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Eff acing risk factors for occupa� onal low-back pain in the work 
environment remains a challenge. Therefore, the European consor� um 
SPEXOR aims to design a trunk exoskeleton for low-back pain preven� on 
and voca� onal re-integra� on. This thesis studies the poten� al of 
a passive trunk exoskeleton and provides insight into factors that 
infl uence its usability and acceptability. How to bridge the gap between 
biomechanical solu� ons and end-users’ percep� ons to raise chances of 
success of a trunk exoskeleton? 
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Chapter 1

General Introduction

“[…] what I notice is that there is an increase of people with low-back 
pain despite the technological developments that are happening. It seems 
to only get worse instead of better.” (Physiotherapist at Rehabilitation 
Centre Heliomare in the Netherlands)

Low-back pain is the number one cause of disability in the world [1]. With a 
lifetime prevalence between 75-84% [2], it represents a high socioeconomic 
burden. The Netherlands spends more than 3 billion euros on low-back pain each 
year, with a ratio of 12% to 88% between direct costs, such as medical care, and 
indirect costs, such as production loss and disability costs [3]. Thus, low-back 
pain causes a considerable burden on industry, involving negative consequences 
for companies and the individual employee [4,5].

A variety of factors is believed to contribute to the onset of low-back pain [6], 
including biomechanical, psychosocial and personal factors [7,8]. Researchers 
have, for many years, tried to understand the underlying mechanisms of this 
multifaceted disorder. With no clear pathological cause established in almost 
90 % of the cases [9], current treatment is not very successful. Therefore, the 
prevalence of low-back pain has not decreased despite the increased awareness 
of its burden on society and the individual.

The challenge of reducing occupational risk factors in 
practice

A systematic review has found that high level occupational physical activity has 
an 18% increased risk of early mortality for men [10]. This already indicates 
the detrimental health consequences associated with physical labor. Physically 
demanding jobs that require heavy lifting, trunk rotations or working in awkward 
postures for a longer period of time have been shown to lead to high back 
loading. This might sooner or later result in low-back injury and pain [7, 11-
13]. Being aware of the occupational risk factors and the increased need to 
prevent work-related low-back pain, companies strive to introduce preventive 
strategies in their work environment. Research has focused on different ways 
of adapting work environments to reduce mechanical risk factors. For example, 

SaskiaBaltrusch_BNW_.indd   8SaskiaBaltrusch_BNW_.indd   8 17/06/2020   10:07:0517/06/2020   10:07:05
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increasing lifting height, reducing the lifted load, or introducing lifting robots 
have shown to be promising in terms of reducing the load on the lower back 
[13,14]. However, these preventive strategies often require an adaptation of the 
work environment. In practice, redesigning the workspace is not always feasible 
and such interventions often face implementation problems. Potential challenges 
include high costs of the intervention, time-consuming use and the end-user’s 
lack of trust in an intervention [15]. It therefore remains a challenge to reduce 
mechanical risk factors at work.

In order to illustrate this challenge, I will introduce an example from occupational 
practice. In the Netherlands, a company that is confronted with high numbers of 
sick leave due to low-back pain is the Dutch airline company KLM. An employee 
working at the luggage handling service of KLM has to handle about 300 suitcases 
per flight for up to 9 flights a day. These suitcases can weigh up to 45 kg. This 
is associated with 10-20% of all occurrences of sick leave, being due to pain in 
the low-back, neck or shoulder (Het Parool, April, 2018). KLM has attempted 
to implement strategies to reduce mechanical risk factors, which have been 
identified as promising in research, but limitations of these strategies have 
become apparent. Main tasks of a luggage handler are loading and unloading 
suitcases from carts and conveyor belts. These conveyor belts used to be built 
at ankle height, forcing the luggage handlers to bend down, increasing the load 
on their low-back. Increased lifting height, by redesign of conveyor belts from 
ankle height to hip height, has been implemented at the company. Nevertheless, 
old conveyor belts are still in use, indicating the challenge of increasing lifting 
height in the whole work environment. Reducing the mass that needs to be 
lifted would reduce mechanical load on the back, but is not feasible in the work 
of a luggage handler, since there is no strict weight limit for passengers when 
checking in luggage. As a matter of service, for a given extra fee, they can check 
in luggage of any weight. Another way the company tries to reduce physical 
workload and specifically the load on the back, is the implementation of lifting 
devices, such as a lifting table that can be adjusted in height or a suction device 
that lifts suitcases with air pressure. However, they often remain unused:

“[…] people think: ‘I better leave this thing hanging, because it will be 
faster if I do it manually’.” (Manager, KLM)

1
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Also, robots have been introduced in the work environment. However, given 
the different sizes and shapes of the suitcases, the robot cannot be used at its 
full capacity when loading carts and mistakes have to be corrected manually.

Exoskeletons as a new approach

The example of the airline company shows the challenge of translating research 
results into implementation strategies in practice. It further demonstrates that 
adaptations of the work environment have their limitations to protect employees 
against low-back pain. A potential approach to overcome these limitations might 
be a wearable on-body device that supports the user in any work environment. 
In that case, adaptations to the work site are not needed, which might simplify 
implementation. A wearable device could be used in a variety of working tasks 
and could be adapted to the end-users needs. Indeed, given the advances in 
technology, body-worn assistive devices, also called exoskeletons, have gained 
interest from industry. Examples for devices that are currently used in pilots in 
a few automotive industries are the MATE exoskeleton from the Italian company 
IUVO and the Paexo exoskeleton from the German company Ottobock. Both 
exoskeletons support workers when performing overhead work by unloading the 
arms. Trunk exoskeletons support the user in tasks that involve high loading of 
the back and have the potential to considerably reduce factors associated with 
work-related low-back pain [16]. Yet, challenging issues, such as discomfort, 
weight of the device, alignment with human kinematics and versatility, i.e using 
an exoskeleton for less stereotypical tasks, still need to be solved.

The application of exoskeletons had started in medical and rehabilitation context, 
mostly to support patients with a spinal cord injury [17]. Exoskeletons designed 
to support low-back pain patients in the rehabilitation setting have not been 
developed. However, considering that in the European Union, yearly more 
than 40% of the workers suffer from low-back pain or neck and shoulder pain 
[18], it becomes apparent that there is a need for prevention. When already 
suffering from low-back pain, an exoskeleton could facilitate recovery if used 
within the rehabilitation setting. Still, it remains to be investigated whether trunk 
exoskeletons are suited for rehabilitation purposes.

SaskiaBaltrusch_BNW_.indd   10SaskiaBaltrusch_BNW_.indd   10 17/06/2020   10:07:0517/06/2020   10:07:05
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The SPEXOR project: An iterative design process

Exoskeletons as a new approach for low-back pain prevention and rehabilitation 
was the starting point of the SPEXOR project, a collaboration between institutions 
from 5 different countries, including the Netherlands represented by the Vrije 
Universiteit Amsterdam and the Rehabilitation Center Heliomare. The aim of 
this project was to design and test an assistive device to prevent low-back pain 
in able-bodied workers and to support workers with low-back pain who are re-
integrating in the vocational setting. To address limitations of current assistive 
devices and to gain insight into design requirements, the first step in the project 
was to look through literature on previous attempts. One passive exoskeleton 
that has been reported in literature and that is also commercially available in 
the Netherlands, is the Laevo device. The manufacturer advertises that using 
this exoskeleton leads to:

“Less back pain, more energy and ultimate freedom of movement.” 
(Website Laevo, January 2020)

As a first step in the SPEXOR development process it was decided to use this 
exoskeleton for initial benchmark testing, to assess whether the above statement 
is true and whether the Laevo exoskeleton shows limitations that need to be 
addressed in the new SPEXOR prototype. Second, design requirements were 
established, based on the benchmark results. As a third step, an iterative design 
process, involving measurements and redesign, were performed to evaluate and 
improve the design of the SPEXOR exoskeleton. An iterative design process in 
medical device development has shown to improve usability and user acceptance 
[19, 20]. This thesis focuses on these three steps.

User-centred approach: a research gap in exoskeleton 
technology

To develop an exoskeleton that can be adapted to the end-users’ needs and truly 
meet the demands of the environment in which it is used, the starting point of 
the design process should be the potential end-user.

1
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Although we are committed to scientific truth, there comes a point 
where this truth is not enough, where the application of truth to human 
objectives comes into play. Once we start to think in terms of utility, 
we must leave the placid environment of the laboratory, take off our 
white coats, and roll up our sleeves. (Samuel Florman—“The Civilized 
Engineer”)

End-user involvement can contribute to the acceptance and success of products 
[21]. In medical device development, a user-centred design is a common approach 
and widely recommended, since it improves user acceptance, satisfaction and 
patient safety [22]. However, within the area of exoskeleton development such 
a user-centred approach is still rare. A literature review by Hill et al. (2017) [23] 
aimed to identify existing literature on user-involvement in designing wearable 
assistive materials. To date, there have been no published studies that consider 
the user’s perspective of exoskeleton technology when developing an exoskeleton 
for the trunk. Previous studies on assistive technology for neurological disabilities 
also stress the importance of taking into consideration the user perspective 
[24, 25]. Hill et al. (2017) [23] conclude that future research that focuses on 
aspirations and concerns of potential exoskeleton users is needed to fulfil the 
potential of exoskeleton technology. By understanding difficulties faced by end-
users, researchers can improve the design of exoskeleton technology. This is 
why the SPEXOR project incorporated a user-centred approach.

Target population

As discussed above, an exoskeleton has the potential to be used in both 
rehabilitation and industry. In this thesis, I therefore included two populations: 
low-back pain patients who undergo rehabilitation and employees being at risk 
of getting low-back pain or who are suffering from (a history of) low-back pain 
but are still able to work. Both groups are potential end-users of a passive 
exoskeleton and, as described above, have to be considered and listened to 
when developing a new exoskeleton. Through their involvement at different 
stages within the project, I aimed to receive personal feedback and opinions 
regarding their wishes and doubts with respect to an exoskeleton, but also on 
the design itself to improve usability and acceptability of the device. Given the 
iterative design process of the SPEXOR project, I also included participants who 
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did not fall into one of these target populations. They participated in the initial 
benchmark testing.

The patients that I recruited were all undergoing rehabilitation at Heliomare, but 
showed different levels of disability and large differences in how low-back pain 
influenced their daily life. They consequently represented a larger population 
of low-back pain patients. When recruiting employees, I aimed for companies 
performing manual labour, considering the occupational risk factor for low-back 
pain. I, therefore, contacted the Dutch airline company KLM and the Dutch 
automotive industry Mitsubishi Turbocharger and Engine Europe. Both companies 
have high prevalence of low-back pain among their employees. Working in the 
luggage handling department or working as operators and being responsible 
for assembling and sorting turbochargers, both population groups could give 
feedback on the exoskeleton in regard to their personal work environment.

Other end-user groups that are important to take into consideration when 
introducing an exoskeleton in industry or rehabilitation are the management 
or health care professionals, as they bear the responsibility for introducing 
the exoskeleton. For this thesis, I aimed for a wide range of health care 
professionals to receive opinions on the use of an exoskeleton in rehabilitation 
from, amongst others: medical doctors, psychologists, physiotherapists and 
movement therapists. Since healthcare professionals see a variety of low-
back pain patients, they can share their personal and professional experience. 
Recruiting managers from industry gives insight into factors that might affect 
the implementation of an exoskeleton in the work environment and information 
on economic aspects, such as time expenditure, costs, return of investments 
and potential implementation strategies.

Thus, by involving potential end-users and decision makers from industry and 
rehabilitation, this thesis aims to gain insight into the optimal field of application 
for an exoskeleton, supporting the low-back.

Combining quantitative and qualitative methods

The user-centred approach in exoskeleton technology indicates the need for 
listening to the end-user, besides measuring objective features on mechanisms 

1
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and effectiveness of the device. Therefore, I used both quantitative and 
qualitative research. Such a mixed method approach combines the strengths of 
both research methods. On the one hand, the quantitative approach is deductive 
and allows for generalization of a tested theory. On the other hand, the qualitative 
approach is inductive and focuses on the fact that the social world is only 
accessible to us via respondents’ interpretations, yielding a theory that is driven 
by the participant [26]. Employing both practices can therefore provide stronger 
evidence for a conclusion, by integrating the results and drawing inferences 
[27]. According to Creswell (2003) [28], research is not about choosing either 
a quantitative vs. qualitative approach, but a researcher should focus on how 
research practice lies between the two. Therefore, by incorporating the strengths 
of both methodologies in this thesis, I aim to add insight and understandings into 
the potential of using an exoskeleton for low-back pain prevention and vocational 
reintegration that might be missed when using only a single method.

