. The design and 

development of a passive exoskeleton that emphasizes on satisfying and fulfilling users’ requirements and users’ 

experience are essential to ensure the device remains competitive in the global market. A good user experience of 

using an exoskeleton stimulates users’ satisfaction, as contemporary users are not only considering basic functional 

features but also fascinated by perception values such as aesthetics and enjoyment. The main purpose of this article 

is to review the critical factors that are influencing user experience before, during and after utilizing a passive 

exoskeleton. The authors had searched relevant articles from academic databases such as Google Scholar, Scopus 

and Web of Science as well as free Google search for the publication period from 2001 to 2021. Several search 

keywords were used such as ‘passive exoskeleton + user experience’, ‘passive exoskeleton + industry’, ‘passive 

exoskeleton + rehabilitation’, ‘passive exoskeleton + military’, ‘passive exoskeleton + sports’, ‘passive 

exoskeleton + sit-stand’, and passive exoskeleton + walking’. This online search found that a total of 236 articles 

related to the application of passive exoskeleton in the area of industry, rehabilitation, military and sports. Out of 

this, 81 articles were identified as significant references and examined thoroughly to prepare the essence of this 

paper. Based on these articles, the authors revealed that the engineering design, usability, flexibility, safety and 

ergonomics, aesthetics, accessibility, purchase cost, after-sales service and sustainability are the critical factors that 

are influencing user experience when employing passive exoskeleton. 
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assistive devices are also growing. An exoskeleton can be defined as a wearable device designed with external 

mechanical structure that can enhance human physical strength or provide extra support to the human body [4]. 

Exoskeleton technology can be classified into two types, active and passive. An active exoskeleton comprises one or 

more actuators that augment the human’s power and helps in actuating the human joints. These actuators may be 

electric motors, hydraulic actuators, pneumatic muscles, or other types [5]. On the other hand, a passive exoskeleton 

system does not require any actuator and external power source or battery. 

The passive exoskeleton is designed and developed through a fully mechanical mechanism such as springs, cables, 

pulleys and dampers [6].  A simple example is a worker lifting a box manually from the floor to a shelf to demonstrate 

how a passive exoskeleton operates. The exoskeleton stores energy when the worker bends forward. While in the 

bending posture, the energy stored by the exoskeleton supports the worker to maintain that posture or to erect the body 

during the lifting process. Classification of exoskeletons can be distinguished by the supported body region(s): lower 

body exoskeletons - providing support to lower extremities, upper body exoskeletons - providing support to upper 

limbs, and full-body exoskeletons - giving support to the whole body [7], [8]. Usually, exoskeletons are used to support 

the following activities, but not limited to manual lifting, walking, sitting and standing, carrying heavy loads and 

rehabilitation. Fig. 1 shows three prototypes of passive lower limb exoskeleton developed by authors to support body in 

seated and standing tasks. The prototypes shown in Fig. 1 (a) and Fig. 1 (b) are two-leg exoskeletons, meanwhile the 

single leg exoskeleton is illustrated in Fig. 1 (c). A two-leg exoskeleton has two lower limb supports which are attached 

to user's legs or ankles. With a greater number of supports, the two-leg exoskeleton is heavier than the single leg with a 

same material. 

 

      

(a) (b)             (c) 

Fig. 1 - Three prototypes of passive sit-stand exoskeleton developed by authors 

 

One of the significant achievements in developing a passive exoskeleton is compliance with the users’ 

requirements or fulfills the users’ expectations. To achieve this, a designer or developer must contemplate the user 

experience - how an individual feels when utilizing the exoskeleton. The importance of user experience is to ensure the 

developed exoskeleton performs its function strictly follows the user requirements, easy to use, consistent performance 

and sense of satisfaction. According to the International Standard ISO 9241-210 [9], the user experience is defined as 

the "person's perceptions and responses resulting from the use and/or anticipated use of a product, system or service. It 

includes user’s perceptions and responses that result from the use and/or anticipated use of a system, product or 

service" and where "users’ perceptions and responses include the users’ emotions, beliefs, preferences, perceptions, 

comfort, behaviors, and accomplishments that occur before, during and after use". A latest study pointed that user 

experience is one of important elements in product design to enhance users’ acceptance level towards the developed 

products [10]. Recent studies on the SPEXOR passive exoskeleton revealed that the exoskeleton provides substantial 

support for rehabilitation of patients with low back pain and industrial workers who are performing manual lifting 

tasks. This exoskeleton does not hinder functional movements and well accepted by the users [11], [12], [13]. 

Based on two decades of published review articles in the exoskeleton (Table 1), the authors realized that a clear 

lack of detail information on the critical factors which is influencing user experience, and this was largely overlooked 

by previous reviews. A considerable amount of published literature was focusing on the algorithm, mechanical design 

and application of the exoskeletons. However, far too little attention has been paid to review the critical factors that can 

influence users’ experience and satisfaction. This article aimed to examine the critical factors that influence user 

experience before, during and after utilizing a passive exoskeleton. Information presented in this article will certainly 

guide designers and developers to develop passive exoskeletons that satisfy users’ requirements. 

 

2. Methodology 

The authors had searched relevant research articles from electronic databases such as Google Scholar, Scopus and 

Web of Science (n = 327), taking into account the date of publication from 2001 until present. Relevant articles were 

also searched from Google search (n = 86). The following keywords were typed throughout the search: ‘passive 

exoskeleton + user experience’, ‘passive exoskeleton + industry’, ‘passive exoskeleton + rehabilitation’, ‘passive 

exoskeleton + military’, ‘passive exoskeleton + sports’, ‘passive exoskeleton + sit-stand’, and passive exoskeleton + 
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walking’. Then the full texts of journal articles consisted of original research and review articles written in English 

were downloaded. Additionally, the authors examined the reference lists of all articles to collect additional relevant 

articles. 

 

Table 1 - Published review articles and focuses of the review related to lower limb exoskeleton 

Published 

articles 
Focuses of review 

Passive 

exoskeleton 

Active 

exoskeleton 

[14] Identify the methods, metrics and experimental procedures to 

assess robotic-assisted motor skills of lower limb exoskeletons for 

gait assistance and rehabilitation. 

√ √ 

[15] The mechanical design and controls of rehabilitation exoskeleton. √ √ 

[16] The mechanical design such as actuation, structure, and interface 

attachment. 

√ √ 

[17] The problems and future trends of lower limb exoskeleton. √ √ 

[18] Risk management and regulations of exoskeletons that enable 

users to ambulate over-ground. 

 √ 

[19] Users’ perspectives on exoskeleton for rehabilitation of 

individuals with neurological impairment. 

 √ 

[20] The current development of lower limb exoskeletons for walking 

assistance. 

√ √ 

[21] Compliant joint mechanisms to ensure user’s safety and comfort. √ √ 

[22] Application of wearable lower limb exoskeletons for 

rehabilitation of patients with gait disorders. 

 √ 

[23] Control algorithms, mechanical architecture, sensors, control 

systems and validation with users of exoskeleton for people with 

lower-limb muscular weakness and disabilities. 

 √ 

[24] The selection of actuators, power supply, mechanical design, 

interfaces and control method of rehabilitation exoskeleton. 

 √ 

[25] The mechanical design, actuation systems and controls of 

exoskeletons for rehabilitation therapy. 

 √ 

[26] Motion recognition algorithms, walking conditions adaptation, 

gait phase identification and walking patterns generation of active 

and semi-active ankle exoskeleton for rehabilitation purposes. 

√ √ 

[27] Application of lower limb exoskeletons for therapy activities and 

rehabilitation treatment of stroke patients. 

 √ 

 

The questions explored through this literature review are: 

1) What are the requirements from the users regarding passive exoskeleton? 

2) What are the factors influencing the user experience on passive exoskeleton? 

3) What are the applications of passive exoskeleton? 

 

After screening articles with similar or overlapping contents, there were 236 articles remained. The title of the 

articles were then examined and comprehend. Next, the abstracts of 193 articles were read. Any article with unclear 

objectives and results in the abstract was removed (n = 62). The subsequent step was to read the full text of the 131 

articles. In order to justify the relevancy of studies, these articles will be contained within the final review if they meet 

the following inclusion criteria: reporting findings on passive exoskeleton studies with regards to engineering design, 

usability, flexibility, safety and ergonomics, aesthetics, accessibility, purchase cost, after-sales service and 

sustainability. The journal name, authors, and institution were not considered as criteria to minimize bias in the 

selection of the articles. Finally, 81 articles were selected and reviewed to extract information on engineering design, 

usability, flexibility, safety and ergonomics, aesthetics, accessibility, purchase cost, after-sales service and 

sustainability. Additional information on the passive exoskeleton (e.g. manufacturer, price and materials properties) 

were searched from the relevant websites, standards and handbooks. Fig. 2 provides a flow chart of processes involved 

in collecting, filtering and reviewing the articles. 

 

3. Results 

This section provides three main outcomes from the review namely the users’ requirements on passive exoskeleton 

design, factors influencing the user experience and passive exoskeleton applications.  
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3.1 Users Requirements on Passive Exoskeleton 

Users can be categorized into two categories, primary and secondary users. Primary users of the exoskeleton 

represent the end-users such as industrial workers, spinal cord injury patients and soldiers who are directly wearing the 

exoskeleton. The secondary users include healthcare professionals and caregivers who support primary users. 

Investigating user’s requirements is a crucial step in the early development of passive exoskeleton to determine their 

needs and desires with regards to design of the device. Table 2 tabulates seven main requirements from the users’ 

perspective with regards to the design of exoskeleton. Later, these requirements can be classified into two major 

groups, technical requirements and subjective requirements. The technical requirements represent the basic purpose or 

functional features of the exoskeleton such as assisting or supporting daily activities or physical limitations of users, 

usability of the exoskeleton such as easy to use, maneuver and don/ doff, the strength of the exoskeleton, ergonomics 

(e.g., comfort) and low maintenance. Meanwhile, the subjective requirements stimulate the perception of users that 

drive to user acceptance. This includes aesthetics and purchase cost.   

 

 
Fig. 2 - Flow of process in collecting, filtering and reviewing the articles 
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Table 2 - User’s requirements on the exoskeleton design 

Requirements Description                  References 

Benefits and functions  

The exoskeleton improves mobility or walking quality, provide 

adaptable support for lower body joints, provide help and 

support with bending activities, hands-free solution. 

[28] 

Practicability 
Easy to maneuver, easy to store, lightweight, robust and easy to 

don and doff. 

Training and support Easy to learn and easy to use. 

Design and aesthetics 
Has a good appearance, not too bulky and compatible with 

clothing and footwear. 

Costs Affordable or purchases at a low cost. 

Comfort  The exoskeleton does not cause discomfort or pain. [29] 

Durability The longevity of the exoskeleton. 

Low maintenance Minimal maintenance. 

 

3.2 Factors Influencing User Experience on Passive Exoskeleton 

The following sections describe nine critical factors that influencing user experience before, during and after 

utilizing a passive exoskeleton. 

3.2.1 Engineering Design 

The engineering design is a core element in the development of passive exoskeleton. Table 3 provides the 

details of the engineering design factors. Based on Table 3, the authors summarized that the engineering design factors 

focus on the technical aspects such as materials, structure design and specifications to achieve the fundamental purpose 

of the exoskeleton. For example, the application of body balance and stability principles [30] in the design of 

exoskeleton are mandatory to ensure the safety of users or wearers when performing their daily living activities such as 

standing and walking. Balance is the ability of the body to maintain equilibrium (either in static or dynamic) in relation 

to gravity. Meanwhile, stability is the ability of the body to resist external force and acceleration during static or 

moving. In the design and development of an exoskeleton, these two principles are considered necessary as they 

influence the body posture, muscle strength, coordination and control of users when using the exoskeleton.  

Table 3 - Engineering design factors in exoskeleton development 

Engineering 

design factors 

Research findings Sources 

Materials 

Commonly aluminum alloy is used to fabricate the exoskeleton 

links. For the exoskeleton frame, titanium is ideal in terms of 

strength and lightweight. An alternative material is a fiber-

reinforced plastic (e.g. as carbon fiber) which is lighter than 

aluminum. 

[31] 

Pure aluminum and its alloy 6061-T6 was used to fabricate a 

flexible wearable chair. 
[32] 

Smart materials for sensing and actuation of soft lower-limb 

exoskeleton to help individuals with mobility deficiencies. 
[33] 

Aluminum with a density of 2.70 g/cm3 and Young's modulus of 

68.9 GPa was used to design a lower limb exoskeleton for 

enabling elderly citizens to walk. 

[34] 

Carbon-fiber composite was used to construct the leg’s structure 

of exoskeleton. This material is significantly reducing the overall 

weight of the exoskeleton. 

[35] 

ATLAS – a lower limbs exoskeleton, made of duraluminium and 

stainless steel at the joints. 
[36] 

Mild steel was used to design a chair-less chair for prolonged 

standing tasks. 
[37] 

Aluminum Alloy 6082 (T6) was applied in designing a chairless 

chair for people exposed to stand for long hours. 
[38] 

Lightweight 
Flexible wearable chair has weights 3 kg for industrial workers in 

assembly lines. 
[32] 
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Weight less than 8 kg of a lower limb exoskeleton for lower limb 

rehabilitation training. 
[39] 

The weight of the actuation module is 1.4 kg in the construction 

of TWIICE, a lower limb exoskeleton for people suffering from 

complete paraplegia. 

[35] 

ATLAS – a lower limb exoskeleton weighed 6.5 kg providing 

stability for walking. 
[36] 

Dimension and 

size (bulkiness 

avoidance) 

 

At a point over 70 mm of a length away from the leg in the lateral 

plane of the ATLAS exoskeleton, its actuator causes a hindrance 

when the users in sitting, walking and passing through a door. 

[40] 

Links of the lower limb exoskeleton for sit-to-stand and stand-to-

sit movements were fabricated with dimension of 31 cm for the 

thigh, 34 cm for the shank, 64 cm for the back and 20 cm for the 

foot. The exoskeleton is capable of supporting users’ weight 

during different movement stages. 

[41] 

Strength/ 

Endurance 

The strength of the KUEX-R exoskeleton structure was analyzed 

using stress analysis. The exoskeleton can withstand the load of 

1000N in a static condition. 

[42] 

Mechanical stress analysis on Chairless Chair Exoskeleton found 

that the maximum deflection of the upper link of the exoskeleton 

is 0.2 mm. The stresses developed in the structure are lower than 

the ultimate tensile strength of the material used (aluminum). 

Hence, the exoskeleton is considered safe for users. 

[43] 

Exoskeleton Based Hydraulic Support was fabricated and tested. 

It is safe under fluctuating and static loads of 116 kg. 
[44] 

A load of 100 N (~ 100 kg) vertical downward force was applied 

to a lower limb exoskeleton. The maximum stress is 15MPa, less 

than the yield strength of the material used (62.05 MPa). 

[45] 

The maximum stress of a wearable chair part is 317.9 MPa, less 

than the yield strength of the material used, iron (811 MPa). 
[46] 

Equilibrium and 

stability 

An exoskeleton called as flexible wearable chair satisfies 

equilibrium and stability criteria, the summation of force and 

moment are zero. 

[32] 

Testing on the lower body exoskeleton prototype (EXO) found 

that wearing EXO resulted in greater short term postural 

instability compared to without wearing EXO. The load held by 

the user (participant) significantly influenced this result. 

[47] 

Pressure 

distribution 

Analysis of pressure distribution on the contact area between the 

user’s body and exoskeleton. For example, a peak pressure (50 

kPa) on the front pad of LOPES lower limb exoskeleton [48].  

[49] 

An exoskeleton for lifting and lowering tasks is worn by the user 

like a backpack. The contact pressure is highest on the trunk 

(91.7 kPa-93.8 kPa) and least on shoulders (47.6 kPa-51.7 kPa). 

[50] 

Spring stiffness 

Spring stiffness in the range between 5 – 12 N/mm is 

recommended for a passive ankle exoskeleton. 
[51] 

The stiffness of the series spring decreases when the walking 

speed increases from 0.8 to 1.2 m/s. However, the stiffness of 

parallel spring is proportionate to the walking speed. 

[52] 

The maximum amount of energy that can be stored by a fixed 

stiffness spring is circumscribed by user geometry. 
[53] 

 
The undeformed length of spring is zero. When spring length is 

zero, the spring force is zero. 
[54] 

 

3.2.2 Usability 

Usability can be linked-to simplicity, functionality and experience in using the exoskeleton. The ISO DIS 

9241-11 [55] defines usability as “the extent to which a system, product or service can be used by specified users to 

achieve specified goals with effectiveness, efficiency and satisfaction in a specified context of use”. The word usability 
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also refers to “usefulness” and “ease of use” that drive users’ satisfaction and frequency of use of a product [56]. In the 

design and development of an exoskeleton, feedbacks or constructive comments on usability that are voiced by the 

users are important to motivate designers or developers to develop exoskeletons that function as intended. This includes 

less cognitive and physical efforts (low complexity) in donning and doffing of the exoskeleton, compatibility of the 

exoskeleton with the footwear and clothing, functionality achieved while using the exoskeleton, maintain a safe body 

posture and flexible body movement while operating the exoskeleton, and feeling of comfort and confidence while 

using the exoskeleton. Additionally, the designers or developers may evaluate the perceived value, whether the user 

enjoyed or frustrated when using the exoskeleton.  

Some examples of usability concerns rose by the users related to exoskeleton application at the workplace include: 

• The usability of lower limb exoskeletons is higher if they are designed with adjustable and fit to the user body 

[57]. 

• The use of passive exoskeleton “Chairless Chair” during screwing and assembly work is perceived as 

beneficial [58]. 

• An exoskeleton may not be usable with other personal protective equipment such as powered respirators and 

fall-arrest harnesses [59]. 

• Application of a wearable back-support exoskeleton during the static assembly task is moderately helpful [60]. 

• The Levitate Technology passive exoskeleton is useful to perform precision tasks such as sealing operation 

[61]. 

The existing exoskeletons, either passive or active mechanisms are far away from the natural human body in 

terms of movement precision and motor controls. There are abundant research and development in human assistive 

technology nowadays; however, the exoskeletons still have limitation to function as the natural ones. This includes the 

limited number of degrees of freedom of the exoskeleton plus with the structure is heavy, huge and not flexible [62]. 

Other challenges that need to address include user movements such as from sitting to standing as well as ascending and 

descending staircases [63], [64]. A well-accepted design of a passive lower limb exoskeleton centers upon a research 

and development process that closely integrates the end-users and exoskeleton’s designers and developers. The design 

process emphasizes the usability and acceptance of the exoskeleton which is driven by the users' requirements rather 

than the technological possibilities. This method is known as the user-centered or anthropocentric approach [65], [66], 

[67], [68]. Qualitative and quantitative approaches can be applied to study the usability of a passive exoskeleton. The 

selection of the approach is subjected to usability attributes that need to be assessed, such as ease of use, user’s 

satisfaction, task and time performances [69]. Table 4 tabulates several tools used by previous studies to assess the 

usability of exoskeletons. 

Table 4 - Tools used in the usability study of passive exoskeleton 

Tools Application examples Sources 

Usability Metric for User 

Experience [70] 

Usability study of a passive low-back support exoskeleton 

among workers in automotive manufacturing workplaces. 
[71] 

System Usability Scale [72], 

[73] 

Study the usability of an industrial exoskeleton for dynamic 

lifting and lowering manual handling tasks. 
[74] 

To compare the usability aspects of the lower limb 

exoskeleton for paraplegic users. 
[75], [76] 

Usability study of exoskeleton arm to support activities of 

daily life. 
[77] 

Questionnaire 

Usability of a rehabilitation device for lower limb. Obtains 

general feedbacks on effectiveness, efficiency, attractiveness 

and satisfaction. In addition, feedbacks on device-specific 

parts such as footrest and footplate were captured. 

[78] 

Study of preparation and ease of use of exoskeleton for 

activities of daily living. 
[79] 

Interview 
Usability study of a lower-limb exoskeleton (crutches) for 

paraplegic individuals. 
[80] 

Interview with video show  
Usability of lower limb exoskeletons for individuals with 

spinal cord injury. 
[81] 
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3.2.3 Flexibility 

Flexibility feature in the passive exoskeleton design means the exoskeleton provides multi-functions, as 

opposed to an exoskeleton with a specialized design. However, an exoskeleton with a flexible design is more complex 

than the specialized design. Figure 3 illustrates an example of flexible design of a passive sit-stand exoskeleton. The 

exoskeleton provides several functions that increase its flexibility. It can support gravitational force from the body and 

provides sitting and standing positions to the user. Additionally, it allows users to walk, ascent and descent a staircase. 

These functions (sit, stand, walk, ascent and descent) if combined together are considered as low usability and less 

efficient than an exoskeleton with a specialized function (e.g. standing only). On the other hand, when the exoskeleton 

just provides one function only (e.g. standing), it gains the usability. Here there is a clear flexibility-usability trade-off 

that exists. This is due to the designer of the exoskeleton trying to apply flexibility to satisfy a broader set of users' 

requirements. However, the designer needs to understand the trade-off and to make an intelligent decision aligned with 

the priorities of the exoskeleton design. Users might be able to tolerate with a minor usability issue if they found the 

flexibility feature is more appealing. Examples of flexible design of lower limb exoskeletons that support multiple 

functions are standing, walking, ascending and descending [82]; walking and sitting [83]; sitting, walking and swinging 

[84] and dorsiflexion and plantarflexion of ankle joint, eversion and inversion of ankle motion [85]. 

 

 
Fig. 3 - Flexibility versus usability of a sit-stand exoskeleton 

3.2.4 Safety and Ergonomics 

Compliance with the safety requirement is mandatory in the design of a passive lower limb exoskeleton. The 

safety aspect should be taken into account in the design and development stages so that it would not trigger a hazard 

(e.g. entanglement) and cause serious injuries to the users. Furthermore, the exoskeleton should be easily and safely 

removable when the users are facing hazards such as pinch, trip, and snag [57]. A study suggested that an exoskeleton 

should be designed compactly and form-fitting so that it can be utilized without compromising with users’ safety and 

practicality during their daily activities [82]. To design the exoskeleton mechanism, compliant actuators have been 

recommended to ensure a safe interaction between the exoskeleton and the users [86]. 

In addition to the safety aspect, an ergonomically designed passive lower limb exoskeleton has a potential in 

improving user experience. The ISO 9241-210 [9] defines ergonomics as ‘scientific discipline concerned with the 

understanding of interactions among humans and other elements of a system, and the profession that applies theory, 

principles, data and methods to design in order to optimize human well-being and overall system performance’. The 

goal of ergonomics is to ensure the developed products (e.g. exoskeleton) match or fit to human physical (e.g. joint 

range of motion), physiological (e.g. muscle activity) and psychological or cognitive (feeling and perception). 

Ergonomics assessment tools such as electromyography, ergo spirometry, heart rate monitor, energy consumption, 

postural balance, near-infrared spectroscopy and Borg rating of perceived exertion can be used to study the effects of 

exoskeleton design on the physical, physiological and psychological of the user [87], [88], [89], [90], [91]. 

Specifically, ergonomics studies on contact pressure or stress between the human body and the exoskeleton as 

well as the compatibility between the anthropometry or size of user and dimension of the exoskeleton, should be taken 

into account. Anthropometry is depending on age, gender, ethnic group, countries and occupations [92]. Due to this 

fact, exoskeletons which are developed based on male users would not match to females because in general, the male is 

bigger than female. Furthermore, an exoskeleton made in the USA might not be suitable for Asian. This incompatibility 

issue can be resolved if the exoskeletons are designed and fabricated for multi-size and adjustable to accommodate 
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large target users. The exoskeleton’s designer or manufacturer needs to consider and apply ergonomics requirements in 

their products such as anthropometry of human limbs, muscle strength and biomechanics of joint to ensure matching 

and fitness of the exoskeleton to users’ body [93]. A study pointed out that matching of the exoskeleton and user can be 

classified into two requirements: structure matching, and driven matching which involving joint and muscle 

biomechanics [62]. It was found in the literature, passive industrial exoskeletons are successfully supporting the lower 

back in lifting activities, but the exoskeletons caused negative effects such as increasing leg muscle activity, high levels 

of discomfort and muscle deconditioning [8]. Table 5 shows some benefits and concerns on safety and ergonomics with 

regards to the application of passive exoskeleton. 

Table 5 - Benefits and concerns on safety and ergonomics with regards to the passive exoskeleton 

Exoskeleton Benefits and concerns on safety and ergonomics  Sources 

Leg support exoskeleton 

(legX) 

The legX was significantly reduced the muscle activity of the 

rectus femoris (knee region) and may minimize pain and 

discomfort associated with squatted tasks. 

[94] 

Passive exoskeleton 

“Chairless Chair” 

The exoskeleton was perceived as useful for screwing and 

assembly tasks; however, it received negative ratings with 

regard to posture and feeling of safety. 

[58] 

Lower limb exoskeleton 

Based on a comparative study of wearing the exoskeleton and 

without the exoskeleton, the users (participants) reported low 

physical demands. Still, high mental demands during 

performing sustained attention to response test in static semi 

squatting posture. 

[95] 

Passive exoskeleton 

“Chairless Chair” 

A vital parameter is the percentage of the user’s weight that 

can be supported by the exoskeleton. If the percentage is 

high, the user’s lower limbs will experience less strain. 

Follows the 70:30 ratio (70 is the percentage of body weight 

supported by the exoskeleton and 30 is the percentage of 

body weight sustained by the user’s feet) 

[96] 

Passive exoskeleton 

The exoskeleton reduced the discomfort and muscle activity 

in the lower back by 35 – 38 %. However, it led to discomfort 

in the chest region. 

[97] 

Modular lower limb 

exoskeleton 

The size of the exoskeleton should be adjustable to fit 

different sizes of users. The recommended size range is 

between the 5th percentile female to 95th percentile male. 

[98] 

Modular lower limb 

exoskeleton 

The exoskeleton frame allows length adjustment to fit 

different users’ heights, ranging from 1.50 m to 1.90 m. 
[99] 

Passive trunk exoskeleton 

The exoskeleton reduced 17 % of metabolic costs during 

lifting, but the metabolic costs increased by up to 17 % during 

walking. 

[100] 

Passive upper-limb 

exoskeletons 

The application of the exoskeleton reduced 34 % and 18 % of 

deltoid and trapezius muscles activities respectively. This in 

turn minimizes discomfort and fatigue in these muscles. 

[101] 

Passive ‘back pack’ 

exoskeleton 

The exoskeleton reduced up to 15 % and 5 % of erector 

spinae and biceps femoris muscle activities respectively. 

However, contact pressure was highest on the trunk (91.7 kPa 

- 93.8 kPa). 

[50] 

Passive upper body 

exoskeleton for static 

overhead tasks 

The exoskeleton reduced muscle activity on the trunk and 

lower body, and capable of minimizing localized discomfort. [74] 

Upper limb exoskeleton 

The exoskeleton reduced shoulder flexor muscle activity. 

However, it increased the antagonist muscle activity, postural 

strain and heart rate. 

[89] 

Passive Spexo back support 

exoskeleton 

The range of motion of lateral bending decreased by 10% 

(13°) compared to not wearing an exoskeleton. 
[102] 

Exoskeletal vest 

The exoskeleton decreased 45% of the shoulder muscle 

activity levels. However, the exoskeleton had minimal 

influences on the trip or slip related fall risks during level 

walking. 

[103], [104] 
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3.2.5 Aesthetics 

Aesthetics reflects visual attributes of the exoskeleton including appearance, stylistic design, unique shape, 

color, weight, size, materials and textures that are perceptually meeting the user experience [105], [106], [107]. 

Aesthetics is an important factor to consider in the design of exoskeleton because it was recognized as one of the most 

valuable attributes to attract and stimulate the end-users [28], [108], [109], [110]. Earlier studies have shown 

aesthetically designed product is capable of acquiring users’ attention to purchase the product [111], [112]. Within the 

literature there are examples of aesthetics consideration in the exoskeleton design such as the drives are compact and 

lightweight [113], and small sized actuators so that not to bother the user [114]. An aesthetically designed exoskeleton 

makes it attractive and pleasant to the users. A study pointed out that increasing the aesthetic value in the rehabilitation 

exoskeleton can make patients feel relax and happy to use the device [115]. 