Outline of the thesis

Recapitulating, effacing risk factors for occupational low-back pain in the work 
environment remains a challenge. Given the fact, that external (off-body) 
assistive devices have their limitations in terms of flexibility and applicability, 
an on-body wearable device (exoskeleton) might be promising to prevent low-
back pain. For adequate development and implementation of an exoskeleton, 
the user’s perspective needs to be included in the design process, requiring 
qualitative research. Therefore, this thesis applies a user-centred approach, 
by combining quantitative and qualitative research methods. Quantitatively, I 
assess how the SPEXOR exoskeleton affects functionality in daily practice. This 
involves not only the potential benefits of this device, such as reducing the load 
on the low back, but also potential limitations. A body worn device that reduces 
mechanical loading on the back during lifting, might obstruct performance 
in other work-related tasks through discomfort, hindrance in movement, or 
affecting the efficiency of movement. This would decrease user acceptance 
and the likelihood that the exoskeleton will be used at work. Thus, I assessed 
comfort and functional performance when wearing the SPEXOR exoskeleton to 
detect the level of hindrance given by the device during a variety of work-related 
tasks. In addition, aerobic loading was measured to demonstrate whether the 
exoskeleton affects movement efficiency. Lower movement efficiency can lead 
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to an early onset of fatigue, which increases the risk of fatigue-related injuries 
of the low-back. Qualitatively, I conducted focus groups and interviews to collect 
opinion and thoughts on the exoskeletons’ potential usability and acceptance in 
the rehabilitation and industry setting. Therefore, the global aim of this thesis 
is divided into two parts:

1) To study the potential effectiveness of using a passive trunk exoskeleton 
(SPEXOR) for low-back pain prevention and vocational reintegration

2) To provide insight into factors that can influence the usability and 
acceptability of an exoskeleton

In view of the aims of the thesis and the mixed method approach, this thesis is 
composed of three parts, dealing with the following research questions:

1) Which factors should be considered, from the end-users’ perspective, when 
designing an exoskeleton for people with low-back pain?

2)  What is the effect of the exoskeleton on functional performance, user 
satisfaction and aerobic loading?

3)  How does the exoskeleton influence self-efficacy and how can acceptability 
of the device be improved?

The first part of my thesis aims attention at identifying criteria that should 
be considered when developing an exoskeleton. In Chapter 2, end-users’ 
perspectives on a passive exoskeleton are assessed using a qualitative approach. 
Conducting focus group discussions with low-back pain patients with different 
levels of pain severity and healthcare professionals of various backgrounds, 
I aimed to collect a broad view of factors that need to be considered when 
developing an exoskeleton. Furthermore, the potential field of application, 
vocation or rehabilitation is discussed.

The second part of this thesis deals with the evaluation of the exoskeleton. A 
test battery is developed to assess the effect of the exoskeleton on functional 
performance, user satisfaction and aerobic loading. First, this test battery is 

1
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used to perform benchmark testing of an exoskeleton that is commercially 
available (Laevo). This benchmark test allows to assess drawbacks and benefits 
of current lifting devices and formulate design improvements to be considered 
in the SPEXOR exoskeleton. Specifically, in Chapter 3, I assessed functional 
performance and user satisfaction when performing a wide variety work-related 
tasks with this Laevo exoskeleton. Outcomes, such as comfort, perceived difficulty 
and freedom of movement were investigated to detect potential benefits and 
limitations. In Chapter 4, I focused on the aerobic loading to investigate how the 
Laevo exoskeleton affects movement efficiency. Subsequently, the benchmarking 
tests were repeated with the prototype SPEXOR exoskeleton to assess potential 
achieved improvements with this novel device and to formulate aims for further 
design adaptations. The design of the SPEXOR exoskeleton is described in 
Chapter 5, which also explains the design requirements and considerations 
that are implemented in this system. Additionally, single component testing, 
biomechanical and functional pilot tests present first results of the new design in 
this chapter. Chapter 6 focuses on the effect of the SPEXOR device on functional 
performance and user satisfaction. In Chapter 7, I addressed aerobic loading 
again, by measuring metabolic cost during lifting and explain changes in aerobic 
loading by measuring muscle activity and mechanical joint work.

The last part of my thesis focuses on the challenge to implement the SPEXOR 
exoskeleton in the work environment. Using a mixed method approach, Chapter 
8 addresses how the SPEXOR exoskeleton could influence self-efficacy and 
acceptability by potential end-users. A focus group with potential end-users 
and an interview with decision makers add insight into design improvements 
and recommendations for implementation strategies.

In Chapter 9 (the general discussion), I summarize and discuss the results of 
the different studies described in this thesis and discuss the implications of the 
findings of this thesis for future research, clinical practice and the work field.
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Abstract

Objective: The objective of this study was to identify criteria to be considered 
when developing an exoskeleton for low-back pain patients by exploring the 
perceptions and expectations of potential end-users.

Background: Psychosocial, psychological, physical load and personality influence 
incidence of low-back pain. Body-worn assistive devices that passively support the 
user’s trunk, i.e. exoskeletons, can decrease mechanical loading and potentially 
reduce low-back pain. A user-centred approach improves patient safety and 
health outcomes, increases user satisfaction and ensures usability. Still, previous 
studies have not taken psychological factors and the early involvement of end-
users into account.

Methods: We conducted focus group studies with low-back patients (n=4) and 
healthcare professionals (n=8). Focus group sessions were audio-recorded, 
transcribed and analysed, using the General Inductive Approach. The focus group 
discussions included trying out a currently available exoskeleton. Questions were 
designed to elicit opinions about exoskeletons, desired design specifications and 
usability.

Results: Important design characteristics were comfort, individual adjustability, 
independency in taking it on and off and gradual adjustment of support. Patients 
raised concerns over loss of muscle strength. Healthcare professionals mentioned 
the risk of confirming disability of the user and increasing guarded movement 
in patients.

Conclusion: The focus groups showed that implementation of a trunk exoskeleton 
to reduce low-back pain requires an adequate implementation strategy, including 
supervision and behavioral coaching.

Application: For healthcare professionals the optimal field of application, 
prevention or rehabilitation, is still under debate. Patients see potential in an 
exoskeleton to overcome their limitations and expect it to improve their quality 
of life.
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1 Introduction

Low-back pain, often termed a pandemic of the modern world, represents a 
large socio-economic burden. In the Global Burden of Disease Study from 2010 
(Institute for Health Metrics and Evaluation), low-back pain was ranked highest 
in terms of years lived with disability. A variety of risk factors are believed to 
contribute to its incidence. Based on epidemiological research, three groups of 
risk factors for low-back pain have been identified: biomechanical, psychosocial 
and individual [1,2].

Many studies have investigated the effects of ergonomic interventions, aiming to 
reduce biomechanical risk factors [3,4]. However, ergonomic interventions are 
rather limited in their applicability, and reductions in back loading are attenuated 
by changes in lifting behavior [5,6]. With recent advances in robotic technologies, 
a shift has occurred towards external lifting devices that help the user to handle 
loads which are too heavy or require awkward lifting postures. Still, for handling 
loads within human capacity, users often prefer manual lifting, since external 
lifting devices are often slow to use and not always easily accessible [7]. This 
suggests that a wearable lifting device may be more usable. Several studies have 
found that wearing devices that passively support the user’s trunk reduces spinal 
loading during lifting, bending and static holding tasks [8-11]. Thus, developing 
such an exoskeleton might be helpful to reduce the risk of low-back pain.

Besides biomechanical risks, psychosocial risk factors need to be considered in 
this context. Systematic reviews have revealed that psychological factors, such 
as stress, anxiety, pain behavior and somatization play a significant role in the 
transition from acute to chronic low-back pain [12,13]. Exposing individuals to 
negative psychosocial environments or demanding mental tasks during lifting 
also leads to increased spinal loading [14,15], indicating an interaction between 
biomechanical and psychological risk factors. Therefore, end-users’ perceptions 
of their environment, such as social, emotional and occupational aspects, need 
to be considered to truly minimize the risk of low-back pain [16].

O’Sullivan et al. (2011) [17] already emphasized the great need to better 
understand the complex mechanisms underlying low-back pain by using 
qualitative research methods, such as interviews and focus groups to listen 

2
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to the patients’ story and explore individual beliefs. Such a user-centered 
approach, when used in medical device development, improves patient safety 
[18] and health outcomes [19], increases user satisfaction [20] and ensures 
usability and functionality [21]. Involving end-users in the early development 
of assistive technology can help to provide a way of formulating or verifying 
design specifications [22]. Still, previous studies on developing exoskeletons 
have not considered psychological factors through involvement of end-users. A 
literature review by Hill et al. (2017) [23] has shown that the scientific community 
responsible for developing exoskeleton technology, has not sought to understand 
the needs and desires of individuals who may ultimately benefit from using an 
exoskeleton.

For assistive technology for people with low back pain both, patients and 
healthcare professionals, should be included as potential end-users. According to 
Darlow et al. (2012) [24], there is strong evidence that healthcare professionals’ 
attitudes and beliefs are associated with the beliefs of their patients, indicating 
that both perspectives are important to identify criteria for an exoskeleton. 
Healthcare professionals may be in a position to facilitate or limit uptake of new 
technology due to communication strategies towards the patients.. Therefore, 
the aim of this focus group study was to identify criteria to be considered in the 
early development phase of an exoskeleton by exploring the perceptions and 
expectations of patients and healthcare professionals towards the potential use 
of an exoskeleton.

2 Methods

We used focus group discussions to explore and clarify the perceptions of 
patients and healthcare professionals as potential end-users regarding the 
usability of exoskeletons. Using focus groups is a qualitative research method 
that explicitly exploits group interaction to help participants to identify their own 
views by discussing, explaining or disagreeing with others and offer insight into 
shared experiences and voiced opinions [25, 26].
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2.1 Participants and Recruitment

Six patients with chronic low-back pain, defined as daily or almost daily pain 
for at least three months undergoing vocational rehabilitation were recruited 
at rehabilitation center Heliomare in Wijk aan Zee, The Netherlands. Excluded 
were patients with specific radiographic abnormalities or a history of spinal 
surgery. In order to represent a larger population of low back pain patients, we 
included patients that showed different levels of disability and large differences 
in low back pain influencing their daily life. Two participants could not attend 
the session due to personal reasons, so we conducted the focus group with 4 
patients. The second focus group consisted of 8 healthcare professionals with 
working experience with low-back pain patients for at least 2 years in a wide 
range of occupations within the healthcare system.

All potential participants received an invitation letter to participate in the study. 
If interested, they could contact the main investigator (SB) to obtain more 
information and sign up for participation. This research complied with the tenets 
of the Declaration of Helsinki and was approved by the medical ethical committee 
of VU medical center (VUmc, Amsterdam, The Netherlands, NL57404.029.16). 
Informed consent was obtained from each participant.

2.2 Procedure and Data Collection

Participants provided written informed consent and completed a short 
questionnaire to obtain information about demographic details. Patients were 
asked for their history of low-back pain and healthcare professionals were asked 
for their occupation. The focus group discussions were conducted by a moderator 
(JK) and an observer (main investigator SB) using a discussion guide (Table 1). 
During the focus group, participants could try out an existing exoskeleton (for 
device description see Appendix) and were provided with a short explanation 
of the same device. Providing participants with visual material information 
facilitates inspiration [27] and helps to give them a clear picture of the current 
state of the science. Therefore, the try-out was meant to give the participants 
an idea and a feeling of how an exoskeleton could look and work like.

2
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Table 1: Discussion guide for patients (left) and healthcare professionals (right).

Patients Healthcare Professionals

1) Round of introductions
Introducing yourself with the help of your personal keyring
Tell us something about yourself by explaining the keys on your keyring

2) What was a key moment with regard 
to your low-back pain?

What was a key moment with regard of 
your work with low-back pain patients?

3) Tell us about your personal situation 
and how you deal with low-back pain 
Exercises, medical devices, pain killer, 
physiotherapy
What do you like/dislike?

Which situation sticks most in your 
memory?
What are the problems?
What are your treatment methods?

4) Try to think back to a situation in the 
past in which you had problems due to 
your low-back pain.

Try to think back to a situation in the past 
in which you had problems with regard to 
patients with low-back pain.

5)  Could patients come up with an idea of how to solve that problem?
Collect on a whiteboard

6) Trying out and explaining an existing exoskeleton
Video
How does this exoskeleton work?

7) What does an exoskeleton need to 
provide to make you use it? (green card) 
What could be a problem that would 
limit your use of an exoskeleton? (red 
card)

What does the exoskeleton need to provide 
to the patient? (green card)
What could be a problem that would limit 
their use of an exoskeleton? (red card)

8)  Do you think an exoskeleton could help you? (in the situation of point 2)
9)  Closing

Do you think you would use an exoskeleton?

Participants tried on the exoskeleton and performed some simple tasks, such 
as walking, sitting, bending forward. The participants were clearly informed 
that the device used in the try-out was only an example and that questions in 
the focus group were still designed to elicit opinions about the potential use 
of exoskeletons in general. We did not aim for an evaluation of the tried-out 
exoskeleton. We concluded both focus groups with a summary of the findings. 
Any additional remarks were noted. Both sessions were conducted in Dutch 
language and lasted between 90 and 120 mins.
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2.3 Data Analysis

Both sessions were audio-recorded and transcribed verbatim. The participants’ 
names were replaced by pseudonyms to maintain anonymity. The transcripts 
were analysed using the thematic analysis, a pattern-based analysis that allows 
to identify and report the salient features of the data [28] and that is commonly 
used in health science research. The coding process started with repeated close 
reading of the text, followed by developing categories and conceptualizing them 
into broad themes. After linking the different categories and embedding them 
into a framework, major themes of the focus group discussion were identified 
until no new themes were generated. The coding and analysis was performed 
by the main investigator (SB). Codes, subthemes and themes were discussed 
with (JK) until consensus was reached on all categories. Direct quotes used in 
the discussion were translated into English.

3 Results

The participant characteristics of the two focus groups are presented in Table 2. 
The average age of the focus group with patients and healthcare professionals 
were 54.8 years and 47.4 years, respectively. Each of the participants was given 
a pseudonym and a designation to distinguish between focus groups (P=patient, 
HCP=healthcare professional).

The main categories derived from the discussions contributing to design 
requirements for an exoskeleton, included “Problems faced as a low-back pain 
patient”, “Experience with assistive devices”, “Concerns and Fears”, “Positive 
Aspects and Design Improvements” and “Field of Application”.

2
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Table 2: Participants’ characteristics

Pseudonym Focus
Group

Age Occupation Work 
experience 
with LBP 
patients

Years 
with 
LBP

Impact 
of LBP on 

activities and 
participation

Silke P 53 Housewife N/A >1 year Struggles with 
certain tasks

Paula P 55 Currently not 
working

N/A >1 year Wheelchair 
bounded

Kai P 58 Construction 
foreman

N/A >1 year Still restricted 
in his work

Mette P 53 Nurse N/A >1 year Able to work 
independently

Adriaan HCP 52 Medical doctor >6 years N/A
Pieter HCP 50 Consultant for 

work-related 
musculoskeletal 

disorders

>6 years N/A

Remy HCP 38 Movement Therapist >6 years N/A
Robin HCP 56 Physiotherapist >6 years N/A
Bram HCP 30 Movement Therapist >6 years N/A
Katy HCP 47 Reintegration Coach >6 years N/A

Myrthe HCP 44 Psychologist >6 years N/A
Carmen HCP 62 Reintegration Coach >6 years N/A

P=Patient, HCP=Healthcare Professional

3.1 Problems faced as a low-back pain patient

Limits in activity levels
Patients considered their limits in activity levels in the discussions about problems 
they face in daily life. They had, and still have, difficulties knowing their limits, 
often realizing too late that they exceeded those, resulting in recurrent low-back 
pain. One patient explained:

“I only knew my limit once I had passed it.” (Paula, P)

They all acknowledged the importance of staying below their l limits and learning 
to listen to their body. Still, it remains a challenge not to exceed these limits.
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Three patients expressed their frustration about not being taken seriously by 
their doctors, who would mainly say “it [the pain] is all in your head”.

Dependency and social exclusion
Patients also centred the discussion on being dependent on other people and 
being socially excluded due to their low-back pain. They all experienced situations 
in which they could not attend social events or decided not to attend in view of 
their low-back pain.

“[…] but if you’re going to a party, everywhere bar tables. Well that’s 
not possible of course […] those are things that you do miss. (Kai, P)

“I’m not joining anymore […] cause that takes me about a week I think, 
and then already days before I think oh save a bit of energy well that’s 
not worth it anymore.” (Paula, P)

Limitations in daily activities
Patients reported having problems due to their low-back pain with prolonged 
standing and sitting, movements that require trunk flexion, such as bending 
forward and lifting, asymmetric movements, rotations, and unexpected 
movements.

 “[…] but she [her daughter] still has to be lifted onto the bike, I don’t 
do that anymore. I’m doing something with my back I‘m not prepared 
for.” (Mette, P)

Even though they all developed methods to deal with their limitations, they 
emphasized:

“[…] the pain always stays […]” (Kai, P).

Underestimation and fear of movement
Prominent in the focus group with healthcare professionals was the self-
perception of patients they encounter during their job. One of the reintegration 
coaches, who performs functional performance tests with patients to assess 
their functional capacity, described:

2
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“What I see regarding low-back pain is that people underestimate 
themselves in what they are able to do, like: I can’t lift this, and then 
you do a test and actually they are able to lift it.” (Carmen, Reintegration 
Coach)

She defined two types of patients. Those who are surprised by their actual 
capacity when performing the test, and those who are convinced of their 
incapacity. Both groups lack confidence in their own capabilities.

Physiotherapists considered that low-back pain patients often stiffen their back 
and do not dare to move anymore for fear of pain. This complicates the choice 
for a certain therapy:

“[…] you are still trying to get them in kind of a movement model […]” 
(Remy, Movement Therapist)

and makes it difficult to prevent guarded movement in patients.

One physiotherapist commented:

“[…] Apparently they’ve learned from us not to move, assuming that it’s 
not good or dangerous.” (Robin, Physiotherapist)

This movement behaviour, that was adopted by the patients in the past, makes 
patients more vulnerable rather than stronger. He also remarked that there is

“[…] evidence that low-back pain isn’t a disease for the majority here.” 
(Robin, Physiotherapist)

indicating, that most patients do not have musculoskeletal problems that explain 
their low back pain. However, one reintegration coach noted that she, in contrast, 
sees a lot of patients

“[…] who perform lots of repetitive, physically demanding work, who do 
have mechanical problems […]” (Katy, Reintegration Coach)

SaskiaBaltrusch_BNW_.indd   30SaskiaBaltrusch_BNW_.indd   30 17/06/2020   10:07:0817/06/2020   10:07:08



31

Chapter 2

Patients responded in different ways regarding fear of movement:

“I can’t really say I’m afraid, I’m not afraid to move but I know that I just 
do a lot of things that makes it worse.” (Paula, P)

“Yes there is indeed fear.” (Kai, P)

3.2 Experience with assistive devices

Limitations of current devices
Patients talked about devices they use for supporting their low back. Three 
patients reported using a back belt, but complained about discomfort and lack 
of versatility to use it for different tasks.

“I have a hate-love relationship with this corset. I’ve really tried 
everything, but what works when standing doesn’t work when sitting 
[…]” (Paula, P)

One patient had positive experiences with assistive devices. Working as a nurse, 
she uses a stool to unload her back during forward bending work. Using elastic 
tape on the low back was another method one patient appraised positively in 
view of the simple application. She, however, also mentioned the difficulty of 
applying and removing the tape herself.

Healthcare professionals did not bring up the use of current devices in the 
discussion.

Positive experiences with the exoskeleton
When trying out the exoskeleton during the focus group, patients noted that 
they perceived support by the device and mentioned increased stability in the 
low back. One patient commented:

“It makes you feel how it could be and how it was […] actually a very 
old, familiar feeling […]” (Paula, P)

2
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They all agreed on perceived support during forward bending and believed that 
the exoskeleton would help with lifting. Pain relief was mentioned by one patient.

Healthcare professionals mainly felt support when moving up from a forward 
bent posture or during static forward bending.

One reintegration coach stated that

“[…] you do get controlled in your movement.” (Kathy, Reintegration 
Coach)

This control was attributed to the resistance of the exoskeleton. Two people 
perceived this resistance as a hindrance when bending forward.

“You do have to put in some effort to move forward […] that costs more 
energy than doing it by myself.” (Pieter, Consultant)

Negative experiences with exoskeleton
Both focus groups complained about discomfort at the chest and hindrance 
during sitting, mainly due to high pressure on the upper legs. Only the group of 
healthcare professionals raised the guarded movement the user gets forced into:

“[…] is a bit artificial I think. A bit forced to move in a certain way […]” 
(Bram, Movement Therapist)

3.3 Concerns and Fears regarding exoskeletons

Treat the root, not the problem
When talking about their concerns, healthcare professionals centred their 
discussion on the fact that an exoskeleton works biomechanically, whereas 
chronic low-back pain has a variety of causes. Using the exoskeleton in the 
rehabilitation setting would mean that

“[…] all possible causes of pain are immediately set aside […] even though 
we know it is actually the other way around.” (Robin, Physiotherapist).
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They confirmed the statement of the patients that pain always remains, stressing 
that identifying the root cause is more important than using an exoskeleton to 
treat the after-effect.

Vulnerability and Dependency
Healthcare professionals considered the influence of the exoskeleton on the 
patient’s behaviour as critical, indicating that wearing such a device can make 
the patient think:

“[…] with this thing you are safer […] But without this thing you’re more 
vulnerable […]” (Robin, Physiotherapist).

Providing patients with a “pseudo-safety” will make them use the device more 
frequently, leading to dependency on the device, and cause a

“[…] decrease in confidence in your own body […]” (Bram, Movement 
Therapist)

The psychologist remarked that the problem of behavioural change can be 
avoided if the device is used in combination with a behavioural coaching.

“I see it a bit like somebody keeps on moving. Can in principle be helpful.” 
(Myrthe, Psychologist)

Healthcare professionals reached consensus on the fact that supervision is 
essential to guarantee the correct use of the exoskeleton in terms of frequency 
and regarding

 “[…] the choice […] to wear or not to wear it […] So it can never be 
like here you go, this is the device, you are taken care of.” (Robin, 
Physiotherapist)

Patients did not bring up fear of dependency during their discussion. After asking 
them directly, they explained they would not use the exoskeleton during the 
whole day. Hence they did not expect to get dependent on it.

2
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Muscle Weakness and Overloading
An issue that both groups noted was the fear of losing muscle strength when 
wearing the device for a longer period of time. Patients were concerned about 
not using their back muscles anymore, resulting in overloading and probably 
more pain once the device has been taken off.

Healthcare professionals talked about a transformation in muscle tissue in 
the long-term, leading to an even more vulnerable patient, and a potential 
overloading of the knees, since the exoskeleton transfers the load from the 
back to the legs.

3.4 Positive Aspects and Design Improvements

Individual fit and task specific
Patients reached consensus that an assistive device should provide individual fit, 
being case-specific to their personal needs and maintaining independence when 
using the device. Consequently, using the device should not require any help for 
putting it on or taking it off, or for making adjustments. Another important issue 
raised by both groups was having a versatile device that can provide different 
modes of support, depending on the task performed.

Comfort and Visibility
In both focus groups, improved comfort was considered as an important design 
requirement. Patients focused on changing the location of the chest pad to 
prevent pressure on the chest and to reduce the weight of the device. One 
patient explained she would like to have a device that is:

“[…] less present. Not because someone might see it, but I just don’t 
wanna feel that I have something around me.” (Paula, P)

They all agreed that being seen with the device would be acceptable, if it was 
of light material and not too bulky.

Healthcare professionals considered using a back-pack like structure, instead of 
the chest pad, to distribute the pressure over the upper body. When discussing 
the visibility of the device, healthcare professionals raised positive and negative 
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consequences. Wearing the device under the clothes effaces the flexibility of 
taking it on and off, whenever needed, and might lead to irritation of the skin. 
The consultant was concerned that it might confirm the patient’s believe

“[…] that you can’t do anything without it.” (Pieter, Consultant)

whereas wearing the device over the clothes gives the impression of a temporary 
assistance.

Both groups remarked the risk of getting caught up in something when wearing 
the device over the clothes. Furthermore, visibility of the exoskeleton could, on 
the one hand, facilitate the legitimacy of the patient’s complaints as a form of 
‘medication’ making it easier to deal with problems such as coverage of costs 
by insurances. On the other hand, this visibility can be misused by the employer 
to increase work demands

“[…] that he [the employer] thinks: hey, he has this thing […] here you 
go, another five hundred boxes extra.” (Bram, Movement Therapist)

Both groups mentioned that wearing an assistive device

“[…] could suggest you to be more vulnerable […]” (Myrthe, Psychologist)

Showing vulnerability from the patient’s perspective helps to protect themselves 
against unexpected situations. Two patients said they are often afraid of being 
knocked over in a crowd:

“[…] because if I walk without [the device] then they think there’s nothing 
wrong.” (Mette, P)

3.5 Field of Application

Healthcare professionals focused their discussion on the field of application and 
where they would see the best use of an exoskeleton.

2
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One movement therapist emphasized:

“It really depends on the sector […] Is it feasible for rehabilitation? Then 
I don’t think so […] in rehabilitation there are so many other factors that 
play a role than just purely physical […] but is it feasible for vocational 
rehabilitation, if you implement it as an assistive device, then I think it 
is […]” (Bram, Movement Therapist)

The psychologist agreed on the implementation of the device in the work 
environment:

“We currently have someone in the training who is working in construction 
[…] he has to stand in flexion almost the whole day. So this [the device] 
would be a nice assistance.“ (Myrthe, Psychologist)

Patients considered wearing the device during their normal life to overcome 
their limitations, provided that it meets the requirements they discussed during 
the focus groups.