3.2.6 Accessibility 

The expansion of user experience concept in product design and development encourages people to focus on 

the accessibility of the exoskeleton. Accessibility is about how to ease a user can acquire the exoskeleton (and its 

replacement parts, if necessary) in the market when he or she needs it. The ISO 9241-171 [116] defines the accessibility 

as usability of a product, service, environment or facility by people with the widest range of capabilities. It is well 

known that the exoskeletons are actively developed and manufactured in the USA, Canada, Switzerland, Japan and 

Korea. A recent review by Voilqué et al. [117] found that the origin of exoskeletons is almost balanced between Europe 

(37 %), America (34 %) and Asia (29 %). However, not all countries are exoskeleton’s manufacturers. This situation 

can limit the accessibility of the device in the domestic markets. Fortunately, this limitation can be resolved by 

introducing regional distributors and e-commerce applications for wider accessibility. E-commerce or commonly 

referred to as online shopping allows users to directly buy a exoskeleton from a manufacturer or a regional distributor 

through the internet. E-commerce can be enormously helpful to individuals with disabilities, such as mobility 

impairment and spinal cord injury patients. Additionally, online shopping enables users to access technical information 

on the exoskeleton and reviews from other users. Table 6 tabulates some commercially available passive and active 

exoskeletons. 

 

Table 6 - Commercially available exoskeleton [118], [119], [94] 

Application Exoskeleton Exoskeleton Type 

Industrial 

Passive Flexible Constructional Exoskeleton Strong 

Hands 

Passive 

PHEL Passive Human Exoskeleton of Lower-limbs 

Passive Harness Exoskeleton Suit-SOFT 

Passive Harness Exoskeleton Suit 

PLESPassive Lower-limb Exoskeleton  

Passive Upper-limb Carrier Exosuit (PUCE) 

Noonee, leg support exoskeleton (LegX) 

FORTIS passive exoskeleton 

AHESActive Harness Exoskeleton 

BAE, Boston Dynamics, Equipois, Ekso Bionics 

Lockheed Martin, Strong arm, B-Temia 

Active 
 

Medical and 

rehabilitation 

Ekso Bionics, Myomo, ReWalk, Parker, Rex, 

Bionics, Cyberdyne, B-Temia, Hocoma Lokomat, 

ExoAtlet 

Active 

Military 

Barbarian King – Exo military, Harvard Wyss,  

Ekso Bionics, Otherlab, Boston Dynamics 

Lockheed Martin, B-Temia, Mawashi 
Active 

Leisure LEX Wearable Bionic Chair Passive 

 

3.2.7 Purchase Cost 

Purchase cost can be considered as one of the most influential determinants in users’ decision making before 

buying the exoskeletons. Recent surveys in users’ needs on exoskeleton have shown that purchase cost was the second 

important to users [29], [120]. In an earlier study, users emphasized that cost is one of the potential concerns in 

deciding to adopt assistive technology [121]. A reputable study in marketing and psychology revealed that users’ 

satisfaction is positively correlated with the reasonable price of the products [122]. The passive exoskeleton has been 
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associated with a high acceptance rate from the end-users due to its low purchase cost [51]. Varghese et al. [44] 

estimated that the total cost of developing a passive exoskeleton (Exoskeleton Based Hydraulic Support) is USD 

126.84, which is considered an affordable price to the public and industrial workers. With a reasonable purchase cost, 

the passive exoskeletons have a greater chance for successful commercialization and wider use in public and industries. 

On the other hand, the active exoskeleton is hypothesized as an expensive device due to its high development costs 

such as expensive frame materials (e.g. Titanium), high-end actuators, active suspension control mechanisms [123], 

electric motors such as brushless DC flat motor [124], batteries, controllers, gearboxes, service and maintenance. 

Gardner et al. [125] in a review on commercially available medical active exoskeletons, revealed that the lowest cost is 

$70,000 which is considered too high for personal use. Studies pointed out that the high cost is considered as one of the 

key obstacles that are discouraging end-users or patients from having an active exoskeleton [126], [127]. Table 7 

provides the estimated price of commercially available wearable passive exoskeletons. 

Table 7 - Price of wearable passive lower limb exoskeleton 

Exoskeleton  Estimated price Source 

Noonee Chairless Chair $4,421 [128] 

LEX Wearable Bionic Chair $189 [129] 

Ofrees Wearable Chair $140 [130] 

   

FORTIS $24,750 [131] 

FORTIS Tool Arm  $7,149  

Laevo V2 $2,500  

FLX and V22 ErgoSkeleton  $300-$700  

BackX $4,000 

 ShoulderX  $4,000 

LegX $6,000 

 

3.2.8 After-sales Service 

After-sales service means to provide supports such as follow up contact, complaints handling, replacement 

parts and upgrades provided by the manufacturers or sellers after a user has purchased the exoskeleton. One of 

importance of after-sales service is that a user will be able to replace or upgrade any part of the exoskeleton in the case 

of malfunction or damage occurs. Additionally, after-sales service includes maintenance, service and repairs [132]. 

Rahman et al. [133] highlighted that after-sales service (maintenance) is one of the key factors influencing the user 

acceptance. Basically, a passive exoskeleton uses a spring mechanism or mechanical actuators to activate the 

exoskeleton. On the contrary, to active exoskeleton, passive exoskeleton requires less maintenance. Moreover, it does 

not requires an external power supply, such as a battery for providing electric power. This gives an advantage to 

passive exoskeleton for less maintenance and ease of repair [134], [135]. Example of passive exoskeletons that require 

less maintenance include the C-Brace which was developed to assist patients with partial lower limb paralysis [136] 

and the Limpact exoskeleton for stroke rehabilitation [137]. 

3.2.9 Sustainability 

Among the many definitions of sustainable development, the most frequently quoted definition is from The 

Brundtland report which defines sustainability as “the development that fulfills the needs of the present without 

compromising the capacity of forthcoming generations to fulfill their own requirements” [138]. The USA commerce 

department  asserts  sustainability  as  ‘the  making  of  products  from  the  processes  that  curtail negative influence 

on the environment, preserve energy and natural reserves, which is economically sound and safe for all’. This 

description highlights the importance of products and manufacturing processes in creating sustainable manufacturing 

goals that safeguard the environment, economy and humanity, which can also be referred to as the planet, profit, and 

people [139]. Users’ behaviors have been influenced by the economic transformation, development of technologies and 

the damaging environmental issues, and the changing societal needs. Users are growing concern about safeguarding the 

environment and adopting sustainability as a chosen lifestyle. These user requirements have shifted towards sustainable 

product and service design [140]. Intrinsic motivation due to environmental climate change and health worries are the 

renowned reasons, which lead the users to embrace eco-friendly products and services preference. Users are required to 

change their consumption behavior to reduce the impact on the environment and this influences their preferences for a 

more eco-friendly and sustainable product [141], [142]. Users are hyper-aware and conscious of sustainability-related 
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issues and this resulted in them changing their shopping list and changing their purchases to products that are shown to 

be environmentally sound [143]. As per the reports, since 2009, nearly 85 % of consumers in the United States bought a 

wide range of green products such as fluorescent lamps, natural cleaning products, energy-efficient electronics and 

appliances, rechargeable batteries, and organic and natural foods (Natural Marketing Institute, 2009 LOHAS Consumer 

Trends Database as cited in [143]. This establishment shows that manufacturers considering long-term strategies ought 

to comply with eco-friendliness and sustainability as a factor when pursuing an advantage in today’s marketplace [144]. 

The majority of firms are concerned about environmental protection and are developing strategies to cope with it [145], 

[146]. 

In the context of exoskeleton design, sustainability is the design of exoskeleton with minimum impact on 

environment, good growth to the economy and positive advantages to the society. The industries must work towards 

manufacturing products that could be reused, recycled and disposed of safely. In addition, they must strive for 

minimizing the strong use of materials, energy, and emissions. Companies could and should use the eco-design tools 

for designers and manufacturers. This will ensure they are aware of the impact of manufacturing processes, and 

materials used and the life cycle impact of the manufactured goods on the environment. A variety of sustainability 

design tools is available ranging from simple to intricate, quantitative to qualitative tools. A few of these tools make 

intensive computations to measure sustainability and provide methods to enhance the sustainability aspect of the 

product. The simple tools are used to perform primary qualitative analysis from which suggestions are presented to 

improve the design of the product [147]. Some authors categorized the sustainability and eco-design tools into groups 

and classifications. Baumann et al. [148] grouped the eco-design tools into six groups: frameworks, checklists and 

guidelines, rating and ranking approaches, software and expert systems, analytical tools, and organizing methods 

(Baumann et al., 2002). In contrast, Knight & Jenkins [149] created three classifications: guidelines, checklists and 

analytical tools (Knight, 2009). Kim and Moon [150] classify them into four groups:  guidelines/standards, checklists, 

comparative tools and analytical methods. Devanathan et al. [151] categorized 30 eco-design tools into three groups: 

life cycle assessment based tools, checklist-based tools, and quality function deployment based tools. These are all 

sustainability and eco-design tools that can be used to assess and improvise the exoskeleton design to be more eco-

friendly and green. 

The one minimal approach is to do it manually using the life cycle impact assessment tool, Eco-indicator 99 to 

calculate the scores for materials and processes used in making the exoskeletons for product improvement [152]. The 

Eco-Indicator is categorized into three sections: production of raw materials (e.g., stainless steel), processing, and 

manufacture (e.g., machining); transportation of product (e.g., shipping), energy in use (e.g., electricity and water), and 

consumables in use (e.g., spare parts); disposal. All these sections have associated values and scores which can be used 

to improve the design. Eco-indicator 99 is both a science-based impact assessment method for Life Cycle Analysis 

(LCA) and a practical eco-design method. It presents a means to quantify a variety of environmental impacts and 

reveals the final result in a single score. The details of the above tools stated in this section can be found in the 

respective references, as the discussion of those tools is beyond the scope of this paper. With the use of these tools, 

manufacturers will ensure that they satisfy user demand for sustainable and eco-friendly products. At the same time, 

this will improvise user experience while using the exoskeleton. The users know that they are behaving in a sustainable 

manner while purchasing and using the eco-friendly exoskeletons. 

3.3 Application of Passive Exoskeleton 

This study observed that passive exoskeletons are widely applied in the industrial settings, healthcare and 

rehabilitation, military, and sports and recreation. Table 8 presents the application of passive lower limbs exoskeleton 

in these areas. Based on Table 8, the authors realized that the passive exoskeletons are mainly applied by users from 

two areas: 1) industry (e.g. workers from manufacturing and construction industries), 2) medical and rehabilitation (e.g. 

spinal cord injury patients and individual with a physical impairment such as older persons). In manufacturing industry, 

the exoskeletons are specifically applied to assist workers to perform manual operations such as automotive parts 

assembly task, lifting and carrying heavy loads, and welding and grinding processes. Meanwhile, for the purposes of 

medical and rehabilitation, the users utilized the exoskeletons to assist movement of patients such as motor recovery 

during early stage of rehabilitation, sit-to-stand exercises, and walking.  
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Table 8 - Application of passive lower limbs exoskeleton in various areas 

Application Area Exoskeleton and Specific Application Sources 

Industrial 

Noonee chairless chair – It is useful for (dis)assembling tasks in 

the automotive industry such as screwing, clip fitting, and cable 

mounting. This exoskeleton is considered as a potential device 

to reduce musculoskeletal risk due to prolonged standing. 

[153] 

A leg support exoskeleton (LegX) was developed to assist 

industrial workers in performing welding, electrical panel work, 

grinding, sanding and concrete laying operations. 

[94] 

Laevo – A back support exoskeleton was tested for manual 

materials handling in the automotive industry. 
[71] 

Develop Chairless Chair to minimize body fatigue among 

industrial workers and farmers. 
[154] 

A wearable lower-limb exoskeleton was developed to assist 

caregivers in hospitals and nursing homes for transferring the 

elderly between beds and wheelchairs or between wheelchairs 

and washrooms.  

[155] 

A Personal Lift-Assist Device (PLAD) was applied by operators 

to perform automotive assembly tasks. 
[156] 

A passive powered knee exoskeleton (PPKE) was developed to 

assist users in the squat lifting of objects. 
[157] 

Lower limb exoskeleton for reducing forces in low back during 

manual materials handling activities. 
[158] 

Lightweight passive lower limb exoskeleton for assisting 

industrial workers to carry heavy loads by supporting body 

posture and reducing stress in the knees. 

[159] 

Several wearable exoskeleton chairs were developed to 

minimize stress on the leg muscles due to prolonged standing at 

the workplace. Examples of the exoskeleton are chairX, HUST-

EC and SimpChair. 

[160], [161], [162], [163], 

[164], [165], [166], [167], 

[168], [169], [170], [171] 

Healthcare and 

rehabilitation 

Portable Healthcare Chair to improve blood circulation in legs. [172]  

Quasi-passive lower limb exoskeleton to improve motor 

recovery during early-stage rehabilitation.  
[173] 

An exoskeleton called Human Body Posturizer was applied as 

rehabilitation device. It can improve accuracy, walking and 

posture among multiple sclerosis patients. 

[174] 

Passive exoskeleton for voluntary sitting-standing posture. It 

allows toilet usage without transferring seating positions 

between the exoskeleton and toilet seat. 

[175] 

Wearable exoskeleton for assisting patients in sit-to-stand 

exercises in rehabilitation. 
[176] 

Skeleton Suit-H1 was designed to enable paralyzed people, 

especially hemiplegic individuals, to walk.  
[177] 

Assistive lower limbs exoskeleton called MINDWALKER for 

assisting patients with spinal cord injury. 
[178] 

Unpowered ankle exoskeleton for reducing the metabolic 

energy consumed in walking. 
[179] 

A modular lower limb exoskeleton for assisting individuals to 

rehabilitate compromised lower limb movements resulting from 

stroke or incomplete spinal cord injury. 