“If it completely meets all the requirements, then I think I would put it 
on in the morning and take it off in the evening.” (Kai, P)

4 Discussion

This focus group study was a first step in a patient-centred design approach 
for a novel trunk exoskeleton. We explored potential end-user’s perceptions of 
an exoskeleton to identify criteria to be considered at the start of the design 
process. Specifically, we investigated healthcare professionals’ and patients’ 
perspectives on the idea of using an assistive device to deal with low-back pain 
patients’ main limitations.

Main concerns from the patient’s perspective were loss of muscle strength as 
a long-term effect of using an assistive device, and overloading of the low back 
when taking it off after a long period of use. Previous research on different 
devices, supporting the trunk, has shown that back muscle activity decreased 
between 10% to 40% during lifting and up to 10% to 60% during static forward 
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bending [29,30]. In the long-term this reduction in muscle recruitment might 
lead to a reduction in back muscle capacity , due to the decreased demand on 
the back muscles, A long-term study on the effect of wearing an exoskeleton 
on muscle strength would be needed to deal with the patients’ concern. A 
requirement that derives from this argument is that an assistive device should 
be used temporarily and the level of support should be adjustable, as mentioned 
by the patients. Providing different levels of support allows the user to decide 
how much support is needed for certain tasks and how much work can still be 
performed by their trunk muscles.

From the healthcare professionals’ perspective, disadvantages of using 
an assistive device would be confirming the patient’s disability, increasing 
vulnerability and potential dependency on the device. Given that low-back 
pain patients appear to often underestimate their own capabilities, an assistive 
device might only confirm their wrong self-perception. Trippolini et al. (2018) 
[31] showed that people suffering from low-back pain indeed have reduced 
self-efficacy. Low levels of perceived self-efficacy influence behavior in a way 
that people shy away from tasks they perceive as a threat with respect to their 
musculoskeletal disorder [32]. The focus group with patients confirmed that 
a change in movement behavior occurs due to fear of movement and fear of 
recurrent pain. Healthcare professionals even admitted partial responsibility as 
a result of wrong beliefs in the past that were communicated to low-back pain 
patients. Still, patients also confirmed that they believed to be supported in their 
daily activity tasks when wearing the device and indicated to be potentially more 
active with the exoskeleton, rather than feeling confirmed in their disability.

Adapting movement behavior is a common way of low-back pain patients to 
deal with their pain and may consist of lowering physical activity [33] increasing 
trunk muscle co-contraction and reducing deep trunk muscle activity [34]. This 
leads to consequences such as decreased movement and motor variability, 
increased spinal loading [34] and detrimental effects, such as high cumulative 
load on intervertebral discs and stiffening of the trunk muscles [35]. Especially 
decreased motor control was mentioned by the healthcare professionals, who 
explained that low-back pain patients often show guarded movement. They 
therefore expressed their concern immobilizing patients with the exoskeleton, 
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rather than supporting them in moving again. Patients perceived this “guarding” 
as more stability in the back and felt more confident.

Translating the concerns on confirming inability and adapting movement behavior 
into design requirements, an exoskeleton should increase patients’ confidence 
rather than confirming inability. If users feel more confident in performing 
tasks when wearing the device, they may be more likely to return to work 
[36].This confidence cannot be achieved by only adapting the design of the 
device but rather depends on the implementation strategy of the device in 
the rehabilitation setting and on adequate communication between patient and 
healthcare professional.

Another concern of healthcare professionals was the fact that low-back pain 
would mainly be a psychological problem, whereas the assistive device would 
focus on low-back pain as a biomechanical problem. Previous epidemiological 
research has shown that both, biomechanical and psychological risk factors 
are associated with low-back pain [1,2]. In contrast to our study, a cross 
sectional study by Stevens et al. (2016) [37], who investigated patients’ and 
physiotherapists’ views on triggers for low-back pain, showed that both groups 
endorse biomechanical risk factors as the most important risk factor category. 
Asking participants in a short survey to name triggers for a sudden episode of 
acute low-back pain, Stevens et al. (2016) [37] provides only a rough overview of 
responses. Due to the qualitative approach, our study adds more insight into the 
spectrum of personal experience in the context of developing an assistive device. 
This might explain the difference we found in the healthcare professionals’ beliefs 
compared to the study of Stevens et al. (2016) [37]. It should still be noted that 
the use of a spinal assistive device is more likely to show beneficial effects for 
patients with mechanical low-back pain, as this is the nature of the device.

Important design characteristics that were directly mentioned during the 
discussions were comfort, adjustability to align the device to the individual user, 
and independency in taking it on and off. Furthermore, the possibility of gradual 
adjustment of support was considered as advantageous in order to provide task-
specific support and versatility, hence being able to perform a variety of tasks 
without hindrance. Previous research has shown that comfort and versatility 
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are indeed limitations of most assistive devices [9,38] , leading to decreased 
user-friendliness and limited usability in daily life.

When discussing the usability of the exoskeleton and it’s field of application, 
healthcare professionals believed that exoskeletons are mainly useful as 
preventive measures at work site, supporting tasks like forward bending, 
lifting and strenuous physical work. This type of usage is supported by several 
studies that have shown that forward bending, lifting and static holding are 
supported by assistive devices [8-11]. Users, however, should be aware of 
potential negative consequences, such as misuse of the assistive device at 
work or increased work expectations by the employer. Furthermore, healthcare 
professionals considered using the device in the late stage of rehabilitation, 
namely vocational reintegration, provided a clear target group and an explicit 
implementation strategy is defined. Furthermore, long-term supervision would 
be crucial to ensure the correct use of the assistive device. Patients considered 
using the device to be supported in their daily activities and to overcome their 
participation limitations, such as dependency on others and social exclusion, 
provided the suggested features could be incorporated. The different opinions 
on application underlines the importance of adequate communication between 
healthcare professional and patient, when aiming to introduce an exoskeleton in 
rehabilitation. Still, further research is needed to identify the optimal application 
for an exoskeleton.

Limitations and Futures research
As the majority of participants in this study were recruited at the same 
rehabilitation centre in the Netherlands, transferability and applicability of the 
focus group findings are somewhat restricted. Results may be different in other 
healthcare centres and other countries. We, however, believe that our findings 
give a good insight into context-dependent views of potential end-users on this 
currently important topic in research regarding the use of wearable assistive 
devices in the prevention and management of low-back pain.

Another limitation of this study is the small sample size of the focus group with 
patients. As a result, the moderator had to actively facilitate the interaction. 
However, as an advantage of the small group, patients intensively shared their 
personal experience with low-back pain.

2
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5 Conclusion

The findings presented in this study suggest many implications for design 
of an exoskeleton, which can be used in future developments. The major 
issues offering guidance for improvements in future designs, are comfort, 
adjustability to the body, independence in putting it on and taking it off, and 
gradual adjustment of support. To deal with the main concerns such as loss of 
muscle strength, dependency and adapted movement behavior, an adequate 
implementation strategy is essential, including supervision and behavioral 
coaching. Furthermore, the optimal field of application is still under debate. 
Considering that healthcare professionals bear the responsibility of implementing 
it when used in rehabilitation, but see greater potential in the vocational 
reintegration or as preventive measure in the work environment, it is less likely 
that a spinal assistive device will find its way into the clinical rehabilitation 
environment.
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7 Appendix

The device tested in this study was the passive exoskeleton “Laevo” (Intespring, 
Delft, The Netherlands), which is currently available on the market and used in 
various companies It is worn around the waist with a belt and consists of pads at 
the anterior side of the chest and thighs and posterior at the level of the pelvis. 
The chest component is connected to the thigh component via the pelvis belt, 
through rigid bars running over a smart joint with spring-like characteristics. 
This joint generates a supporting extension moment at the level of the low back 
when bending forward. The chest pad can rotate in the frontal plane of the trunk 
to allow trunk rotation.
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Abstract

The objective of this study was to assess the effect of a passive trunk exoskeleton 
on functional performance for various work related tasks in healthy individuals.

18 healthy men performed 12 tasks. Functional performance in each task was 
assessed based on objective outcome measures and subjectively in terms of 
perceived task difficulty, local and general discomfort.

Wearing the exoskeleton tended to increase objective performance in static 
forward bending, but decreased performance in tasks, such as walking, carrying 
and ladder climbing. A significant decrease was found in perceived task difficulty 
and local discomfort in the back in static forward bending, but a significant 
increase of perceived difficulty in several other tasks, like walking, squatting and 
wide standing. Especially tasks that involved hip flexion were perceived more 
difficult with the exoskeleton.

Design improvements should include provisions to allow full range of motion of 
hips and trunk to increase versatility and user acceptance.
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1 Introduction

Low-back pain is one of the major health problems, causing large-scale personal 
suffering [1], work absenteeism [2] and socioeconomic costs [3]. Affecting 
60-80% of people at some point in their lifetime [4] and being one of the most 
common health reasons given for work loss [2,5,6] low-back injuries continue 
to be an occupational health problem. Despite increasing awareness of the 
need for prevention, the prevalence of musculoskeletal disorders (MSD) has not 
decreased [7].

With recent advances in technology interest has shifted from adaptions of the 
work environment or worker behavior, towards body worn assistive devices, also 
called (non-actuated) exoskeletons, which support the user when performing 
tasks that involve high back loads. To date, most devices that have been 
developed to reduce back loading and to prevent low-back pain are mainly in 
the experimental stage and are not used in practice yet. Several experimental 
studies found reduced low-back loading during lifting, bending and static 
holding tasks when using assistive devices that passively support the user’s 
trunk against gravity [8-12]. These studies have generally been performed 
using controlled manual materials handling tasks in artificial laboratory settings. 
Bosch et al., (2016) [9] assessed the effect of wearing the passive exoskeleton 
“Laevo” (Intespring, Delft, The Netherlands), which is commercially available 
and already used at different work sites, on discomfort and endurance time in 
forward bending work. They found lower discomfort in the lower back and an 
increase in endurance time when wearing the exoskeleton. A similar study was 
conducted by Graham et al., (2009) [10]. They performed one of the few studies 
to assess user acceptance in the field. Participants were wearing a personal lift 
assist device (PLAD) and performed an on-line assembly task at an automotive 
manufacturing facility. Participants reported no interference of the PLAD with 
the task and an offloading of their back. Despite the problem of pressure points 
at legs and shoulder, the device reached high user acceptance.

However, the tasks performed in the above studies mainly required static holding 
of a forward bent trunk posture. In contrast, most physically demanding jobs, 
such as warehousing, construction work or healthcare comprise combinations 
of many different tasks besides lifting, such as carrying, walking and working in 
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different postures. Assistive devices might reduce the mechanical load in one 
specific task but might obstruct performance in other tasks. Thus, the practical 
implementation of exoskeletons might be limited due to low user acceptance, 
based on discomfort at the physical user interface with the device [13] and 
movement limitations by the device. By being limited to only one stereotypical 
task, these studies do not represent the variability in tasks and trunk movement 
patterns that characterize many work environments. Thus, results presented 
above cannot be generalized to environments with more versatile working tasks. 
Therefore, evaluating the functional performance, i.e. the ability to perform 
relevant functional tasks beyond manual materials handling, is essential to assess 
user acceptance of exoskeletons in realistic work situations. This will provide 
insight into design problems of existing devices, necessary to improve designs 
and make them more usable and acceptable in a realistic work setting.

The purpose of this study was to assess the effect of a passive exoskeleton on 
functional performance in healthy individuals in 12 different work-related tasks, 
based on objective and subjective outcome measures. We selected a series 
of tasks based on their relevance and occurrence in physically stressful jobs, 
such as construction, logistics and manufacturing. Among these tasks, three 
types can be considered: (1) tasks in which the user potentially benefits from 
the exoskeleton, such as lifting and working in a static forward bend position, 
(2) functional tasks in which the user is potentially hindered by resistance 
against movement generated by the device and (3) basic movements requiring 
participants to use a large range of motion (ROM). We expected positive effects 
of the device for the first set of tasks (1) and negative effects for the latter ones 
(2 and 3). By testing a passive exoskeleton that is already used at work sites 
(Laevo; Intespring, Delft, The Netherlands), we aimed to test these assumptions 
and to create a benchmark for further developments of low-back assistive 
devices.

2 Methods

2.1 Passive Exoskeleton

The device tested in this study was the passive exoskeleton “Laevo” (Intespring, 
Delft, The Netherlands), which is currently available on the market and used 
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in various companies (Figure 1). It is worn around the waist with a belt and 
consists of pads at the anterior side of the chest and thighs and posterior at the 
level of the pelvis. The chest component is connected to the thigh component 
via the pelvis belt, through rigid bars running over a smart joint with spring-like 
characteristics. This joint generates a supporting extension moment at the level 
of the lower back when bending forward. The chest pad can rotate in the frontal 
plane of the trunk to allow trunk rotation.

Figure 1: Laevo (Intespring, Delft, Netherlands). The hip centre of rotation of the device 
is to be aligned with the user’s trochanter major. The straps are used for personal length 
adjustment and do not have a mechanical role other than keeping the device in place. The 
chest pad can rotate in the frontal plane to facilitate walking. The Smart Joint allows hip/
trunk flexion/extension. Number of hip/trunk flexions while wearing the device is measured 
by the counter.

2.2 Participants

Eighteen men with no low-back pain history, average age of 27.7 ± 5.1 years, 
average height of 1.78 ± 0.06m and average weight of 74.7 ± 8.0kg participated 
in this study. Their average Work Ability Index [14] was 9 on a scale of 10, with 
a range from 6-10. The participants received an information letter prior to the 
experiment and signed an informed consent form on the measurement day. 
The experiment was approved by the medical ethical committee of VU medical 
center (VUmc, Amsterdam, The Netherlands, NL57404.029.16).

3
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2.3 Testing Procedure

Each measurement session began with fitting and adjusting the exoskeleton 
to the participant. Height, weight, trunk height and chest circumference of the 
participants were measured and a first questionnaire related to their work ability 
was completed. Before the start of the test battery every participant could walk 
a few steps, do some squats and move a bit in the exoskeleton to get habituated 
to it. Participants then performed a series of functional tasks in two conditions 
1) with the exoskeleton (Exoskeleton condition) and 2) without the exoskeleton 
(Control condition). The starting condition and the sequence of the tasks were 
randomized to prevent order and habituation effects. Functional performance 
was assessed with objective outcomes and with subjective outcomes: perceived 
task difficulty and comfort of the device, by using questionnaires after each of 
the tasks. An overall impression questionnaire regarding the exoskeleton was 
completed by the participants at the end of the session. All measurements were 
done on the same day.

2.4 Selected tasks

The selected tests and related objective and subjective outcome measures 
are summarized in table 1. The tasks were selected to provide a test battery 
of realistic working tasks and to test the exoskeleton’s versatility. The first 
selection of tasks was based on the list of tasks that are considered in the 
functional capacity evaluation (FCE, Isernhagen Work Systems), an assessment 
method that realistically and reliably judges work-related physical performance 
capacity [15]. Other tasks were added based on workplace observations. We 
did not prescribe a given technique for task execution to keep the assessment 
of functional performance as close as possible to real-life situations.
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Table 1: Functional performance tests and their respective procedure and outcome measures.
Test Procedure Objective

outcome measure
Subjective
outcome 
measures
GD LD PTD

1. 
Lower lifting

4-6 lifts from floor level, 
weight is added to the 
box (2.5, 3, 5, 7.5 or 10 
kg). Start weight is 5 kg 
and maximum = 23 kg. 
Increasing the weight 
depends on coordination 
and participant’s 
perception.

Max weight lifted 
(kg)

x x

2. 
Carrying

Carrying the max. weight 
determined in the lower 
lifting test in a box for 10 
meters.
Time recording stopped 
when the participant 
passed the 10-meter mark.

Performance time 
(s)

x x

3. 
Forward 
bending

 Standing with flexed 
trunk between 30 and 60 
degrees.
Performing a simple manual 
task on a table at knee 
height, max 5 mins.

Maximal holding 
time (s)

x x x

4. 
One-handed 
bank 
position

Holding bank position with 
one hand on the floor.
Performing a simple manual 
task on the floor, max 5 
mins.

Maximal holding 
time (s)

x x x

5. 
6 Minutes 
Walk Test

Walking as far as possible 
in 6 minutes.

Distance (m) x x

6. 
Sit to stand

 Sitting down on a chair 
and getting up 5 times. 
Participant started in sitting 
position and time recording 
stopped when participant 
sat down the 5th time.

Performance time 
(s)

x x

7. 
Stair 
Climbing

Climbing up- and 
downstairs as fast as 
possible for 20 steps. No 
use of handrails. Time 
recording stopped when 
both feet were on the floor 
again.

Performance time 
(s)

x x

3

SaskiaBaltrusch_BNW_.indd   53SaskiaBaltrusch_BNW_.indd   53 17/06/2020   10:07:1217/06/2020   10:07:12



54

Chapter 3

Test Procedure Objective
outcome measure

Subjective
outcome 
measures
GD LD PTD

8. 
Ladder 
Climbing

Climbing up and down 
a ladder twice. Time 
recording stopped when 
both feet were on the floor 
again.

Performance time 
(s)

x x

9. 
Bending the 
trunk

Bending forward as 
much as possible, knees 
extended.

Distance fingertip 
to floor (cm)

x x

10. 
Wide Stance

Standing with feet 20 cm 
apart, gradually increasing 
distance by 20 cm.

Maximal distance 
(cm)

x x

11. 
Rotation of 
the trunk

Rotating the trunk 5 times 
to both side.

None x x

12. 
Squatting

Squatting down to the floor 
3 times, touching the floor 
with the fingers.

None x x

GD: General discomfort; LD: Local Discomfort; PTD: Perceived Task Difficulty

Lower Lifting
This task is part of the FCE. It is an incremental test, that assesses the maximum 
weight a person can lift safely. Since lower lifting is one of the main activities 
that exposes people to high back loads and hence a main risk factor for low-
back pain, we included this task, with a maximum weight of 23 kg to stay within 
the limits proposed in the National Institute for Occupational Safety and Health 
(NIOSH) guidelines [16]. No specific lifting technique was advised, participants 
were free to select mode of execution, since we wanted to keep the situation 
close to real work conditions. Due to the limited maximum mass, we expected a 
ceiling effect in this task. We therefore emphasize the effect of the exoskeleton 
on the subjective performance for this task.

Carrying
As carrying is a combination of walking and lifting and is often required in manual 
material handling, this component of the FCE was included.

SaskiaBaltrusch_BNW_.indd   54SaskiaBaltrusch_BNW_.indd   54 17/06/2020   10:07:1217/06/2020   10:07:12



55

Chapter 3

Forward Bend Standing, One-handed Bank Position
Static holding is often required in manual work and is also included in the FCE. 
We chose two different postures that are frequently used at work sites and that 
involve a small trunk inclination angle (Forward Bending Stand) and a large trunk 
inclination angle (One Handed Bank Position, i.e. sitting in a kneeled position 
supported by one hand on the floor while the other hand performs a task).

Walking
Walking is done at almost any work place. To asses walking, we chose the “6 
Minutes Walk Test”, which is commonly used to measure walking performance 
[17]. Since walking performance is dependent on aerobic capacity, but also on 
walking economy and potentially also on mechanical load and discomfort, this 
test appears suitable for assessing the effect of wearing an exoskeleton on the 
functional walking capacity.

Sit to Stand
This task was chosen to assess the effect of the exoskeleton on relevant transfer 
movements. The “Sit to Stand” is a test that is frequently used in clinical settings 
[18]. We considered this task as relevant, given the fact that the exoskeleton 
should not hinder the user in sitting down or getting up during work.

Stair Climbing and Ladder Climbing
Stair Climbing, as part of the FCE protocol, is considered to be an important 
work-related activity. After observations of occupational tasks, we also added 
ladder climbing, given its frequent appearance in various branches of industry 
that also entail heavy lifting.

Rotation of the trunk, Squatting, Bending the trunk
These basic movement tasks were chosen to assess to what extent range of 
motion would be limited by the device.

Wide Stance
This basic movement task was added to the test battery after workplace 
observations, realizing that wide stance was often performed to ensure safe 
standing when performing manual work. The potential hindrance by the device 
due to the leg pads was a reason to include this task.

3
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2.5 Outcomes

The functional performance was measured based on objective and subjective 
outcome measures. In this way, not only the objective performance with the 
device, but also the user experience of working with the trunk exoskeleton could 
be assessed.

Objective outcome measures
For tests 1,2 and 5-8 the participant was instructed to perform the task “as fast 
as possible, but still in a safe and comfortable way”. Time recording, by means 
of a stopwatch, started when the researcher said “go” and stopped when the 
participant finished the task (see Table 1). Since tests 11 and 12 were chosen to 
assess the range of motion in terms of subjective experience only, no objective 
outcomes were measured.

The simple manual task that was performed for tests 3 and 4 was a sorting task, 
in which the participant had to sort colored confetti by color into rows of ten. 
This task was chosen, because it can be done at any speed for 5 minutes and 
requires a high precision. Before the static holding tasks, the participants were 
instructed to choose a comfortable posture to ensure that they used the device 
in the correct way. They were not allowed to change that posture during the task 
but were allowed to stop at any time due to local discomfort in the lower back.

Subjective outcome measures
The subjective outcome measures were all assessed by using a visual-analog 
scale (VAS). A visual-analog scale is considered to allow a finer distinction 
between participants opinion by reducing the variation of individual interpretation 
compared to numerical rating scales [19].

Perceived task difficulty: After each task, the participant was asked to indicate 
the perceived difficulty of the task on the VAS, ranging from “very easy” to “very 
difficult”, with the question: “How difficult was the task you just performed?”. 
This VAS was presented on paper and the participant had to place a cross on 
the scale. The perceived task difficulty was assessed in both conditions.
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General Discomfort: In the Exoskeleton condition, the participant was also asked 
to indicate the general discomfort of the device (“Indicate the comfort of the 
device in the task you just performed”). The participant had to place a cross on 
the VAS scale, that ranged from “very comfortable” to “very uncomfortable”.

Local Discomfort: Local Discomfort was only assessed for the static holding 
tasks 3 and 4. After each task, the participant was asked to indicate the local 
discomfort experienced in different body areas on a VAS scale, ranging from 
“no discomfort” to “maximal discomfort”. The chosen body areas were chest, 
abdomen, upper back, lower back, upper legs ventral and upper legs dorsal side. 
This choice was made based on body areas that were expected to be loaded or 
unloaded by the device.

User Impression: The overall user impression was assessed with a User’s 
Impression questionnaire, that the participants had to fill in at the end of the 
assessment. Adjustability, range of motion and efficacy of the device were 
addressed in the questionnaire through VAS scales (see Appendix 1 for more 
detailed information).

2.6 Statistical analysis

To test for statistically significant differences in functional performance between 
Exoskeleton and Control condition, each of the objective outcome measures was 
analyzed with a paired t-test. For perceived task difficulty and local discomfort, 
the VAS scale values were compared between Exoskeleton and Control condition 
using the non-parametric Wilcoxon test, since there is sufficient evidence that 
VAS scales generate ordinal data [19]. To assess whether the objective outcome 
measures are related to general discomfort, a Spearman rank order correlation 
was conducted. Alpha of 0.05 was used as the critical level of significance. 
Corrections for multiple testing were made by dividing α by the number of 
tests performed for each outcome within each group of tasks. For the general 
discomfort and the user’s impression, descriptive data are presented, since 
these parameters were only assessed in the Exoskeleton condition. All statistical 
analyses were performed using SPSS for Windows (IBM, SPSS Statistics 23.0, 
USA).

3
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3 Results

When wearing the exoskeleton, the objective performance decreased in 7 out of 
10 tasks and showed a trend towards improvement in only one, namely forward 
bend stand (Figure 2).

Figure 2: Change in objective performance for the various tasks. To facilitate comparison 
of the diff erent tasks, values were normalized to score in the control condition (without 
exoskeleton). The dotted lines represent the division between the groups of tasks (fully 
described in table 1), in which the user is potentially assisted (left side), tasks, in which 
the user is potentially hindered by resistance against movement generated by the device 
(middle) and basic tasks requiring participants to use a large range of motion (right side). If 
there was no change in functional performance a bar for that task is not visible. * Signifi cant 
change in functional performance between exoskeleton (with) and control condition 
(without).

Signifi cant reductions in performance between exoskeleton and control condition 
were found for carrying time (5.2s ± 0.9 vs. 4.8s ± 0.8; p=0.002), walking 
distance (533m ± 44 vs. 577m ± 42; p= 0.000), stair climbing time (14,2s ± 
2.1 vs. 13.2s ± 2.1; p=0.000), ladder climbing time (15.1s ± 1.8 vs 13.4s ± 1.7; 
p=0.002), and fi ngertip to fl oor distance when bending the trunk (10.6cm ± 8.6 
vs. 8.8cm ± 7.1; p=0.009). There were no signifi cant diff erences in maximum 
holding time of forward bending, sit-to stand time and maximum distance in 
wide standing. For the tasks lifting and one-handed bank no change in functional 
performance was found.
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The perceived task diffi  culty increased in many of the tasks when wearing 
the exoskeleton, and decreased in one of the tasks that were expected to be 
supported by the device (Figure 3).

Figure 3: Boxplots of perceived task diffi  culty. (The red line represents the sample median. 
The distances between the tops and bottoms are the interquartile ranges. Whiskers show 
the min and max values; outliers are represented as a +). The dotted lines represent 
the division between the groups of tasks (fully described in table 1), in which the user is 
potentially assisted (left side) , tasks, in which the user is potentially hindered by resistance 
against movement generated by the device (middle) and tasks requiring participants to use 
a large range of motion (right side). Brackets indicate signifi cant diff erences between the 
exoskeleton (with) and control condition (without). 0=very easy, 10=very diffi  cult.