[180] 

Passive exoskeleton for low limbs to assist locomotion of 

paraplegic or quadriplegic individuals. 
[181] 

 
Garment based exoskeleton for enhancing arm movement for 

children with movement impairments 
[182] 

 Hand exoskeleton for stroke and post-traumatic patients. [183] 

Military 

Fully passive-type ankle exoskeleton was developed to assist 

ankle dorsiflexion/plantar flexion. 
[184] 

Develop a quasi-passive exoskeleton called MIT Exoskeleton to 

enable soldiers to carry heavy loads. 
[185] 
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Lower limb exoskeleton to assist infantry soldiers in walking 

and carrying of loads. 
[186] 

A passive lower-limb exoskeleton for reducing load carrying 

burden of dismounted soldiers. 
[187] 

Sports and 

recreation 

A passive knee-extension exoskeleton (Breg X2K) was tested to 

reduce the energy cost of knee extension during cycling. 
[188] 

Passive exoskeleton for easy running version IV (PEXER IV) 

for reducing physical load of runners. 
[189] 

Elastic leg exoskeletons for hopping and running. [190] 

 

4. Discussion 

The critical factors identified in the previous section is summarized in Fig. 4. The central notion is user 

experience, which is strongly influenced by nine critical factors namely engineering design, usability, flexibility, safety 

and ergonomics, aesthetics, accessibility, purchase cost, after-sales service and sustainability. Technically, these critical 

factors are a representation of voice of the users that need to be fulfilled by the exoskeleton designers to satisfy the 

users. To attract the users to use the passive exoskeleton, a designer needs to go and talk to the potential users of the 

device. There are many ways to do this such as, through questionnaire surveys or interview methods. In reality, the list 

of users’ needs may have different priorities according to diverse group of users. It may also show a trade-off, meaning 

one requirement may contradict to the other requirement. This can be represented through the KANO model [191], 

shown in Fig. 5. Basically, the model is trying to differentiate among the attributes or features derived from the users’ 

needs with regards to the exoskeleton design. Some attributes may give excitement to the users if they are incorporated 

in the exoskeleton, whereas others may make users feel indifferent. Based on Fig. 5, if the ‘Basic Functional’ is 

presented in the exoskeleton, then the users neither dissatisfied nor satisfied. On ‘One Dimensional’ characteristic, this 

attribute will cause the users to feel more satisfied as this feature is considered as value-added to the exoskeleton. The 

‘Exciting’ characteristic will give the users feeling of enjoyment because this feature differentiates the exoskeleton and 

its competitors. 

                 
Fig. 4 - Critical factors influencing user experience 

of passive lower limbs exoskeleton 
Fig. 5 - KANO model [191] 

 

Referring to Table 9, technically the users’ needs towards a passive exoskeleton can be classified as Basic 

Functional (B), One Dimensional (O) and Exciting (E). The basic requirements or Basic Functional (B) of the 

exoskeleton are lightweight, strength/ endurance, stability, safety and ergonomics, and accessibility. Meanwhile the 

One Dimensional (O) criteria are usability, flexibility, after-sale service and sustainability. The Exciting (E) 

requirements are aesthetics and purchase cost. These users’ needs should be translated and incorporated in the technical 

or engineering design of the exoskeleton. The principal aim behind the application of exoskeletons in the industry is to 

minimize the risk of occupational injuries and cost for treating the injury [192]. Apparently, many studies paid attention 

and effort to develop wearable exoskeleton chairs for minimizing discomfort and fatigue in the lower back and leg 

muscles caused by prolonged standing at industrial workplaces. This is evidenced in Table 8. When workers are 

performing jobs in prolonged standing, static contraction occurred particularly in their back and legs, resulting in a 

diminished function of the muscle. Standing in a prolonged period has been identified as a vital contributor to poor 

occupational health such as musculoskeletal pain of the lower back and feet [193]. Many professions in the 

manufacturing industry such as metal stamping workers, electronics parts assembly operators, and automotive industry 

welders require standing in one area for an extended period. Application of a wearable exoskeleton chair (also known 

as sit-stand chair and chair-less chair) is one of the solutions to minimize the discomfort, muscle fatigue and stress 

associated with prolonged standing. The wearable exoskeleton chair allows the user to walk together with the sitting 

support without obstructing the workspace. Furthermore, it supports body weight and provides sitting and standing 

positions to the users. The pioneer commercially available wearable exoskeleton chair, called Nonee chair-less was 
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deployed in the industry to reduce the pressure on muscles, knees and feet [194]. However, a field study conducted by 

Luger [153] highlighted an important concern, when and for how long workers should wear or utilize the wearable 

exoskeleton chair during their working hours as well as how the workers distribute the duration for standing and sitting 

to promote a good blood circulation? These concerns are closely related to the discomfort issue which significantly 

impedes the acceptance of industrial workers [153]. It was observed that the lower back is not firmly supported while 

using the exoskeleton in the sitting position which can lead to back discomfort. Furthermore, there is a concentrated 

pressure on the buttock area because the seat pan is not fully supporting the buttock and thigh. The straps which 

attaching the exoskeleton to the waist and thigh may cause contact pressure during prolong use. The contact pressure 

may cause a restricted blood circulation, specifically the blood flows from the lower leg muscles that are returning to 

the heart. An insufficient blood supply accelerates muscle fatigue and makes the workers feel tired and less productive. 

Hence the authors suggested to improve the lower back support and to minimize the contact pressure by padding the 

exoskeleton with soft materials to reduce stress on the buttock and thigh. 

 

Table 9 - Categorization of users’ needs using the Kano Model 

Users’ Needs  Kano 

Lightweight B 

Strength/ endurance B 

Stability B 

Usability O 

Aesthetics  E 

Flexibility O 

Safety and ergonomics B 

After sale service O 

Accessibility B 

Purchase cost E 

Sustainability O 

  

 The selections of materials in the fabrication of passive exoskeletons are highly depending on their mechanical 

properties to meet engineering design requirements. Based on Table 3, most of the engineering design requires the 

materials to be lightweight, high strength and effective cost. However, detailed explanation on the materials in terms of 

their fabrication (e.g. weldability and machinability), component function, movement part and assembly are less 

explained. As tabulated in Table 3, materials for the main structure of exoskeletons include the mild steel, stainless 

steel, aluminum and its alloy, titanium, and carbon fiber reinforced plastic (CFRP). Consequently, Table 10 shows the 

comparison of the materials in terms of their mechanical properties. The CFRP can be suggested to have the best 

strength to weight ratio compare to other materials, however, the CFRP is relatively expensive and hard to fabricate in 

mass production compared to metallic materials. Furthermore, the CFRP usually uses fastener and adhesive joints for 

assembly which is susceptible to degradation, making it hard to maintain. The CFRP is also sensitive to moisture from 

humidity that reduces its mechanical properties [195]. The mild steel has sufficient mechanical properties, inexpensive 

and easy to weld and machine, hence having advantage for low maintenance cost. Nevertheless, the mild steel is weak 

against water especially near seashore, prone to atmospheric corrosion (approximately 6 µm/year at rural area and 43 

µm/year) [196]. Hence, the mild steel requires protective coating to prevent atmospheric corrosion and mechanical loss 

due to corrosion. Furthermore, the density of mild steel is more than three times of aluminum and its alloy, makes it 

three heavier than the later. The stainless steel 304 and 316 grades are the most common stainless steel used widely 

from kitchenware to biomedical applications. Similar to mild steel, both stainless steels are considered three times 

heavier than aluminum and its alloy. It also has sufficient mechanical properties with high Young’s modulus, shear 

modulus and excellent machinability. However, the price of both stainless steels is estimated at four to five times than 

mild steel [197]. The stainless steel has a good weldability; however, it is susceptible to chromium carbide precipitation 

at the heat affected zone (HAZ) which making it brittle [198]. In term of corrosion resistance, in rural areas with fresh 

water, both stainless steel 304 and 316 grades have very good corrosion resistance [199]. However, near seashore area 

where chloride exist, the stainless steel is prone to atmospheric pitting corrosion which can induce stress corrosion 

cracking. The titanium offers at least 50 % more mechanical strength compare to aluminum and its alloy with 50 % 

more weight. The price for titanium is at least five times higher than stainless steel, thus, the price for titanium 

exoskeleton is significantly expensive than the steel. The titanium has a very good corrosion resistance in both rural and 

near seashore area. Nevertheless, the titanium itself is hard to weld and machine, thus may increase the cost of 

maintenance significantly compared to steel and aluminum alloys. Having approximately a third of the steel density, 

the aluminum costs at least triple greater than mild steel, slightly lower than stainless steel price [200], [201]. Although 

the mechanical strength is approximately a third of the steel, it can be improved by using stronger design such as 

double walled pipe design, as applied in construction industry [202]. The welding of aluminum and its alloy, however, 

susceptible to hot cracking at weld [203], reduce the aluminum lifetime significantly. This can be overcome using bolts 

and nuts joint design instead of welding joint. The machinability of the aluminum and its alloy can be considered 
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excellent since they have the lowest hardness compared to other materials in Table 10 [204], hence, the maintenance 

and the replacement of the exoskeletons are considered as low cost and easy. The 1000 series has an excellent corrosion 

resistance in all environment, followed by 5000 and 6000 series aluminum [204]. The 2000 and 7000 series aluminum 

alloys are weak against marine corrosion. Based on material’s properties (Table 10) and corrosion resistance 

consideration, it is suggested that the aluminum 1000 series with anodized surface to be used in fabricating the main 

structure of exoskeletons. 

 

Table 10 - Comparison of material’s properties for exoskeletons structure 

Materials Density,  

(g/cm3) 

Hardness 

(MPa) 

Young’s 

modulus, 

E (GPa) 

Shear 

modulus 

, (GPa) 

Weldability Machinability 

Mild steel 

AISI 1000 

series [205] 

7.80 – 

7.87 

863  180  72  Excellent Excellent 

Stainless 

steel 304 

[206]  

7.85 – 

8.06 

1700  190   74   Very good, susceptible 

to weak HAZ [207] 

Excellent 

Stainless 

steel 316 

[208] 

7.87 – 

8.07 

1700   190  74   Very good, susceptible 

to weak HAZ [207] 

Excellent 

Pure 

aluminum 

[203], [209] 

2.70 147 68 25 Good, Susceptible to 

hot cracking [203] 

Excellent 

Aluminum 

alloy 1000 

series [203], 

[210] 

2.70 – 

2.71 

147  62 – 69  25  Good, Susceptible to 

hot cracking [203] 

Excellent 

Aluminum 

alloy 3000 

series [203], 

[211] 

2.71 – 

2.72 

284  68.9 – 71.0  25  Good, Susceptible to 

hot cracking [203] 

Excellent 

Aluminum 

alloy 6000 

series [203], 

[212] 

2.68 – 

2.92 

343  67 – 140  25.8  Good, Susceptible to 

hot cracking [203] 

Excellent 

Pure titanium 

[213] 

4.50 588 116 43.0 Poor [214] Poor [215] 

CFRP [216] 1.15 – 

2.25 

1226 – 

1275  

2.62 – 520  1.93 – 5.60 Poor, ultrasonic 

welding [217] 

Very poor, 

delamination, 

burrs and sub-

surface failure 

[195] 

 

 A passive exoskeleton which is designed by considering users’ requirements, engineering design 

specifications, and enhancing users’ experience before, during and after use of the device will directly fulfill the 

‘quality' attributes. Quality can be defined as features that are incorporated in a product that can fulfill the user’s needs 

and contribute to the user’s satisfaction [218]. Users will be satisfied if the exoskeleton can provide substantial benefits 

to them. Also, they would be happy if the exoskeleton is far from all problems in terms of maintenance hassle and 

defects that occur during usage which sacrifice the device’s reliability. Numerous studies have been carried out to 

explore the end-users’ feedbacks on the application of exoskeleton. This includes medical-use exoskeleton to improve 

safety [219] and health outcomes [220], increase user satisfaction [221] and ensure usability as well as functionality 

[222]. Moreover, some studies have highlighted that the exoskeletons could enhance the quality of life [223], [224], 

[225]. 

 

5. Summary 

  The passive exoskeleton has shown to be a promising wearable assistive device which can help to augment 

physical strength of industrial workers in manual materials handling activities, improve functional capability and life 

quality of individuals with neurological impairment, lessen the load-carrying burden of soldiers, and reduce the energy 

cost of runners. These different groups of users are not only considering basic functional features of the exoskeleton but 
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also will be fascinated by perception values such as aesthetics and enjoyment. Satisfying these requirements resulted in 

a good user experience that can stimulate users’ satisfaction. The major findings of this review revealed that 

engineering design, usability, flexibility, safety and ergonomics, aesthetics, accessibility, purchase cost, after-sales 

service and sustainability are critical factors influencing user experience before, during and after employing a passive 

exoskeleton. 

  The engineering aspect plays a significant role as its analysis is compulsory in the design and fabrication of a 

passive exoskeleton to ensure the device fulfills the basic purposes such as functional and safety requirements. 

Engineering design focusses on the technical specifications, including the selection of materials, structural design, 

weight, dimension and size, strength, equilibrium and stability, force or pressure distribution and spring stiffness. 

 Usability refers to functionality and 'ease of use' of the passive exoskeleton. It concentrates on the interaction 

between the user and the device. The exoskeleton should function as intended without scarifying the user's movement 

and comfort in order to fulfill the usability criteria. Additionally, good usability ensures the exoskeleton is easy to don 

and doff, and compatible with the footwear and clothing. 

Flexibility factor means a passive exoskeleton is capable of providing the broadest range of functions. For 

instance, a sit-stand exoskeleton supports the body weight during sitting and standing positions, without limiting the 

user in walking, ascending and descending staircase. 

  Safety ensures the exoskeleton is not causing injury to the users. The exoskeleton should be easily and safely 

removable when the users are facing hazards such as entanglement and fire. Ergonomics concerns on the compatibility 

or matching of the exoskeleton to the physical, physiological and psychological of users. A basic requirement of 

ergonomics considers human anatomy, anthropometry and range of motion to fit the users as well as promote a feeling 

of safe while wearing the exoskeleton. 

  Aesthetics reflects the visual appearance of the passive exoskeleton with regards to shape, colour, materials 

and texture that are significantly influencing users’ perception. An aesthetically designed exoskeleton makes it 

attractive and pleasant, stimulates users to feel more relax and happy to utilize the device. 

  Accessibility is the availability of exoskeletons and spare parts in the markets for enabling a user to acquire 

the device when needed. Application of e-commerce allows wider accessibility thereby a user can directly purchase the 

exoskeleton from the manufacturer or distributor via the internet. This platform is convenience to users who suffered 

from mobility impairment and spinal cord injury.  

  It is well known that the purchase cost of a passive exoskeleton is lower than the active exoskeleton. With an 

affordable purchase cost, the passive exoskeleton could offers a good user experience and wider usage among personal 

users and industrial workers. 

  After-sales service provides supports such as follow up contact, complaints handling, replacement parts and 

upgrades provided by the manufacturers or sellers after a user has purchased the exoskeleton. These supports play an 

important role for good user experience and directly contribute to user satisfaction and user retention towards the 

exoskeleton. 

  Sustainable design is referred to an exoskeleton that is manufactured with the least implication on the 

environment, a significant impact on the economy and substantial benefits to the personal users and industry 

practitioners. The manufacturers of exoskeletons must work towards producing exoskeletons that could be reused, 

recycled and disposed safely. The aforementioned critical factors will certainly be helping and guiding the designers 

and manufacturers of passive exoskeletons to satisfy users’ expectations. 