In the group of tasks in which the user is potentially assisted by the exoskeleton, 
a signifi cant diff erence was only found for forward bending, with a lower 
perceived task diffi  culty in the exoskeleton condition compared to the control 
condition (2.2 ± 2.55 vs. 5.3 ± 3.98; p=0.010). In the group of tasks in which 
the user is potentially hindered by the device, a signifi cant increase of perceived 
task diffi  culty in the exoskeleton condition compared to the control condition 
was noted for walking (2.15 ± 1.55 vs. 0.20 ± 1.10; p=0.014), sitting (0.65 ± 
2.08 vs. 0.20 ± 0.48; p=0.004), rotating (0.75 ± 1.63 vs. 0.10 ± 0.20; p=0.003), 

3
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squatting (1.70 ± 2.68 vs. 0.20 ± 0.75; p=0.000) and wide standing (2.45 ± 4.75 
vs. 0.45 ± 1.28; p=0.001).

The general discomfort caused by the device for each task when wearing 
the exoskeleton is shown in fi gure 4, with 0=very comfortable and 10=very 
uncomfortable.

Figure 4: General discomfort caused by the device in the exoskeleton condition for each 
task. 0=very comfortable, 10=very uncomfortable.

Highest general discomfort was found when bending the trunk (5.35 ± 3.4). 
Lowest general discomfort was found for trunk rotation (2 ± 1.85). The most 
prominent locations where general discomfort was experienced were chest, 
upper legs (14 out of 18 participants) and hips (6 out of 18 participants).

To assess whether a decrease in performance, as seen in fi gure 2, can be 
explained by the experienced general discomfort, as seen in fi gure 4, a Spearman 
rank order correlation was conducted. Over all tasks no correlation was found 
between general discomfort and objective performance.
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Figures 5 and 6 show the local discomfort in the static holding tasks forward 
bending and one-handed bank position for the body regions chest, abdomen, 
upper back, lower back, upper legs ventral and dorsal side. The local discomfort 
in the forward bending task showed a signifi cant increase at the chest when 
wearing the exoskeleton (0.35 ± 1.45 vs. 0.15 ± 0.20; p=0.015) and a signifi cant 
decrease of local discomfort in the lower back (1.30 ± 1.48 vs. 4.35 ± 4.68; 
p=0.001) and upper legs (dorsal side) (0.70 ± 1.99 vs. 2.93 ± 2.45; p=0.011).

Figure 5: Local discomfort in the forward bending task. Brackets indicate signifi cant 
diff erences between the control (without) and exoskeleton condition (with); 0=no discomfort, 
10=maximal discomfort.

In the one-handed bank position decreased local discomfort in the upper back 
(0.40 ± 1.65 vs. 1.40 ± 2.33; p=0.023) was found in the exoskeleton condition 
compared to the control condition.

3
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Figure 6: Local discomfort in the one-handed bank position task. Brackets indicate 
signifi cant diff erences between the control (without) and exoskeleton condition (with); 0=no 
discomfort, 10=maximal discomfort.

Table 2: User’s Impression assessed by VAS scales.

Median Interquartile 
range

VAS scale

Adjustability Donning and 
Doffi  ng

2.1 1.2-6.1 0=very easy
10=very diffi  cult

Length 
Adjustment

4 2.1-6.9 0=very easy
10=very diffi  cult

Range of 
Motion

4.1 3.1-5.9 0=not restricted
10=heavily restricted

Effi  cacy Reduction of 
back loading

6.3 4.1-7.8 0=high reduction
10=no reduction

Support of 
tasks

6.4 4.9-7.6 0=high support
10=no support

Interference 
with tasks

3.3 2.0-5.9 0=no interference
10=high interference
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The issues addressed in the user’s impression questionnaire and their respective 
median values are presented in Table 2. Adjustability, including donning and 
doffing and length adjustment, was rated as easy to moderate. Range of motion 
with the device did also receive moderate values. The efficacy of the device in 
terms of reduction of back loading and support of the tasks was experienced as 
limited. The interference of the exoskeleton with the tasks was considered to 
be low. For more detailed information see Appendix 1.

4 Discussion

The main goal of this study was to evaluate the effect of a passive trunk 
exoskeleton on the functional performance in healthy individuals. We expected 
an increase in the functional performance in the tasks in which the user’s trunk 
is supported against gravity. In addition, we expected a decrease in functional 
performance in the tasks in which the user is required to use a large range of 
motion, which might be hindered by resistance generated by the exoskeleton.

We expected an increase in the objective performance (maximal weight lifted) 
and a decrease in perceived task difficulty for lifting, considering studies that 
found reduced back loading during lifting when wearing assistive devices [8, 
10-12]. However, neither objective lifting performance nor the perceived task 
difficulty showed any difference between exoskeleton and control condition. A 
possible explanation is likely found in a ceiling effect due to the limited maximal 
load mass (23 kg) that we used. This limitation was due to the fact that we were 
not allowed to exceed limits proposed in the NIOSH guidelines. The unchanged 
perceived task difficulty, while wearing the device, might further be explained by 
some problems participants experienced when lifting from the ground. Shifting or 
turning of the chest pad, leading to general discomfort and upward shifts of the 
whole device occurred, resulting in an inefficient functioning of the exoskeleton. 
The results from the user’s impression questionnaire related to adjustability 
also indicate that problem, showing values ranging from 2.1 to 6.9 for length 
adjustment of the exoskeleton. These problems might outweigh any potential 
positive effect as a result of low back load reduction. This could be solved by an 
improved adjustability of the device to the different user’s physiques.

3
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For static holding tasks, in which we expected the user to be assisted, no 
increase in objective performance when wearing the exoskeleton was found. 
Although the change of performance for forward bending was not significant, 
the perceived task difficulty and the local discomfort in the lower back during 
this task decreased significantly by 3 units on the VAS scale, when wearing the 
exoskeleton. Also, the local discomfort in the upper legs (back) was reduced 
by 2.2 units on the VAS scale in the exoskeleton condition. This indicates that 
participants were able to hold the posture in both conditions, but did experience 
more difficulty and more discomfort, when not wearing the exoskeleton. Similar 
effects can be seen in the one-handed bank task. The accompanying increase in 
local discomfort in the chest and the trend towards increased local discomfort 
at the front side of the upper legs during these two tasks can be explained by 
the chest and the leg pads of the device. Similar results in discomfort were 
shown in a study by Graham et al. (2009) [10]. Their participants also reported 
an off-loading of the back, but did experience pressure points at the legs and 
shoulders, where the device was in direct contact with the user. 

Based on these outcomes a passive exoskeleton can be effective in assisting the 
user in static holding tasks, including trunk flexion. This effect might be improved 
in terms of wearing comfort at the contact points with the user’s body, although 
the magnitude of this discomfort was low. Bosch et al. (2016) [9], investigated 
a previous version of the Laevo device. They also found lower local discomfort 
in the lower back and increased local discomfort at the chest when wearing 
the exoskeleton in forward bending work. Opposite to our results, they did find 
an increase in maximal holding time. This can be explained by the difference 
in applied methodology. In the study of Bosch et al., (2016) [9] the researcher 
decided when to stop the task, based on the participants rating on the Borg Scale 
during the task. When the participants rated 2 (i.e. “slight discomfort”) in any 
of the back regions the maximal holding time was noted. In the present study, 
however, we had the participants decide whether and when to stop the task due 
to discomfort in the back. Most of them fulfilled the total 5 minutes of the task. 
This may have led to biased results in the maximal holding time, explaining the 
lack of effect of the passive trunk exoskeleton on the objective performance in 
forward bending in our study.
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During load carrying no effect on objective performance was found. Although the 
moment around the low-back increases with carrying, due to the load in front of the 
body, the passive trunk exoskeleton did not improve the performance for this task. 
This can be explained by the fact that the support of the passive exoskeleton relies 
on trunk flexion to generate resistive torques in the hinge of the device. Since the 
carrying task does not require trunk flexion, no extra support is obtained in this task.

Tasks for which we expected potential hindrance by resistance of the exoskeleton 
against movement, including tasks requiring participants to use a large range 
of motion, indeed showed a decrease in objective performance and an increase 
in perceived task difficulty. Especially in tasks that involved hip flexion or trunk 
flexion, objective performance decreased and perceived task difficulty increased. 
This problem of restricted range of motion can be found in all studies that asked 
for subjective feedback on passive lifting devices [10,20,21]. Godwin et al. (2009) 
[21] reported moderate ratings of hindered ROM when wearing the device. This 
can be compared to our results on user impression which scored between 3.1-5.9 
for restriction of range of motion (see table 2). The task walking showed both, a 
decrease in objective performance and an increase in perceived task difficulty, 
indicating a need for design improvement for this task. The hindrance during 
walking tasks could be solved by disengaging the leg pads, an option that the 
most recent version of the Laevo device does already provide.

The general discomfort values show that especially walking and range of motion 
tasks seem to be uncomfortable. Nevertheless, general discomfort did not 
appear to be performance limiting, since it did not show a correlation with 
objective performance. Besides, we did not test the effect of time period on 
the general discomfort and objective performance. Discomfort values might be 
different when testing over a longer period of time and all-day measurements 
may be needed to clearly assess the relationship between general discomfort and 
objective performance. Final user impression scores were moderately positive, 
the VAS values for efficacy show that participants felt moderately supported by 
the device (6.4) and reported a moderate back load reduction (6.3). The general 
interference with the performed tasks overall was reported to be low (3.3). This 
indicates, that a certain degree of versatility is provided, but that the support 
of the device can be improved for some of the tasks to diminish the negative 
effects on objective performance and perceived task difficulty. Therefore, further 
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developments need to focus on higher adaptability of the device to different tasks, 
providing unrestricted range of motion and wearing comfort by the exoskeleton.

There are several limitations to this study. First, the time to get habituated to 
the device before performing the different tasks was relatively short. Since there 
was no fixed try-out protocol at the start of the experiment some participants 
might have been habituated more than others when starting the test battery. In 
future studies, it would be beneficial to have an identical habituation protocol for 
each participant. Another limitation is, that the test protocol was performed in 
a laboratory. The selected tasks represented a variable work setting. However, 
the controlled laboratory setting limited the risk of severe adverse effects and 
hence we cannot evaluate potential safety risks. Therefore, a future field study is 
needed to assess the effect of an exoskeleton on the functional performance and 
on safety in a real work setting. Also, we only assessed functional performance, 
but did not observe how the change in performance could be explained in terms 
of change in movement strategy. Future research should address that topic in 
more detail. Furthermore, this study was limited by a short duration of the tasks 
tested. The effect of the exoskeleton in long-term use and the effect of a longer 
time period on perceived task difficulty and discomfort require further study.

5 Conclusion

In conclusion, the present study shows that the passive trunk exoskeleton 
affected functional performance in healthy individuals both, positively and 
negatively. It decreased the local discomfort in the back in static holding tasks 
and the local discomfort at the dorsal side of the upper legs in static forward 
bending and therefore assisted the user when performing these tasks. The 
exoskeleton showed adverse effects on tasks that require large ROM of trunk 
or hip flexion including walking. It was shown that perceived discomfort by 
the device is not directly related to performance in the short-term use of 
the exoskeleton. Based on these results it can be concluded that this type of 
exoskeletons has its most important application in working environments with 
stereotypical tasks, such as assembly work in a forward bent position, but has 
important limitations in environments that require more versatility. Directions 
for improvement of the design to allow more versatility and its acceptance and 
applicability in more work settings include the possibility to disengage the device 
to allow unrestricted hip flexion and to improve general comfort of the device.

SaskiaBaltrusch_BNW_.indd   66SaskiaBaltrusch_BNW_.indd   66 17/06/2020   10:07:1417/06/2020   10:07:14



67

Chapter 3

References
1. Woolf, A. D., Pfleger, B. (2003). Burden of major musculoskeletal conditions. Bull 

World Health Organ. 81(9), 646-656.
2. Wynne-Jones, G., Cowen J., Jordan J. L., Uthman, O., Main, C. J., Glozier, N., van 

der Windt, D. (2014). Absence from work and return to work in people with back 
pain: a systematic review and meta-analysis. Occup Environ Med, 71(6), 448–456.

3. Lambeek, L. C., van Tulder, M. W., Swinkels, I. C. S., Koppes, L. L. J., Anema, J. R., 
Mechelen, W. (2011). The trend in total cost of back pain in The Netherlands in the 
period 2002 to 2007. Spine, 36(13), 1050 – 1058.

4. Waddell, G., Burton, A. K. (2001). Occupational health guidelines for the management 
of low back pain at work: Evidence review. Occupational Medicine, 51(2), 124-135.

5. Burton, A. K. (1997). Back injury and work loss: biomechanical and psychosocial 
influences. Spine, 22, 2575–2580.

6. Garg, A. & Moore, J. S. (1992). Epidemiology of low back pain in industry. Occup 
Med, 7, 593–608.

7. Lotz, C. A., Agnew, M. J., Godwin, A. A., Stevenson, J. M. (2009). The effect of an 
on-body personal lift assist device ( PLAD ) on fatigue during a repetitive lifting task. 
Journal of Electromyography and Kinesiology, 19(2), 331–340.