 

Acknowledgement 

The authors would like to thank the Faculty of Manufacturing Engineering and the Centre for Research and Innovation 

Management of Universiti Teknikal Malaysia Melaka for funding this study under High Impact Short Term Research 

Grant entitled “A Cost Effective Passive Exoskeleton for Prolonged Standing Jobs” (PJP/2020/FKP/HI20/S01718). 

References 

[1] Kafetzopoulos, D., Gotzamani, K., & Gkana, V. (2015). Relationship between quality management, 

innovation and competitiveness. Evidence from Greek companies. Journal of Manufacturing Technology 

Management, 26(8), 1177-1200. 

[2] Hassenzahl, M., & Tractinsky, N. (2006). User experience-a research agenda. Behaviour & Information 

Technology, 25(2), 91-97. 

[3] Desale, N. J., & Sagar, J. H. (2020). Prevalence of lumbar spine dysfunction in sugar industry workers of 

Karad Taluka. Indian Journal of Public Health Research & Development, 11(6), 661-664. 

[4] Herr, H. (2009). Exoskeletons and orthoses: classification, design challenges and future directions. Journal of 

Neuroengineering and Rehabilitation, 6(1), 21. 



Isa Halim et al., International Journal of Integrated Engineering Vol. 14 No. 4 (2022) p. 89-115 

 

 

 106 

[5] Gopura, R. A. R. C., & Kiguchi, K. (2009, June). Mechanical designs of active upper-limb exoskeleton robots: 

State-of-the-art and design difficulties. In 2009 IEEE International Conference on Rehabilitation Robotics (pp. 

178-187). IEEE. 

[6] Mohd, M. F., & Harith, H. H. (2018). A preliminary investigation on the usage of an exoskeleton system for 

manual harvesting oil palm trees. Human Factors and Ergonomics Journal, 3 (2), 12-16. 

[7] Shaari, N. L. A., Isa, I. S. M., & Jun, T. C. (2015) Torque analysis of the lower limb exoskeleton robot design. 

ARPN Journal of Engineering and Applied Sciences, 10(19), 9140-9149. 

[8] De Looze, M. P., Bosch, T., Krause, F., Stadler, K. S., & O’Sullivan, L. W. (2016). Exoskeletons for industrial 

application and their potential effects on physical work load. Ergonomics, 59(5), 671-681. 

[9] ISO 9241-210:2019. Ergonomics of Human-System Interaction - Part 210: Human-Centred Design for 

Interactive Systems; International Standardization Organization (ISO): Geneva, Switzerland, 2019. 

[10] Filippi, S. (2020). PERSEL, a Ready-to-Use PERsonality-Based User SELection tool to maximize user 

experience redesign effectiveness. Multimodal Technologies and Interaction, 4(13), 1-20. 

[11] Kozinc, Ž., Baltrusch, S., Houdijk, H., & Šarabon, N. (2020). Short ‑ term effects of a passive spinal 

exoskeleton on functional performance, discomfort and user satisfaction in patients with low back pain. 

Journal of Occupational Rehabilitation,  

[12] Baltrusch, S. J., Van Dieen, J. H., Van Bennekom, C. A., & Houdijk, H. (2019). Testing an exoskeleton that 

helps workers with low-back pain: less discomfort with the passive SPEXOR trunk device. IEEE Robotics & 

Automation Magazine, 27(1), 66-76. 

[13] Näf, M. B., Koopman, A. S., Baltrusch, S., Rodriguez-Guerrero, C., Vanderborght, B., & Lefeber, D. (2018). 

Passive back support exoskeleton improves range of motion using flexible beams. Frontiers in Robotics and 

AI, 5, 72. 

[14] Pinto-Fernandez, D., Torricelli, D., del Carmen Sanchez-Villamanan, M., Aller, F., Mombaur, K., Conti, R., ... 

& Pons, J. L. (2020). Performance evaluation of lower limb exoskeletons: a systematic review. IEEE 

Transactions on Neural Systems and Rehabilitation Engineering, 28(7), 1573-1583. 

[15] Shi, D., Zhang, W., Zhang, W., & Ding, X. (2019). A review on lower limb rehabilitation exoskeleton robots. 

Chinese Journal of Mechanical Engineering, 32(74), 1-11. 

[16] del Carmen Sanchez-Villamañan, M., Gonzalez-Vargas, J., Torricelli, D., Moreno, J. C., & Pons, J. L. (2019). 

Compliant lower limb exoskeletons: a comprehensive review on mechanical design principles. Journal of 

NeuroEngineering and Rehabilitation, 16(55), 1-16. 

[17] Ergasheva, B. I. (2017). Lower limb exoskeletons: brief review. Scientific and Technical Journal of 

Information Technologies, Mechanics and Optics, 17(6), 1153–1158. 

[18] He, Y., Eguren, D., Luu, T. P., & Conteras-Vidal, J. L. (2017). Risk management and regulations for lower 

limb medical exoskeletons: a review. Medical Devices: Evidence and Research, 10, 89-107. 

[19] Hill, D., Holloway, C. S., Ramirez, D. Z. M., Smitham, P., & Pappas, Y. (2017). What are user perspectives of 

exoskeleton technology? A literature review. International Journal of Technology Assessment in Health Care, 

33(2), 160-167. 

[20] Lovrenovic, Z., & Doumit, M. (2016, May). Review and analysis of recent development of lower extremity 

exoskeletons for walking assist. In 2016 IEEE EMBS International Student Conference (ISC) (pp. 1-4). IEEE. 

[21] Gálvez-Zúñiga, M. A., & Aceves-López, A. (2016). A review on compliant joint mechanisms for lower limb 

exoskeletons. Journal of Robotics, 1-9. 

[22] Federici, S., Meloni, F., Bracalenti, M., & De Filippis, M. L. (2015). The effectiveness of powered, active 

lower limb exoskeletons in neurorehabilitation: A systematic review. NeuroRehabilitation, 37(3), 321–340. 

[23] Yan, T., Cempini, M., Oddo, C. M., & Vitiello, N. (2015). Review of assistive strategies in powered lower-

limb orthoses and exoskeletons. Robotics and Autonomous Systems, 64, 120-136. 

[24] Hong, Y. W., King, Y., Yeo, W., Ting, C., Chuah, Y., Lee, J., & Chok, E. T. (2013). Lower extremity 

exoskeleton: review and challenges surrounding the technology and its role in rehabilitation of lower limbs. 

Australian Journal of Basic and Applied Sciences, 7(7), 520-524. 

[25] Chen, G., Chan, C. K., Guo, Z., & Yu, H. (2013). A review of lower extremity assistive robotic exoskeletons 

in rehabilitation therapy. Critical Reviews™ in Biomedical Engineering, 41(4-5), 343-363. 

[26] Jimenez-Fabian, R., & Verlinden, O. (2012). Review of control algorithms for robotic ankle systems in lower-

limb orthoses, prostheses, and exoskeletons. Medical Engineering & Physics, 34(4), 397-408. 

[27] Díaz, I., Gil, J. J., & Sánchez, E. (2011). Lower-limb robotic rehabilitation: literature review and challenges. 

Journal of Robotics, 1-11. 

[28] Power, V., O'Sullivan, L., de Eyto, A., Schülein, S., Nikamp, C., Bauer, C., ... & Ortiz, J. (2016, June). 

Exploring user requirements for a lower body soft exoskeleton to assist mobility. In Proceedings of the 9 th 

ACM International Conference on PErvasive Technologies Related to Assistive Environments (pp. 1-6). 

[29] Kumar, N. A., Patrick, S., & Hur, P. (2019). Pilot study on the needs of prospective exoskeleton users with 

impaired mobility. In 2019 IEEE International Conference on Advanced Robotics and its Social Impacts 

(ARSO) (pp. 106-111). IEEE. 



Isa Halim et al., International Journal of Integrated Engineering Vol. 14 No. 4 (2022) p. 89-115 
 

Published by UTHM Publisher 

http://www.uthm.publisher.edu.my/ojs/ijie 
107 

[30] Egoyan, A. & Moistsrapishvili, K. (2013) Equilibrium and stability of the upright human body. The General 

Science Journal, 1-10. 

[31] Young, A. J., & Ferris, D. P. (2016). State of the art and future directions for lower limb robotic exoskeletons. 

IEEE Transactions on Neural Systems and Rehabilitation Engineering, 25(2), 171-182. 

[32] Bijalwan, A., & Misra, A. (2016). Design and structural analysis of flexible wearable chair using finite 

element method. Open Journal of Applied Sciences, 6 (7), 465-477. 

[33] Ortiz, J., Di Natali, C., & Caldwell, D. G. (2018). XoSoft-iterative design of a modular soft lower limb 

exoskeleton. In International Symposium on Wearable Robotics (pp. 351-355). Springer, Cham. 

[34] Karthikeyan, P., Satheesh Kumar, G., & Ajin, M. (2016). Geriatric walk assist robot-design, analysis and 

implementation of a modular lower limb exoskeleton robot. Applied Mechanics and Materials, 852, pp. 770-

775). 

[35] Vouga, T., Baud, R., Fasola, J., Bouri, M., & Bleuler, H. (2017). TWIICE—A lightweight lower-limb 

exoskeleton for complete paraplegics. In 2017 International Conference on Rehabilitation Robotics (ICORR) 

(pp. 1639-1645). IEEE. 

[36] Sanz-Merodio, D., Cestari, M., Arevalo, J. C., & Garcia, E. (2012). A lower-limb exoskeleton for gait 

assistance in quadriplegia. In 2012 IEEE International Conference on Robotics and Biomimetics (ROBIO) (pp. 

122-127). IEEE. 

[37] Irawan, A. P., Utama, D. W., Affandi, E., & Suteja, H. (2019). Product design of chairless chair based on local 

components to provide support for active workers. In IOP Conference Series: Materials Science and 

Engineering (Vol. 508, No. 1, p. 012054). IOP Publishing. 

[38] Basha, S. M., Reddy, B. S. K., & Reddy, V. V. (2018). Design, fabrication and analysis of exoskeleton on 

aluminium alloy 6082 (T6). International Research Journal of Engineering and Technology, 5(8), 1665-1672. 

[39] Hu, B., Yu, H., Lu, H., & Chang, Y. (2018, September). Design of mechanism and control system for a 

lightweight lower limb exoskeleton. In 2018 3rd International Conference on Control, Robotics and 

Cybernetics (CRC) (pp. 83-87). IEEE. 

[40] Cestari, M., Sanz-Merodio, D., Arevalo, J. C., & Garcia, E. (2014). An adjustable compliant joint for lower-

limb exoskeletons. IEEE/ASME Transactions on Mechatronics, 20(2), 889-898. 

[41] Qureshi, M. H., Masood, Z., Rehman, L., Owais, M., & Khan, M. U. (2018). Biomechanical design and 

control of lower limb exoskeleton for sit-to-stand and stand-to-sit movements. In 2018 14th IEEE/ASME 

International Conference on Mechatronic and Embedded Systems and Applications (MESA) (pp. 1-6). IEEE. 

[42] Park, J. H., Lee, J. S., Shin, J. S., & Cho, B. K. (2015). Design of a lower limb exoskeleton including roll 

actuation to assist walking and standing up. In 2015 IEEE-RAS 15th International Conference on Humanoid 

Robots (Humanoids) (pp. 359-364). IEEE. 

[43] Tarun, D., Srikanth, V., Kumar, M., Anudeep, I. M., & Srikanth, S. (2017). Stress Analysis on a Chairless 

Chair. International Journal of Theoretical and Applied Mechanics, 12(04), 699-708. 

[44] Varghese, C., Joshi, V., Waghmare, V., Nair, A., & David, A. (2016). Design and fabrication of exoskeleton 

based on hydraulic support. International Journal of Advanced Research, 22-28. 

[45] Wang, J., Pang, Y., Chang, X., Chen, W., & Zhang, J. (2019). Mechanical design and optimization on lower 

limb exoskeleton for rehabilitation. In 2019 14th IEEE Conference on Industrial Electronics and Applications, 

pp. 137-142. IEEE. 

[46] Zin, A. H. M., Shamsudin, S. A., Sudin, M. N., Nazim, M., Rahman, A., & Zainal, Z. (2020). Design and 

analysis of a cam-actuated wearable-chair. International Journal of Engineering and Advanced Technology, 

9(3), 984-989. 

[47] Schiffman, J. M., Gregorczyk, K. N., Bensel, C. K., Hasselquist, L., & Obusek, J. P. (2008). The effects of a 

lower body exoskeleton load carriage assistive device on limits of stability and postural sway. Ergonomics, 

51(10), 1515-1529. 

[48] Veneman, J. F., Kruidhof, R., Hekman, E. E., Ekkelenkamp, R., Van Asseldonk, E. H., & Van Der Kooij, H. 

(2007). Design and evaluation of the LOPES exoskeleton robot for interactive gait rehabilitation. IEEE 

Transactions on Neural Systems and Rehabilitation Engineering, 15(3), 379-386. 

[49] De Rossi, S. M. M., Vitiello, N., Lenzi, T., Ronsse, R., Koopman, B., Persichetti, A., ... & Carrozza, M. C. 

(2012). Sensing pressure distribution on a lower-limb exoskeleton physical human-machine interface. Sensors, 

11(1), 207-227. 

[50] Huysamen, K., de Looze, M., Bosch, T., Ortiz, J., Toxiri, S., & O'Sullivan, L. W. (2018). Assessment of an 

active industrial exoskeleton to aid dynamic lifting and lowering manual handling tasks. Applied Ergonomics, 

68, 125-131. 

[51] Dežman, M., Debevec, T., Babič, J., & Gams, A. (2016). Effects of passive ankle exoskeleton on human 

energy expenditure: pilot evaluation. Advances in Robot Design and Intelligent Control, 491–498. 

[52] Wang, S., Van Dijk, W., & van der Kooij, H. (2011, June). Spring uses in exoskeleton actuation design. In 

2011 IEEE International Conference on Rehabilitation Robotics (pp. 1-6). IEEE. 



Isa Halim et al., International Journal of Integrated Engineering Vol. 14 No. 4 (2022) p. 89-115 

 

 

 108 

[53] Sutrisno, A., & Braun, D. J. (2019). Enhancing mobility with quasi-passive variable stiffness exoskeletons. 

IEEE Transactions on Neural Systems and Rehabilitation Engineering, 27(3), 487-496. 

[54] Fattah, A., Agrawal, S. K., Catlin, G., & Hamnett, J. (2006). Design of a passive gravity-balanced assistive 

device for sit-to-stand tasks. Journal of Mechanical Design, 128(5), 1122-1129. 