8. Abdoli-E., M., & Stevenson, J. M. (2008). The effect of on-body lift assistive device 
on the lumbar 3D dynamic moments and EMG during asymmetric freestyle lifting. 
Clinical Biomechanics, 23, 372–380.

9. 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.

10. 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.

11. Ulrey, B. L., & Fathallah, F. A. (2013). Effect of a personal weight transfer 
device on muscle activities and joint flexions in the stooped posture. Journal of 
Electromyography and Kinesiology, 23(1), 195–205.

12. Wehner, M., Rempel, D., Kazerooni, H. (2009). Lower Extremity Exoskeleton Reduces 
Back Forces in Lifting. ASME 2009 Dynamic Systems and Control Conference, 2, 
49–56.

13. de Looze, M. P., Bosch, T., Krause, F., Stadler, K. S., O’Sullivan, L. W. (2015). 
Exoskeletons for industrial application and their potential effects on physical work 
load, Ergonomics, 59(5), 671-681.

14. Ilmarinen, J. (2009). Work ability-a comprehensive concept for occupational health 
research and prevention [editorial]. Scand J Work Environ Health, 35(1), 1–5.

15. Reneman, M. F., Brouwer, S., Meinema, A., Dijkstra, P. U., Geertzen, J. H., Groothoff, 
J. W. (2004). Test-retest reliability of the Isernhagen Work Systems Functional 
Capacity Evaluation in healthy adults. J Ouccup Rehabil, 14(4), 295-305.

16. Waters, T. R., Putz-Anderson, V., Garg, A., Fine, L. J. (1993). Revised NIOSH equation 
for the design and evaluation of manual lifting tasks. Ergonomics, 36, 749-776.

3

SaskiaBaltrusch_BNW_.indd   67SaskiaBaltrusch_BNW_.indd   67 17/06/2020   10:07:1417/06/2020   10:07:14



68

Chapter 3

17. Bellet, R.N., Adams, L., Morris, N.R. (2012). The 6-minute walk test in outpatient 
cardiac rehabilitation: validity, reliability and responsiveness--a systematic review. 
Physiotherapy, 98(4), 277-286.

18. Bohannon, R. W. (2011). Test-retest reliability of the five-repetition sit-to-stand test: 
a systematic review of the literature involving adults. J Strength Cond Res, 25(11), 
3205-3207.

19. Kersten, P., Kucukdeveci, A. A., Tennant, A. (2012). The use of the Visual Analogue 
Scale (VAS) in rehabilitation outcomes. J Rehabil Med, 44(7), 609–610.

20. Abdoli-E, M., Agnew, M. J., Stevenson, J. M. (2006). An on-body personal lift 
augmentation device ( PLAD ) reduces EMG amplitude of erector spinae during 
lifting tasks. Clinical Biomechanics, 21, 456–465.

21. Godwin, A. A., Stevenson, J. M., Agnew, M. J., Twiddy, A. L., Abdoli-Eramaki, M., Lotz, 
C. A. (2009). International Journal of Industrial Ergonomics Testing the efficacy of 
an ergonomic lifting aid at diminishing muscular fatigue in women over a prolonged 
period of lifting. International Journal of Industrial Ergonomics, 39(1), 121–126.

SaskiaBaltrusch_BNW_.indd   68SaskiaBaltrusch_BNW_.indd   68 17/06/2020   10:07:1417/06/2020   10:07:14



69

Chapter 3

Appendix 1

User’s Impression Questionnaire
Category Related Question
Adjustability 1 How easy is the device to put on and put off?
Adjustability 2 How easy is the device to adjust?
Range of Motion (ROM) Are you restricted in your freedom of movement?
Efficacy 1 Does the device reduce the loading on your back?
Efficacy 2 Does the device support you in performing the tasks you did?
Efficacy 3 Does the device interfere with the tasks you did?

Participant Adjust 1 Adjust 2 ROM Efficacy 1 Efficacy 2 Efficacy 3
1 2,2 3,7 2,5 6,3 4,7 2,6
2 1,9 7 4,4 7,2 7,2 7,1
3 0,6 1,6 3,9 2,9 4,1 2,9
4 8,1 8 7,1 8,2 8,4 8,2
5 0,6 5,3 3,6 9,4 8,4 4,3
6 3,4 7,2 6,8 5 5,7 6,2
7 2,2 2,3 5 6,8 6,9 6,8
8 0,1 4,3 3,1 3,8 5,2 1,6
9 2,5 3,3 6 5,8 4 1,8
10 2 1,5 2,4 3,2 7,8 1,2
11 6,9 8,3 6,7 6,3 6,5 5,1
12 7,8 6,7 7,4 3,6 8,4 2,3
13 1,2 2,9 3,1 5,4 6,3 0,3
14 2 0,4 1,8 8 5,7 2,5
15 1,3 2 2,3 2,5 4,5 1,9
16 7,3 7,2 4,3 6,6 4,8 3,6
17 0,8 1,4 5,7 8,4 7,6 7,3
18 6,9 4,9 3,8 9,9 7,5 4,8

Median 2,1 4,00 4,10 6,30 6,40 3,25
Interquartile 
Range 4,90 4,80 2,83 3,70 2,68 3,93

3
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Appendix 2  

TASK 1: Lower lifting

Equipment:

- The box (width: 39.5 cm; length: 29 cm; height: 11,5 cm;

- grip thickness: 2,5 cm; inter-grip distance: 52 cm)

- Weights (5, 10, 15, 18, 21 and 23 kg loads are lifted)

Outcome measures:

- Maximal load lifted (kg)

- Perceived task difficulty (VAS scale)

- Discomfort (VAS scale)

Protocol: The starting position is in upright stance. The subject lifts the box, 
holds it (~1s) and puts it down with his/her chosen technique. Each load is lifted 
once. The load increases in the following order: 5kg, 10kg, 15kg, 18kg, 21kg and 
23kg. Increasing the weight depends on coordination and participant’s perception

Instruction to subject: Lift the box from the floor, hold it for about a second in 
the upper position, and put it down. You can choose your own technique. After 
each lift I will ask you whether I can increase the weight.
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TASK 2: Carrying 

Equipment:

- Stopwatch

- 10 m clear pathway (with clearly marked starting and 

 stopping points)

- The box (same as in Test 1) and the load (maximal load, lifted in Test 1)

Outcome measures:

- Performance time (s)

- Perceived task difficulty (VAS scale)

- Discomfort (VAS scale)

Protocol: The subject lifts the load with his/her own technique, then walks 10 
m as fast as possible. Only the walking time (not lifting) is recorded. Mark the 
starting and ending points. Stop recording time when both feet are over the 10 
m line. The subject should not run, but walk as fast as possible.

Instruction to subject: Lift the load slowly, then carry it to the 10m line (start 
on our cue). Stop after the line and put down the load slowly. Perform this task 
as fast as possible, but still in a safe and comfortable way. Do not run.

3
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TASK 3: Forward bending 
 

Equipment:

- Stopwatch

- Table (at knee height)

- Paper sheet (see below)

- Circular paper pieces (20 pieces of each color)

Outcome measures:

- Performance time (s)

- Perceived task difficulty (VAS scale)

- Discomfort (VAS scale)

- Local Discomfort (VAS Scale)

Protocol: The subject stands next to the table. Both hands are manually 
operative and should not support the body (e.g. placing on hands on the table, 
thighs, etc.) Subject is free to choose the posture, but not allowed to change it 
during the task. The manual task of the subject is to sort one color of the paper 
pieces into rows of 10.

Instruction to subject: This is a postural tolerance task. You have to sort 
the colored pieces into rows of 10 while standing in front of the table. You can 
choose your own posture. You are not allowed to cahnge that posture during the 
task. You must not put your hands on your thighs or on the table. You can use 
both hands in this task. The maximum time of this task is 5 minutes. If the local 
discomfort in your back gets too high you can stop this task earlier at any time.
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TASK 4: One-handed bank position  

Equipment:

- Stopwatch

- Paper sheet (see below)

- Circular paper pieces (20 pieces of each color)

Outcome measures:

- Performance time (s)

- Perceived task difficulty (VAS scale)

- Discomfort (VAS scale)

- Local Discomfort (VAS Scale)

Protocol: The subject assumes the position. The paper sheet should be between 
his/her hands. There should be 3 hands distance from the anterior aspect of the 
thigh and the posterior part of the palm of the supporting hand, which should 
not be moved during the test. Subject is free to choose the posture, but not 
allowed to change it during the task. The manual task of the subject is to sort 
one color of the paper pieces into rows of 10. The subject works with one hand, 
but is allowed to switch hands.

Instruction to subject: This is a postural tolerance task. You have to sort the 
colored pieces into rows of 10 while holding this position (demonstrate). Place 
your hand here (allot the appropriate distance). You are not allowed to change 
your posture during the task. You may change the supporting hand, but at no 
time you should support yourself with both hands You can use both hands in 
this task. The maximum time of this task is 5 minutes. If the local discomfort in 
your back gets too high you can stop this task earlier at any time.

3
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TASK 5: 6 Minutes Walk Test 

Equipment:

- Stopwatch

- 4 cones

Outcome measures:

- Distance covered (m)

- Perceived task diffi  culty (VAS scale)

- Discomfort (VAS scale)

Protocol: The cones are placed in a rectangle (10 x 2 m; see the image below). 
The starting position is next to one of the pairs. The test includes the subject to 
walk for 6 minutes in the shape of eights (see the image). The aim is to cover as 
much distance as possible. Each distance from one cone pair to another counts 
as 12 meters.

Instruction to subject: Walk in eights (show him/her the moving pattern) for 
6 mins. Perform this task as fast as possible, but still in a safe and comfortable 
way. Do not run.
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TASK 6: Sit-to-stand   

Equipment:

- Stopwatch

- Chair

Outcome measures:

- Performance time (s)

- Perceived task difficulty (VAS scale)

- Discomfort (VAS scale)

Protocol: The subject starts in an upright standing. The aim is to sit down and 
stand up 5 times as fast as possible. It is important that fully extended posture 
is reached at the top, and that the full weight of the body is transferred on the 
chair while sitting down (to prevent bouncing movement). Therefore, the subject 
must lift the feet from the floor when he/she sits down to ensure that the weight 
of the body is transferred to the chair.

Instructions to subject: Sit down and stand up 5 times in a row, while crossing 
your arms in front of your chest. Make sure that your whole weight is on the 
chair in the bottom position and that you do not bounce off the chair. Make 
sure that you fully extend your hips when standing up (show incorrect and 
correct movement). Perform this task as fast as possible, but still in a safe and 
comfortable way.

3
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TASK 7: Stair climbing 

Equipment:

- Stopwatch

- Stair case (min. 10 stairs)

Outcome measures:

- Performance time (s)

- Perceived task difficulty (VAS scale)

- Discomfort (VAS scale)

Protocol: The subject stands in an upright position at the bottom of the staircase. 
On our cue, he/she climbs the stairs as fast as possible, without skipping steps. 
At the top of the stairs the subject turns around and goes downstairs again. 
Use of handrails is not allowed. Time is stopped when subject touches the floor 
with both feet again.

Instruction to subject: Walk the staircase all the way up, turn around and 
walk down again. Do not skip the steps. You are not allowd to use the handrails. 
Perform this task as fast as possible, but still in a safe and comfortable way.
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TASK 8: Ladder climbing 

Equipment:

- Stopwatch

- Free standing ladder

Outcome measures:

- Performance time (s)

- Perceived task difficulty (VAS scale)

- Discomfort (VAS scale)

Protocol: The starting position is an upright standing, with both feet on the 
floor and both hands on the ladder. On our cue, the subject climbs up the ladder, 
the final positon being with both feet on the 6th step (which should be clearly 
marked). Then climbing down in the same manner, the final position being the 
same as the starting position of the first part.

Instruction to subject: Climb the ladder as fast as possible. You should reach 
the 6th step (indicate it) with your feet. Pause at the top, then climb down on 
our cue (demonstrate the task).

3
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TASK 9: Bending of the trunk 

Equipment:

- A measuring tape

Outcome measures:

- Distance to floor (cm)

- Perceived task difficulty (VAS scale)

- Discomfort (VAS scale)

Protocol: The subject starts in upright standing position. The test starts with 
bending the trunk and the hips to reach down as far as possible, keeping the 
knees fully extended. The lowest position should be held for 3 seconds, then 
the subject returns to starting position.

Instructions to subjects: Bend down and reach as far as possible (show the 
movement). Hold this position for three seconds and straighten up. Make sure 
you do not bend the knees (correct during the test if needed).
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TASK 10: Wide stance 

Equipment:

- Pre-prepared scale on the floor with 13 marks at 

 intervals of 20cms (see picture below)

Outcome measures:

- Maximal distance

- Perceived task difficulty (VAS scale)

- Discomfort (VAS scale)

Protocol: The subject starts in an upright standing at the middle mark. He/she 
then aims to reach out as far as possible by abducting the hips. The subject 
gradually increases the distance between his/her feet by putting them on the 
next mark. He/she should be able to come up from the final position without 
the help of the hands or falling down. If this occurs, the measured distance does 
not count.