[55] ISO DIS 9241-11: Ergonomics of human-system interaction — Part 11: Usability: Definitions and concepts 

(2015). 

[56] Lund, A. M. (2001). Measuring usability with the use questionnaire12. Usability Interface, 8(2), 3-6. 

[57] Rainieri, G., Fraboni, F., De Angelis, M., Giusino, D., Tria, A., & Pietrantoni, L. (2019). Usability and 

interfaces of lower limb exoskeletons: a framework for assessment and benchmark. In Human Factors & 

Ergonomics Society / Europe Chapter / Annual Meeting. Understanding Human Behaviour in Complex 

Systems. Nantes, France, October 2-4, 2019 

[58] Groos, S., Fuchs, M., & Kluth, K. (2019, July). Determination of the Subjective Strain Experiences During 

Assembly Activities Using the Exoskeleton “Chairless Chair”. In International Conference on Applied Human 

Factors and Ergonomics (pp. 72-82). Springer, Cham. 

[59] Kim, S., Moore, A., Srinivasan, D., Akanmu, A., Barr, A., Harris-Adamson, C., ... & Nussbaum, M. A. (2019). 

Potential of exoskeleton technologies to enhance safety, health, and performance in construction: Industry 

perspectives and future research directions. IISE Transactions on Occupational Ergonomics and Human 

Factors, 7(3-4), 185-191. 

[60] Kim, S., Madinei, S., Alemi, M. M., Srinivasan, D., & Nussbaum, M. A. (2020). Assessing the potential for 

“undesired” effects of passive back-support exoskeleton use during a simulated manual assembly task: Muscle 

activity, posture, balance, discomfort, and usability. Applied Ergonomics, 89, 103194. 

[61] Spada, S., Ghibaudo, L., Gilotta, S., Gastaldi, L., & Cavatorta, M. P. (2017). Investigation into the 

applicability of a passive upper-limb exoskeleton in automotive industry. Procedia Manufacturing, 11, 1255-

1262. 

[62] Du, F., Chen, J., & Wang, X. (2016, November). Human motion measurement and mechanism analysis during 

exoskeleton design. In 2016 23rd International Conference on Mechatronics and Machine Vision in Practice 

(M2VIP) (pp. 1-5). IEEE. 

[63] Norhafizan, A., Ghazilla, R. A. R., Kasi, V., Taha, Z., & Hamid, B. (2014). A review on lower-Limb 

exoskeleton system for sit to stand, ascending and descending staircase motion. Applied Mechanics and 

Materials, 541, 1150-1155. 

[64] Farris, R. J., Quintero, H. A., & Goldfarb, M. (2012, August). Performance evaluation of a lower limb 

exoskeleton for stair ascent and descent with paraplegia. In 2012 Annual International Conference of the IEEE 

Engineering in Medicine and Biology Society (pp. 1908-1911). IEEE. 

[65] Gardan, J. (2017). Definition of users’ requirements in the customized product design through a user-centered 

translation method. International Journal on Interactive Design and Manufacturing, 11(4), 813-821. 

[66] Dorrington, P., Wilkinson, C., Tasker, L., & Walters, A. (2016). User-centered design method for the design 

of assistive switch devices to improve user experience, accessibility, and independence. Journal of Usability 

Studies, 11(2), 66-82. 

[67] Cowan, R. E., Fregly, B. J., Boninger, M. L., Chan, L., Rodgers, M. M., & Reinkensmeyer, D. J. (2012). 

Recent trends in assistive technology for mobility. Journal of Neuroengineering and Rehabilitation, 9(1), 1-8. 

[68] O’Sullivan, L. W., Power, V., De Eyto, A., & Ortiz, J. (2017). User centered design and usability of bionic 

devices. In Converging Clinical and Engineering Research on Neurorehabilitation II (pp. 581-585). Springer, 

Cham. 

[69] Resnick, L. (2011). Development and testing of new upper-limb prosthetic devices: Research design for 

usability testing. Journal of Rehabilitation Research and Development, 48(6), 697-706.  

[70] Lewis, J. R., Utesch, B. S., & Maher, D. E. (2013). UMUX-LITE: when there's no time for the SUS. In 

Proceedings of the SIGCHI Conference on Human Factors in Computing Systems (pp. 2099-2102). 

[71] Hensel, R., & Keil, M. (2019). Subjective evaluation of a passive industrial exoskeleton for lower-back 

support: A field study in the automotive sector. IISE Transactions on Occupational Ergonomics and Human 

Factors, 7 (3-4), 213-221. 

[72] Brooke, J. (1996). SUS: a “quick and dirty usability. Usability evaluation in industry, 189 (194), 4-7. 

[73] Lewis, J. R. (2006). Usability testing. Handbook of Human Factors and Ergonomics, 12, e30. 

[74] Huysamen, K., Bosch, T., de Looze, M., Stadler, K. S., Graf, E., & O'Sullivan, L. W. (2018). Evaluation of a 

passive exoskeleton for static upper limb activities. Applied Ergonomics, 70, 148-155.  

[75] Meyer, J. T., Schrade, S. O., Lambercy, O., & Gassert, R. (2019). User-centered Design and Evaluation of 

Physical Interfaces for an Exoskeleton for Paraplegic Users. In 2019 IEEE 16th International Conference on 

Rehabilitation Robotics (ICORR) (pp. 1159-1166). IEEE. 

[76] Tsai, Y. L., Huang, J. J., Pu, S. W., Chen, H. P., Hsu, S. C., Chang, J. Y., & Pei, Y. C. (2019). Usability 

assessment of a cable-driven exoskeletal robot for hand rehabilitation. Frontiers in Neurorobotics, 13(3), 1-11. 



Isa Halim et al., International Journal of Integrated Engineering Vol. 14 No. 4 (2022) p. 89-115 
 

Published by UTHM Publisher 

http://www.uthm.publisher.edu.my/ojs/ijie 
109 

[77] Ambrosini, E., Ferrante, S., Rossini, M., Molteni, F., Gföhler, M., Reichenfelser, W., ... & Pedrocchi, A. 

(2014). Functional and usability assessment of a robotic exoskeleton arm to support activities of daily life. 

Robotica, 32(8), 1213. 

[78] Kim, T. (2020). Factors influencing usability of rehabilitation robotic devices for lower limbs. Sustainability, 

12 (2), 598. 

[79] Almenara, M., Cempini, M., Gómez, C., Cortese, M., Martín, C., Medina, J., ... & Opisso, E. (2017). Usability 

test of a hand exoskeleton for activities of daily living: an example of user-centered design. Disability and 

Rehabilitation: Assistive Technology, 12(1), 84-96. 

[80] Han, J., Hyun, D. J., Jung, K., Kim, K. Y., & Youn, S. (2018). Ergonomic design strategy for crutches of a 

lower-limb exoskeleton for paraplegic individuals: An experimental study. Proceedings of the Human Factors 

and Ergonomics Society Annual Meeting, 62(1), 1012–1016. 

[81] Lajeunesse, V., Routhier, F., Vincent, C., Lettre, J., & Michaud, F. (2018). Perspectives of individuals with 

incomplete spinal cord injury concerning the usability of lower limb exoskeletons: an exploratory study. 

Technology and Disability, 30 (1-2), 63-76. 

[82] Zhou, L., Chen, W., Chen, W., Bai, S., Zhang, J., & Wang, J. (2020). Design of a passive lower limb 

exoskeleton for walking assistance with gravity compensation. Mechanism and Machine Theory, 150, 1-19. 

[83] Chen, C., Zheng, D., Peng, A., Wang, C., & Wu, X. (2013, December). Flexible design of a wearable lower 

limb exoskeleton robot. In 2013 IEEE International Conference on Robotics and Biomimetics (ROBIO) (pp. 

209-214). IEEE. 

[84] Choi, H., Lee, Y., Lee, M., Kim, J., & Shim, Y. (2015, August). A wearable virtual chair with the passive 

stability assist. In 2015 37th Annual International Conference of the IEEE Engineering in Medicine and 

Biology Society (EMBC) (pp. 3897-3900). IEEE. 

[85] Choi, H., Park, Y. J., Seo, K., Lee, J., Lee, S. E., & Shim, Y. (2017). A multifunctional ankle exoskeleton for 

mobility enhancement of gait-impaired individuals and seniors. IEEE Robotics and Automation Letters, 3(1), 

411-418. 

[86] Zhang, J., & Collins, S. H. (2017). The passive series stiffness that optimizes torque tracking for a lower-limb 

exoskeleton in human walking. Frontiers in Neurorobotics, 11, 1-16. 

[87] Hefferle, M., Lechner, M., Kluth, K., & Christian, M. (2019, July). Development of a Standardized Ergonomic 

Assessment Methodology for Exoskeletons Using Both Subjective and Objective Measurement Techniques. In 

International Conference on Applied Human Factors and Ergonomics (pp. 49-59). Springer, Cham. 

[88] Jatsun, S., Savin, S., & Yatsun, A. (2016, June). Improvement of energy consumption for a lower limb 

exoskeleton through verticalization time optimization. In 2016 24th Mediterranean Conference on Control and 

Automation (MED) (pp. 322-326). IEEE. 

[89] Theurel, J., Desbrosses, K., Roux, T., & Savescu, A. (2018). Physiological consequences of using an upper 

limb exoskeleton during manual handling tasks. Applied Ergonomics, 67, 211-217. 

[90] Arazpour, M., Bani, M. A., Hutchins, S. W., & Jones, R. K. (2013). The physiological cost index of walking 

with mechanical and powered gait orthosis in patients with spinal cord injury. Spinal Cord, 51(5), 356-359. 

[91] Agrawal, S. K., Banala, S. K., Fattah, A., Scholz, J. P., Krishnamoorthy, V., & Hsu, W. L. (2006, December). 

A Gravity Balancing Passive Exoskeleton for the Human Leg. In Robotics: Science and Systems (Vol. 302). 

[92] Wickens, C.D., Lee, J.D., Liu, Y., Becker, S.E.G. (2004). An introduction to human factors engineering, 2nd 

edition, Prentice Hall, Englewood Cliffs. 

[93] Lee, H., Kim, W., Han, J., & Han, C. (2012). The technical trend of the exoskeleton robot system for human 

power assistance. International Journal of Precision Engineering and Manufacturing, 13(8), 1491-1497. 

[94] Pillai, M. V., Van Engelhoven, L., & Kazerooni, H. (2020). Evaluation of a lower leg support exoskeleton on 

floor and below hip height panel work. Human Factors, 62(3), 489-500. 

[95] Bridger, R. S., Ashford, A. I., Wattie, S., Dobson, K., Fisher, I., & Pisula, P. J. (2018). International Journal of 

Industrial Ergonomics Sustained attention when squatting with and without an exoskeleton for the lower 

limbs. 

[96] Spada, S., Ghibaudo, L., Carnazzo, C., Di Pardo, M., Chander, D. S., Gastaldi, L., & Cavatorta, M. P. (2018, 

August). Physical and virtual assessment of a passive exoskeleton. In Congress of the International 

Ergonomics Association (pp. 247-257). Springer, Cham. 

[97] Bosch, T., van Eck, J., Knitel, K., & de Looze, M. (2016). The effects of a passive exoskeleton on muscle 

activity, discomfort and endurance time in forward bending work. Applied Ergonomics, 54, 212-217. 

[98] Bartenbach, V., Gort, M., & Riener, R. (2016, June). Concept and design of a modular lower limb 

exoskeleton. In 2016 6th IEEE International Conference on Biomedical Robotics and Biomechatronics 

(BioRob) (pp. 649-654). IEEE. 

[99] Souit, C., Coelho, D. S., Szylit, M., Camargo-Junior, F., Junior, M. P. C., & Forner-Cordero, A. (2016, June). 

Design of a lower limb exoskeleton for experimental research on gait control. In 2016 6 th IEEE International 

Conference on Biomedical Robotics and Biomechatronics (BioRob) (pp. 1098-1103). IEEE. 



Isa Halim et al., International Journal of Integrated Engineering Vol. 14 No. 4 (2022) p. 89-115 

 

 

 110 

[100] Baltrusch, S. J., van Dieën, J. H., Bruijn, S. M., Koopman, A. S., van Bennekom, C. A. M., & Houdijk, H. 

(2019). The effect of a passive trunk exoskeleton on metabolic costs during lifting and walking. Ergonomics, 

62(7), 903-916. 

[101] Iranzo, S., Piedrabuena, A., Iordanov, D., Martinez-Iranzo, U., & Belda-Lois, J. M. (2020). Ergonomics 

assessment of passive upper-limb exoskeletons in an automotive assembly plant. Applied Ergonomics, 87, 

103120. 

[102] Näf, M. B., Koopman, A. S., Rodriguez-Guerrero, C., Vanderborght, B., & Lefeber, D. (2018). Passive back 

support exoskeleton improves range of motion using flexible beams. Frontiers in Robotics and AI, 5(72), 1-16. 

[103] Kim, S., Nussbaum, M. A., Esfahani, M. I. M., Alemi, M. M., Alabdulkarim, S., & Rashedi, E. (2018). 

Assessing the influence of a passive, upper extremity exoskeletal vest for tasks requiring arm elevation: Part I–

“Expected” effects on discomfort, shoulder muscle activity, and work task performance. Applied Ergonomics, 

70, 315-322. 

[104] Kim, S., Nussbaum, M. A., Esfahani, M. I. M., Alemi, M. M., Jia, B., & Rashedi, E. (2018). Assessing the 

influence of a passive, upper extremity exoskeletal vest for tasks requiring arm elevation: Part II–

“Unexpected” effects on shoulder motion, balance, and spine loading. Applied Ergonomics, 70, 323-330. 

[105] Fosch-Villaronga, E., & Özcan, B. (2019). The progressive intertwinement between design, human needs and 

the regulation of care technology: the case of lower-limb exoskeletons. International Journal of Social 

Robotics, 1-14. 

[106] Lobo, M. A., Koshy, J., Hall, M. L., Erol, O., Cao, H., Buckley, J. M., ... & Higginson, J. (2016). Playskin 

Lift: development and initial testing of an exoskeletal garment to assist upper extremity mobility and function. 

Physical therapy, 96(3), 390-399. 

[107] Rocon, E., Belda-Lois, J. M., Ruiz, A. F., Manto, M., Moreno, J. C., & Pons, J. L. (2007). Design and 

validation of a rehabilitation robotic exoskeleton for tremor assessment and suppression. IEEE Transactions on 

neural systems and rehabilitation engineering, 15(3), 367-378. 

[108] Bryce, T. N., Dijkers, M. P., Kozlowski, A. J. (2015). Framework for assessment of the usability of lower-

extremity robotic exoskeletal orthoses. American Journal of Physical Medicine & Rehabilitation, 94, 1000-

1014. 

[109] Beyl, P., Van Damme, M., Van Ham, R., Versluys, R., Vanderborght, B., & Lefeber, D. (2008, May). An 

exoskeleton for gait rehabilitation: prototype design and control principle. In 2008 IEEE International 

Conference on Robotics and Automation (pp. 2037-2042). IEEE. 

[110] Pons, J. L., Moreno, J. C., Brunetti, F. J., & Rocon, E. (2007). Lower-limb wearable exoskeleton. 

Rehabilitation Robotics, 4(2), 471-498. 

[111] Moon, H., Park, J., & Kim, S. (2015). The importance of an innovative product design on customer behavior: 

development and validation of a scale. Journal of Product Innovation Management, 32(2), 224-232. 

[112] Somoon, K., & Moorapun, C. (2016). The roles of aesthetic and cultural perception affected by window 

display of Thai crafts products to increase purchasing intention. Procedia-Social and Behavioral Sciences, 234, 

55-63. 

[113] Zabaleta, H., Bureau, M., Eizmendi, G., Olaiz, E., Medina, J., & Perez, M. (2007, June). Exoskeleton design 

for functional rehabilitation in patients with neurological disorders and stroke. In 2007 IEEE 10th International 

Conference on Rehabilitation Robotics (pp. 112-118). IEEE. 

[114] Sanz-Merodio, D., Cestari, M., Arevalo, J. C., & Garcia, E. (2013). Implementation of an adjustable compliant 

actuator in a lower-limb exoskeleton. Nature-Inspired Mobile Robotics, 223-231. 

[115] Baniqued, P. D. E., Baldovino, R. G., & Bugtai, N. T. (2015, December). Design considerations in 

manufacturing cost-effective robotic exoskeletons for upper extremity rehabilitation. In 2015 International 

Conference on Humanoid, Nanotechnology, Information Technology, Communication and Control, 

Environment and Management (HNICEM) (pp. 1-5). IEEE. 

[116] ISO 9241-171 (2008) Ergonomics of human system interaction - Part 171: Guidance on software accessibility. 

The International Organization for Standardization. 

[117] Voilqué, A., Masood, J., Fauroux, J. C., Sabourin, L., & Guezet, O. (2019, March). Industrial exoskeleton 

technology: Classification, structural analysis, and structural complexity indicator. In 2019 Wearable Robotics 

Association Conference (WearRAcon) (pp. 13-20). IEEE. 

[118] Wang, C., Ikuma, L., Hondzinski, J., & de Queiroz, M. (2017). Application of assistive wearable robotics to 

alleviate construction workforce shortage: challenges and opportunities. Computing in Civil Engineering 2017, 

358-365. 

[119] Exoskeleton: EXO-WORKS, EXO. [Online]. Available: http://www.exo-skeletal.com/. [Accessed: 17-Sep-

2020]. 

[120] Wolff, J., Parker, C., Borisoff, J., Mortenson, W. B., & Mattie, J. (2014). A survey of stakeholder perspectives 

on exoskeleton technology. Journal of Neuroengineering and Rehabilitation, 11(1), 169. 



Isa Halim et al., International Journal of Integrated Engineering Vol. 14 No. 4 (2022) p. 89-115 
 

Published by UTHM Publisher 

http://www.uthm.publisher.edu.my/ojs/ijie 
111 

[121] Matthews JT, Beach SR, Downs J, Bruine de Bruin W, Mecca LP, Schulz R: Preferences and concerns for 

quality of life technology among older adults and persons with disabilities: National survey results. Technol 

Disabil 2010, 22(1), 5–15. 

[122] Herrmann, A., Xia, L., Monroe, K. B., & Huber, F. (2007). The influence of price fairness on customer 

satisfaction: an empirical test in the context of automobile purchases. Journal of Product & Brand 

Management, 16(1), 49–58. 

[123] Ghazaly, N. M., & Moaaz, A. O. (2014). The future development and analysis of vehicle active suspension 

system. IOSR Journal of Mechanical and Civil Engineering, 11(5), 19-25. 

[124] Wu, X., Liu, D. X., Liu, M., Chen, C., & Guo, H. (2018). Individualized gait pattern generation for sharing 

lower limb exoskeleton robot. IEEE Transactions on Automation Science and Engineering, 15(4), 1459-1470. 

[125] Gardner, A. D., Potgieter, J., & Noble, F. K. (2017, November). A review of commercially available 

exoskeletons' capabilities. In 2017 24th International Conference on Mechatronics and Machine Vision in 

Practice (M2VIP) (pp. 1-5). IEEE. 

[126] Pirjade, Y. M., Kotkar, A. U., Patwardhan, N. M., Londhe, D. R., Shelke, T. P., & Ohol, S. S. (2019). Human 

assistive lower limb exoskeleton. Asian Journal for Convergence in Technology, 5(2). 

[127] Aliman, N., Ramli, R., & Haris, S. M. (2017). Design and development of lower limb exoskeletons: A survey. 

Robotics and Autonomous Systems, 95, 102-116. 

[128] Chairless Chair [Online]. Available: https://www.noonee.com/en/faq/. [Accessed: 17-Sep-2020]. 

[129] Kickstarter [Online]. Available: https://www.kickstarter.com/projects/789968633/lex-bionic-chair-that-

enhance-posture-comfort-and/faqs. [Accessed: 17-Sep-2020]. 

[130] Ofrees - Wearable Chair, Portable Chair, Chairless Chair [Online]. Available: 

https://www.amazon.com/Ofrees-Wearable-Portable-Chairless-174cm-182cm/dp/B07K8LVWTC. [Accessed: 

17-Sep-2020]. 

[131] Exoskeletons Get Real: The Ultimate Wearable Technology? Available: 

https://www.brainxchange.com/blog/exoskeletons-get-real-the-ultimate-wearable-technology. [Accessed: 17-

Sep-2020]. 

[132] Tao, F., Cheng, J., Qi, Q., Zhang, M., Zhang, H., & Sui, F. (2017). Digital twin-driven product design, 

manufacturing and service with big data. The International Journal of Advanced Manufacturing Technology, 

94(9-12), 3563-3576. 

[133] Rahman, T., Sample, W., Jayakumar, S., & King, M. M. (2006). Passive exoskeletons for assisting limb 

movement. Journal of Rehabilitation Research and Development, 43(5), 583. 

[134] Li, Z., Xie, H., Li, W., & Yao, Z. (2014). Proceeding of human exoskeleton technology and discussions on 

future research. Chinese Journal of Mechanical Engineering, 27(3), 437-447. 

[135] Manna, S. K., & Dubey, V. N. (2018). Comparative study of actuation systems for portable upper limb 

exoskeletons. Medical Engineering & Physics, 60, 1-13. 

[136] Auberger, R., Breuer-Ruesch, C., Fuchs, F., Wismer, N., & Riener, R. (2018, August). Smart passive 

exoskeleton for everyday use with lower limb paralysis: Design and first results of knee joint kinetics. In 2018 

7th IEEE International Conference on Biomedical Robotics and Biomechatronics (Biorob) (pp. 1109-1114). 

IEEE. 

[137] Stienen, A. H., Hekman, E. E., Van Der Helm, F. C., & Van Der Kooij, H. (2009). Self-aligning exoskeleton 

axes through decoupling of joint rotations and translations. IEEE Transactions on Robotics, 25(3), 628-633. 

[138] Ashrafi, N., (2014).  A review of current trend in design for sustainable manufacturing, IOSR Journal of 

Mechanical and Civil Engineering 11(4) 53-58. 

[139] Giovannini, A., Aubry, A., Panetto, H., Dassisti, M., & El Haouzi, H. (2012). Ontology-based system for 

supporting manufacturing sustainability, Annual Reviews in Control, 36(2), 309-317.  

[140] de Richter, R. K., Ming, T., Caillol, S., & Liu, W. (2016). Fighting global warming by GHG removal: 

destroying CFCs and HCFCs in solar-wind power plant hybrids producing renewable energy with no-

intermittency. International Journal of Greenhouse Gas Control, 49, 449-472. 

[141] Wu, C. S., Zhou, X. X., & Song, M. (2016). Sustainable consumer behavior in China: an empirical analysis 

from the Midwest regions. Journal of Cleaner Production, 134, 147-165.  

[142] Taufique, K. M. R., & Vaithianathan, S. (2018). A fresh look at understanding Green consumer behavior 

among young urban Indian consumers through the lens of Theory of Planned Behavior. Journal of cleaner 

production, 183, 46-55. 

[143] Yenipazarli, A., & Vakharia, A. (2015). Pricing, market coverage and capacity: Can green and brown products 

co-exist? European Journal of Operational Research, 242(1), 304-315. 

[144] Zhou, Y. (2018). The role of green customers under competition: A mixed blessing? Journal of Cleaner 

Production, 170, 857-866. 

[145] Chen, T. B., & Chai, L. T. (2010). Attitude towards the environment and green products: Consumers’ 

perspective. Management Science and Engineering, 4(2), 27-39.  

https://www.kickstarter.com/projects/789968633/lex-bionic-chair-that-enhance-posture-comfort-and/faqs
https://www.kickstarter.com/projects/789968633/lex-bionic-chair-that-enhance-posture-comfort-and/faqs
https://www.amazon.com/Ofrees-Wearable-Portable-Chairless-174cm-182cm/dp/B07K8LVWTC
https://www.brainxchange.com/blog/exoskeletons-get-real-the-ultimate-wearable-technology


Isa Halim et al., International Journal of Integrated Engineering Vol. 14 No. 4 (2022) p. 89-115 

 

 

 112 

[146] Lee, K. (2009). Hong Kong adolescent consumers’ green purchasing behavior. Journal of Consumer 

Marketing, 26 (2), 87-96. 

[147] Ahmad, S., Wong, K. Y., Tseng, M. L. & Wong, W.P. (2018). Sustainable product design and development: A 

review of tools, applications and research prospects. Resources, Conservation & Recycling, 132, 49-61.  

[148] Baumann, H., Boons, F. & Bragd, A. (2002). Mapping the green product development field: engineering, 

policy and business perspectives. Journal of Cleaner Production, 10, 409-425. 

[149] Knight, P.  & Jenkins, J.O. (2009). Adopting and applying eco-design techniques:  a practitioner’s perspective. 

Journal of Cleaner Production, 17, 549-558. 

[150] Kim, S. & Moon, S.K. (2017).  Sustainable platform identification for product family design, Journal of 

Cleaner Production, 143, 567–581. 

[151] Devanathan, S., Ramanujan, D., Bernstein, W.Z., Zhao, F. & Ramani, K., (2010). Integration of sustainability 

into early design through the function impact matrix. Journal of Mechanical Design, 132(081004), 1-8. 

[152] PRé Consultants B.V. (1999) Sustainable Development, Eco-Indicator 99 is a life cycle impact assessment tool 

https://www.pre-sustainability.com/legacy/download/EI99_Manual.pdf 

[153] Luger, T., Seibt, R., Cobb, T. J., Rieger, M. A., & Steinhilber, B. (2019). Influence of a passive lower-limb 

exoskeleton during simulated industrial work tasks on physical load, upper body posture, postural control and 

discomfort. Applied Ergonomics, 80, 152-160. 

[154] Magdum, R. M., & Jadhav, S. M. Design and implementation of chair less seating arrangement for industrial 

workers and farmers. Global Research and Development Journal for Engineering, 3(8), 5-11. 

[155] Hasegawa, Y., & Muramatsu, M. (2013). Wearable lower-limb assistive device for physical load reduction of 

caregiver on transferring support. In 2013 IEEE/ASME International Conference on Advanced Intelligent 

Mechatronics (pp. 1027-1032). IEEE. 

[156] Graham, R. B., Agnew, M. J., & Stevenson, J. M. (2009). Effectiveness of an on-body lifting aid at reducing 

low back physical demands during an automotive assembly task: Assessment of EMG response and user 

acceptability. Applied Ergonomics, 40(5), 936-942. 

[157] Ranaweera, R. K. P. S., Gopura, R. A. R. C., Jayawardena, T. S. S., & Mann, G. K. (2018). Development of a 

passively powered knee exoskeleton for squat lifting. Journal of Robotics, Networking and Artificial Life, 

5(1), 45-51. 

[158] Wehner, M., Rempel, D., & Kazerooni, H. (2009, January). Lower extremity exoskeleton reduces back forces 

in lifting. In Dynamic Systems and Control Conference (pp. 49-56). 

[159] Guncan, B., & Unal, R. (2018). ANT-M: design of passive lower-limb exoskeleton for weight-bearing 

assistance in industry. In International Symposium on Wearable Robotics (pp. 500-504). Springer, Cham. 

[160] Li, Z., Zhang, T., Xue, T., Du, Z., & Bai, O. (2019, July). Effect evaluation of a wearable exoskeleton chair 

based on surface EMG. In 2019 Chinese Control Conference (CCC) (pp. 4638-4642). IEEE. 

[161] Zhu, A., Shen, Z., Shen, H., & Song, J. (2018, August). Design and Preliminary Experimentation of Passive 

Weight-Support Exoskeleton. In 2018 IEEE International Conference on Information and Automation (ICIA) 

(pp. 761-765). IEEE. 

[162] Zhu, A., Shen, Z., Shen, H., Wu, H., & Zhang, X. (2018, June). Design of a passive weight-support 

exoskeleton of human-machine multi-link. In 2018 15th International Conference on Ubiquitous Robots (UR) 

(pp. 296-301). IEEE. 

[163] Raut, V., & Raut, N. (2018). Fabrication of body’s exoskeleton weight lifter and wearable chair. International 

Journal for Innovative Research in Science & Technology, 5(1), 139-145. 

[164] Akshay, P., Kshitij, P., Prafull, N., Ganesh, P., Gujrathi T. (2018). Design of wearable chair. International 

Research Journal of Engineering and Technology, 5(4), 764-768. 

[165] Han, B., Du, Z., Huang, T., Zhang, T., Li, Z., Bai, O., & Chen, X. (2019, May). Mechanical Framework 

Design with Experimental Verification of a Wearable Exoskeleton Chair. In 2019 International Conference on 

Robotics and Automation (ICRA) (pp. 4040-4045). IEEE. 

[166] Delicia, E. D., Britto, Y., Chtistine, V. P. F. (2018). Chair-less chair for lumbar pain reduction. International 

Journal of Mechanical Engineering and Technology, 9(11), 500-507. 

[167] Bhagat, A., Sutar, T. V., Taware, S. V., Shelke, S. R., & Suryawanshi, R. K. (2017). Design and development 

of exoskeleton based pneumatic support. International Journal of Innovative Research in Science, Engineering 

and Technology, 6(3), 3770-3774. 

[168] Malode, S. M., Zilpe, P., Ukani, N., & Chakhole, S. (2020, March). Design of lower-limb Exoskeletal. In 2020 

6th International Conference on Advanced Computing and Communication Systems (ICACCS) (pp. 682-686). 

IEEE. 

[169] Zurina, H., Fatin, A. M., Hafizuddin, M., & Aizuddin, M. H. (2015). The design and development of lower 

limb body exoskeleton (SimpChair). In 2nd Integrated Design Project Conference, (pp. 1-13). 

[170] Agarwal, M. S., Swanand, K., Abhijit, J., Mahesh, K. (2018). Review on application of lower body 

exoskeleton. Journal of Mechanical and Civil Engineering, 31-33. 



Isa Halim et al., International Journal of Integrated Engineering Vol. 14 No. 4 (2022) p. 89-115 
 

Published by UTHM Publisher 

http://www.uthm.publisher.edu.my/ojs/ijie 
113 

[171] Wijegunawardana, I. D., Kumara, M. B. K., De Silva, H. H. M. J., Viduranga, P. K. P., Ranaweera, R. K. P. 

S., Gopura, R. A. R. C., & Madusanka, D. K. (2019, June). ChairX: A Robotic Exoskeleton Chair for 

Industrial Workers. In 2019 IEEE 16th International Conference on Rehabilitation Robotics (ICORR) (pp. 

587-592). IEEE. 

[172] Chowdhury, R., Poddar, K. K., Alam, M. A., Kumar, S., Ahmed, N., & Som, M. (2019, December). Design 

and Implementation of Portable Healthcare Chair (PHC) Based on Ergonomics. In 2019 International 

Conference on contemporary Computing and Informatics (IC3I) (pp. 154-159). IEEE. 

[173] Collo, A., Bonnet, V., & Venture, G. (2016, June). A quasi-passive lower limb exoskeleton for partial body 

weight support. In 2016 6th IEEE International Conference on Biomedical Robotics and Biomechatronics 

(BioRob) (pp. 643-648). IEEE. 

[174] Di Russo, F., Berchicci, M., Perri, R. L., Ripani, F. R., & Ripani, M. (2013). A passive exoskeleton can push 

your life up: application on multiple sclerosis patients. PloS one, 8(10), e77348. 

[175] Sasaki, K., Sugimoto, M., Sugiyama, T., Granados, D. F. P., & Suzuki, K. (2018, October). Child-sized 

passive exoskeleton for supporting voluntary sitting and standing motions. In 2018 IEEE/RSJ International 

Conference on Intelligent Robots and Systems (IROS) (pp. 5457-5462). IEEE. 

[176] Rajasekaran, V., Vinagre, M., & Aranda, J. (2017, July). Event-based control for sit-to-stand transition using a 

wearable exoskeleton. In 2017 International Conference on Rehabilitation Robotics (ICORR) (pp. 400-405). 

IEEE. 

[177] Rajesh, S. M. (2013). Design of human exo-skeleton suit for rehabilitation of hemiplegic people. Procedia 

Engineering, 51, 544-553. 

[178] Gancet, J., Ilzkovitz, M., Motard, E., Nevatia, Y., Letier, P., De Weerdt, D., ... & Ivanenko, Y. (2012, June). 

MINDWALKER: Going one step further with assistive lower limbs exoskeleton for SCI condition subjects. In 

2012 4th IEEE RAS & EMBS International Conference on Biomedical Robotics and Biomechatronics 

(BioRob) (pp. 1794-1800). IEEE. 

[179] Collins, S. H., Wiggin, M. B., & Sawicki, G. S. (2015). Reducing the energy cost of human walking using an 

unpowered exoskeleton. Nature, 522(7555), 212-215. 

[180] dos Santos, W. M., Nogueira, S. L., de Oliveira, G. C., Peña, G. G., & Siqueira, A. A. (2017, July). Design and 

evaluation of a modular lower limb exoskeleton for rehabilitation. In 2017 International Conference on 

Rehabilitation Robotics, (pp. 447-451). IEEE. 

[181] Fernandes, C. R., Fernandes, B. L., Ranciaro, M., Stefanello, J., & Nohama, P. (2017). Model proposal for 

development of a passive exoskeleton for lower limb. In V Congresso Brasileiro de Eletromiografia e 

Cinesiologia (COBEC); Uberlandia. SBEB (pp. 664-666). 

[182] Hall, M. L., & Lobo, M. A. (2017). Design and development of the first exoskeletal garment to enhance arm 

mobility for children with movement impairments. Assistive Technology, 30(5), 251-258. 

[183] Shafi, U. A., Pervez, A., Kamal, F. A., Ejaz, R., Khan, U. S., & Iqbal, J. (2013, December). Design and 

fabrication of an actuated hand exoskeleton for stroke and post traumatic rehabilitation. In International 

Conference on Innovations in Engineering and Technology (ICIET). Bangkok (pp. 176-80). 

[184] Hong, B. M., Shin, Y. J., & Wang, J-H. (2014). Novel three-DOF ankle mechanism for lower-limb 

exoskeleton: kinematic analysis and design of passive-type ankle module. International Conference on 

Intelligent Robots and Systems, (pp. 504-509). IEEE. 

[185] Walsh, C. J., Endo, K., & Herr, H. (2007). A quasi-passive leg exoskeleton for load-carrying augmentation. 

International Journal of Humanoid Robotics, 4(03), 487-506. 

[186] Yu, S., Han, C., & Cho, I. (2014). Design considerations of a lower limb exoskeleton system to assist walking 

and load-carrying of infantry soldiers. Applied Bionics and Biomechanics, 11(3), 119-134. 

[187] Mudie, K. L., Billing, D. C., & Bishop, D. J. (2017). Reducing load carriage during walking using a lower 

limb passive exoskeleton. In Int Soc Biomech: Proceedings of the 26th Congress of the International Society 

of Biomechanics (p. 51). 

[188] Chaichaowarat, R., Kinugawa, J., & Kosuge, K. (2018). Unpowered knee exoskeleton reduces quadriceps 

activity during cycling. Engineering, 4, 471–478. 

[189] Hasegawa, Y., & Ogura, K. (2013, November). First report on passive exoskeleton for easy running: PEXER 

IV. In MHS2013 (pp. 1-6). IEEE. 

[190] Grabowski, A. M., & Herr, H. M. (2009). Leg exoskeleton reduces the metabolic cost of human hopping. 

Journal of Applied Physiology, 107(3), 670-678. 

[191] Kano, N., Seraku, N., Takahashi, F. and Tsuji, S. (1984). Attractive quality and must be quality. Quality (The 

Journal of Japanese Society for Quality Control), 14(2), 39-48. 

[192] Bogue, R. (2018). Exoskeletons–a review of industrial applications. Industrial Robot: An International Journal, 

45(5), 585-590. 

[193] Waters, T. R., & Dick, R. B. (2015). Evidence of health risks associated with prolonged standing at work and 

intervention effectiveness. Rehabilitation Nursing, 40(3), 148-165. 



Isa Halim et al., International Journal of Integrated Engineering Vol. 14 No. 4 (2022) p. 89-115 

 

 

 114 

[194] Masood, J., Dacal-Nieto, A., Alonso-Ramos, V., Fontano, M. I., Voilqué, A., & Bou, J. (2018, October). 

Industrial Wearable Exoskeletons and Exosuits Assessment Process. In International Symposium on Wearable 

Robotics (pp. 234-238). Springer, Cham. 

[195] Hegde, S., Satish Shenoy, B., & N. Chethan, K. (2019). Materials Today: Proceedings, 19(Part 2), 658-662.  

[196] Zaki, A. (2006). Principles of corrosion engineering and corrosion control, Chapter 10 - Atmospheric 

Corrosion, 550-575. 

[197] Wallace, D. (2020). Price of Galvanized Steel Vs. Stainless Steel [Online]. Available: 

https://sciencing.com/about-6711987-price-steel-vs--stainless-steel.html. [Accessed: 17-Sep-2020]. 

[198] Ramesh S. (2016). Applied Welding Engineering (Second Edition), Chapter 8 – Stainless Steels. 83-90.  

[199] Guo, L., Street, S. R., Mohammed-Ali, H. B., Ghahari, M., Mi, N., Glanvill, S., ... & Davenport, A. J. (2019). 

The effect of relative humidity change on atmospheric pitting corrosion of stainless steel 304L. Corrosion 

Science, 150, 110-120. 

[200] Tisza, M., & Czinege, I. (2018). Comparative study of the application of steels and aluminium in lightweight 

production of automotive parts. International Journal of Lightweight Materials and Manufacture, 1(4), 229-

238. 

[201] STEEL VS AL: Steel still trumps aluminium for cost-efficient, sustainable car making [Online]. (2014, April 

17). Available: https://www.metalbulletin.com/Article/3330473/STEEL-VS-AL-Steel-still-trumps-aluminium-

for-cost-efficient-sustainable-

carmaking.html#:~:text=The%20USA's%20Massachusetts%20Institute%20of,twice%20as%20expensive%2C

%20MIT%20said. [Accessed: 17-Sep-2020]. 

[202] Talha E. & Hussein G., H. (2019). Marine Structures, 66, 197-212.  

[203] Paul B. D. (1993).ASM Handbook, Volume 6, Welding, Brazing and Soldering, Welding of Aluminum. 

[204] ASM Handbook Committee. (1990). ASM Handbook Vol 2, Properties and Selection: Nonferrous Alloys and 

Special-Purpose Materials, Properties of Wrought Aluminum and Aluminum Alloys. 62–122. 

[205] Overview of materials for AISI 1000 Series Steel [Online]. Available: 

http://www.matweb.com/search/DataSheet.aspx?MatGUID=81a26031d1b44cbb911f70ab863281f5&ckck=1. 

[Accessed: 17-Sep-2020]. 

[206] 304 Stainless Steel [Online]. Available: 

http://www.matweb.com/search/DataSheet.aspx?MatGUID=abc4415b0f8b490387e3c922237098da. 

[Accessed: 17-Sep-2020]. 

[207] D.J. Kotecki. (1993). ASM Handbook, Volume 6, Welding, Brazing and Soldering, Welding of Stainless 

Steel. https://doi.org/10.31399/asm.hb.v06.9781627081733 

[208] Stainless Steel - Grade 316 (UNS S31600) [Online]. Available: 

https://www.azom.com/properties.aspx?ArticleID=863. [Accessed: 17-Sep-2020]. 

[209] Aluminum, Al. Available: 

http://www.matweb.com/search/DataSheet.aspx?MatGUID=0cd1edf33ac145ee93a0aa6fc666c0e0. [Accessed: 

17-Sep-2020]. 

[210] Overview of materials for 1000 Series Aluminum [Online]. Available: 

http://www.matweb.com/search/DataSheet.aspx?MatGUID=38e1c167c7ea4dfebf80778b29ae71cf. [Accessed: 

17-Sep-2020]. 

[211] Overview of materials for 3000 Series Aluminum [Online]. Available: 

http://www.matweb.com/search/DataSheet.aspx?MatGUID=82c8a6ba80e641d9b872e7a62af33093. 

[Accessed: 17-Sep-2020]. 

[212] Overview of materials for 6000 Series Aluminum [Online]. Available: 

http://www.matweb.com/search/DataSheet.aspx?MatGUID=26d19f2d20654a489aefc0d9c247cebf. [Accessed: 

17-Sep-2020]. 

[213] Titanium, Ti [Online]. Available: 

http://www.matweb.com/search/DataSheet.aspx?MatGUID=66a15d609a3f4c829cb6ad08f0dafc01. [Accessed: 

17-Sep-2020]. 

[214] Webster R. T. (1993). ASM Handbook, Volume 6, Welding, Brazing and Soldering, Welding of Titanium 

Alloys. 

[215] Yang, X., & Richard Liu, C. (1999). Machining titanium and its alloys. Machining Science and Technology, 

3(1), 107-139.  



Isa Halim et al., International Journal of Integrated Engineering Vol. 14 No. 4 (2022) p. 89-115 
 

Published by UTHM Publisher 

http://www.uthm.publisher.edu.my/ojs/ijie 
115 

[216] Overview of materials for Epoxy/Carbon Fiber Composite [Online]. Available: 

http://www.matweb.com/search/datasheet.aspx?MatGUID=39e40851fc164b6c9bda29d798bf3726. [Accessed: 

17-Sep-2020]. 

[217] Francesca, L., Maria, N. M., Silvio, P, Giuseppe, B., Irene, F. V., Alfonso, M. (2017). Composites: Part A, 

104, 32-40.  

[218] Juran, J., & Godfrey, A. B. (1999). Quality handbook. Republished McGraw-Hill, 173(8). 

[219] Leape, L.L (2009). Errors in medicine. Clinical Chimica Acta, 404(1), 2-5. 

[220] Gosbee ,J (2002). Human factors engineering and patient safety, Quality and Safety in Healthcare. 11,352-354. 

[221] Harrison, S., Dowswell, G., & Milewa, T. (2002). Guest editorial: public and user ‘involvement’ in the UK 

National Health Service. Health & Social Care in the Community, 10(2), 63-66. 

[222] Dabbs, A. D. V., Myers, B. A., Mc Curry, K. R., Dunbar-Jacob, J., Hawkins, R. P., Begey, A., & Dew, M. A. 

(2009). User-centered design and interactive health technologies for patients. Computers, informatics, nursing: 

CIN, 27(3), 175.  

[223] Kapsalyamov, A., Jamwal, P. K., Hussain, S., & Ghayesh, M. H. (2019). State of the art lower limb robotic 

exoskeletons for elderly assistance. IEEE Access, 7, 95075-95086.  

[224] Nef, T., Mihelj, M., Kiefer, G., Perndl, C., Muller, R., & Riener, R. (2007, June). ARMin-Exoskeleton for arm 

therapy in stroke patients. In 2007 IEEE 10th international conference on rehabilitation robotics (pp. 68-74). 

IEEE. 

[225] Chen, B., Zhong, C. H., Zhao, X., Ma, H., Guan, X., Li, X., ...& Liao, W. H. (2017). A wearable exoskeleton 

suit for motion assistance to paralysed patients. Journal of Orthopaedic Translation, 11, 7-18. 