Instruction to subject: Stand like this and reach out with your feet as far as 
possible (show the task yourself). Be sure that you are able to come back from 
the final position without falling down or using your hands, otherwise the test 
is invalid.

3
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TASK 11: Rotation of the trunk 

Equipment: None

Outcome measures:

- Perceived task difficulty (VAS scale)

- Discomfort (VAS scale)

Protocol: The subject assumes upright standing position. He/she rotates the 
trunk 5 times to each side, holding the elbows at 90 degress and hands together.

Instruction to subject: Rotate the trunk to each side 5 times like this (show 
the movement).
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TASK 12: Squatting 

Equipement: None

Outcome measures:

- Perceived task difficulty (VAS scale)

- Discomfort (VAS scale)

Protocol: The subject starts in an upright standing position. Then he/she squats 
down three times and the bottom position is held for three seconds, toching the 
floor with the fingers.

Instruction to subject: Squat down and hold the position (~3s), then raise up 
(show the movement). Repeat three times.

3
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Abstract

The objective of this study was to assess how wearing a passive trunk 
exoskeleton affects metabolic costs, movement strategy, and muscle activation 
during repetitive lifting and walking.

We measured energy expenditure, kinematics, and muscle activity in 11 healthy 
men during 5 minutes of repetitive lifting and 5 minutes of walking with and 
without exoskeleton.

Wearing the exoskeleton during lifting, metabolic costs decreased as much as 
17%. In conjunction, participants tended to move through a smaller range of 
motion, reducing mechanical work generation. Walking with the exoskeleton, 
metabolic costs increased up to 17%. Participants walked somewhat slower 
with shortened steps, while abdominal muscle activity slightly increased when 
wearing the exoskeleton.

Wearing an exoskeleton during lifting decreased metabolic costs and hence 
may reduce the development of fatigue and low back pain risk. During 
walking metabolic costs increased, stressing the need for a device that allows 
disengagement of support depending on activities performed.
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1 Introduction

Most adults (60-80%) experience low-back pain (LBP) at some point in their 
lifetime [1]. Many suffer from relapses of pain (44-78%) and work absence (26-
37%) [2]. The financial and economic burden of back pain, due to direct costs 
and work absence, is substantial [3,4]. Cost-effective interventions, focusing on 
prevention of LBP and return-to-work management, are essential to decrease 
its incidence and its burden on society.

There is strong epidemiological evidence that physical demands of work, such 
as manual materials handling and lifting, are associated with increased reports 
of back symptoms [5-7]. Therefore, researchers and clinicians have focused on 
reducing work-related risk factors for LBP by implementing interventions to 
decrease mechanical low-back load at work. According to the guidelines of the 
National Institute for Occupational Safety and Health (NIOSH), besides the 
mechanical load, physiological strain needs to be taken into account to guarantee 
safe manual material handling. High physiological strain can result in systemic 
or local fatigue [8] leading to an increased risk of lifting-related LBP. Janssens 
et al. (2010) [9] found that systemic fatigue causes impaired coordination, 
potentially leading to an increased risk of low back injury. Furthermore, Wu and 
Wang (2002) [10] have shown that there is a negative relationship between 
maximum acceptable work time and physical workload, measured in terms of 
aerobic strain. They recommend an upper limit of 34% O2max (maximum rate 
of oxygen consumption (l/kg/min)) for dynamic work lasting 8 hours. This 
suggests that high metabolic loads, as one component of physiological strain, 
should be avoided at work to prevent fatigue and low back pain injury.

Recently, body worn assistive devices, also called exoskeletons, have been 
introduced in work environments to reduce risk factors for LBP [11]. These 
devices physically support the user when performing tasks that involve high 
back loads. Several studies found reduced low-back mechanical loading during 
lifting, bending and static holding tasks when using assistive devices that 
passively support the user’s trunk against gravity [12-15]. By reducing internal 
moments, and hence muscle activity around the low back, or by allowing 
different movement strategies, which would otherwise put too much load on the 
low back without exoskeleton, these exoskeletons might also reduce metabolic 

4
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load. Consequently, these exoskeletons might reduce fatigue and as such reduce 
this risk factor for injury.

A few studies have evaluated the effect of a body worn lifting device on metabolic 
load during lifting. Whithfield et al. (2014) [16] found that an on-body personal lift 
augmentation device (PLAD) reduces musculoskeletal effort but does not affect 
oxygen consumption during a continuous lifting task. Additionally, no change in 
lifting technique or movement strategy was found. Whithfield et al. (2014) [16] 
suggested that this may be because some muscles got assisted by the device, 
while other muscle groups had to work harder. In the study of Sadler et al. (2011) 
[17] greater ankle and hip flexion and less lumbar and thoracic flexion were found 
when wearing the PLAD system, indicating a change of lifting technique from a 
stoop lift to a “semi-squat” technique. This change in technique could coincide 
with an increase in metabolic costs. Squat lifting has been found to involve 
higher metabolic costs than stoop lifting [18,19] due to higher muscle activity 
[20] to make the body move through a larger range of motion, requiring more 
mechanical work. The increased metabolic costs associated with this change 
in technique might offset the potential reduction in metabolic costs from the 
unloading effect of the exoskeleton on the back muscles. This could account for 
the observed lack of change in metabolic costs while using the PLAD system. 
However, so far, the metabolic benefits (or costs) of only one passive trunk 
exoskeleton have been tested and thus, results cannot be generalized to other 
lifting devices.

Although potential positive effects of exoskeletons on mechanical and metabolic 
load are expected for specific load handling tasks, potential side effects of these 
devices on other tasks that need to be performed during working should not 
be ignored. Since workplaces nowadays are more versatile due to job rotation 
and automation [21] a high variety of tasks beyond manual material handling 
and lifting is observed in work environments. In a previous study [22], it has 
been established that tasks that involve large ROM (range of motion) of trunk 
or hip flexion, including walking, can be hindered by a trunk exoskeleton and 
are perceived as more difficult to perform with an exoskeleton. Participants also 
used a slower speed when walking with the exoskeleton. Thus, a device that 
supports the low back during lifting might require more muscle activity and 
hence increase metabolic costs during tasks such as walking.
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The purpose of this study was to assess whether wearing a passive trunk 
exoskeleton affects the metabolic costs of repetitive lifting and walking. 
In addition, we explored which underlying changes in movement strategy 
and muscle activation patterns could explain these potential effects. It was 
hypothesized that wearing an exoskeleton during lifting reduces metabolic costs 
through a decrease in trunk muscle activity and/ or change in lifting technique. 
In contrast, it was hypothesized that wearing the exoskeleton during walking 
increases metabolic costs. Assuming that people normally adopt an optimal step 
length that minimizes energy cost [23], being forced to adapt step length due 
to the restriction by the device would likely increase energy costs.

2 Methods

2.1 Passive Exoskeleton

In this study, the passive trunk exoskeleton “Laevo” (Intespring, Delft, The 
Netherlands) was tested (Figure 1). This device is commercially available and in 
use at different work sites in various companies. It consists of four components: 
a pad at the anterior side of the chest, leg pads at the anterior side of the thighs, 
a pelvis belt to keep the device in a fixed position relative to the pelvis, and a 
smart joint with spring-like characteristics. The chest and thigh components 
are connected through semi-rigid bars running over this joint, which generates 
a supporting extension moment at the level of the low back when bending 
forward. To allow trunk rotation, the chest pad can rotate in the frontal plane of 
the trunk. Two types of the Laevo, with different angle-moment characteristics, 
were used for the lifting tasks in this study. According to the manufacturer, the 
high-cam Laevo predominantly supports the user at bending angles from 0-20 
degrees, and the low-cam Laevo predominantly supports the user at bending 
angles >20 degrees.

4
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Figure 1: Laevo (Intespring, Delft, Netherlands). The user’s trochanter major is to be aligned 
with the hip centre of rotation of the device. For personal length adjustment and for keeping 
the device in place, straps are provided. The chest pad facilitates walking by rotating in the 
frontal plane. Allowance of hip flexion/extension is regulated by the smart joint. The counter 
measures the number of hip flexions while wearing the device.

2.2 Participants

Thirteen men with no prior history of low back pain participated in this study. 
Their mean age, height and body mass, here presented in mean (sd), were: 
28.9years (4.4), 1.80m (0.04)m and 76.9kg (12.0), respectively. Prior to the 
start of the measurement, participants received an information letter and 
signed informed consent. Approval for the experiment was given by the medical 
ethical committee of VU medical center (VUmc, Amsterdam, The Netherlands, 
NL57404.029.16).

2.3 Instrumentation and Data Collection

Metabolic Costs
The metabolic costs were determined through indirect calorimetry by using a 
breathing gas analysis system (Cosmed srl, Quark CPET, Rome, Italy), measuring 
the rate of oxygen consumption and carbon dioxide production.
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EMG monitoring
Muscle activity was recorded using surface Electromyography (Cometa Srl, 
Milan, Italy, Bandwith: 100Hz, Input impedance: 20MOhm, Sampling Frequency: 
2000Hz). Surface electrodes were placed at 7 bilateral sites on the skin after 
abrasion and cleaning with alcohol (Ag-AgCl electrodes†; interelectrode distance, 
20 mm). The recording sites were: m. longissimus thoracis (LT) at the T9 level 
(4cm lateral), m. iliocostalis lumborum (IL) at the L2 level (6cm lateral), m. 
longissimus lumborum (LL) at the L3 level (3cm lateral), m. external oblique 
muscles (EO) about 15cm above the SIAS, m. rectus abdominis (RA), 3 cm 
lateral from the umbilicus, m. vastus medialis (VM) and m. biceps femoris (BF).

Kinematic data
To analyze movement patterns during lifting and walking we recorded 3D 
kinematics with an optoelectronic motion capture system (Optotrak, Northern 
Digital Inc., Waterloo ON, Canada) at a sample rate of 50 Hz. In the lifting 
trials, segment kinematics were measured using a dynamic three-dimensional 
linked segment model [24]. Cluster markers were attached to: lower and upper 
leg, pelvis, trunk, upper and lower arm, head, and box. Due to the fact that 
participants performed symmetric lifting, we only recorded kinematics from 
the right side of the body. To define the local segmental coordinate systems, 
anatomical landmarks were located through palpation and were related to the 
respective cluster markers using separate measurements (cf. [24]). In the 
walking trial only stride parameters were recorded using single heel markers 
attached to both shoes.

2.4 Testing procedure

Before starting the experimental trials, resting metabolic rate was measured with 
the participant sitting in a chair for 5 minutes, followed by fitting and adjusting 
the two trunk exoskeletons to the participant. Subsequently, participants 
were instrumented with EMG equipment and maximum voluntary isometric 
contractions (MVCs) were performed against resistance to normalize EMG data 
collected during subsequent trials.

4
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The protocol was split into two parts: (1) Walking and (2) Repetitive Lifting 
(Figure 2). First the walking tasks were performed, followed by the lifting 
experiment. Both protocols were performed on the same day.

Figure 2: Oxygen consumption, muscle activity and kinematics were measured during 
repetitive lifting (left) and walking (right).

In the walking protocol, a motorized treadmill (Forcelink, Culemborg, The 
Netherlands, dimensions: 3X5m) was used. To fi nd preferred walking speed 
with and without the exoskeleton, a single marker was attached to the trunk 
of the participant. Subsequently, the participant walked on the treadmill in the 
‘self-paced mode’, in which the treadmill adapts its speed to the speed of the 
participant based on tracking of the participant’s position on the treadmill [25]. 
As soon as the treadmill reached a steady state, the walking speed was noted. 
After that, the oxygen consumption mask was fi tted to the participant and 
single markers were attached to the shoes. The participant then performed 
two 5-minute trials: normal walking without the exoskeleton (Control Condition) 
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and walking with the low-cam Exoskeleton. These trials were performed at 
two different walking speeds: Preferred Walking Speed without the exoskeleton 
(PWS) and Preferred Walking Speed with the exoskeleton (PWSX), resulting in 
4 different walking trials. The order of these trials was randomized for each 
participant. Note that only the low-cam Exoskeleton was used in the walking 
experiments, since this type of exoskeleton should in theory provide the least 
hindrance during walking, based on the fact that it provides support at high 
angles. A walking period of 5 minutes was chosen to achieve steady-state 
walking. Three minutes of rest were provided between conditions to prevent 
fatigue.

Before starting the lifting protocol, participants had a break of 30 minutes to 
prevent fatigue. After attaching the cluster marker and fitting the oxygen mask 
again, participants performed the repetitive lifting task. They were required to 
lift and lower a 10-kg box (0.39 x 0.37 x 0.11m, with 2.5 cm diameter handles) 
at a rate of 6 lifts per minute. Each lift consisted of picking up the box, assuming 
an upright posture, putting down the box, and assuming an upright posture 
again. The participants were instructed to choose their own lifting technique. 
In that way we took into account potential changes in lifting technique that will 
occur when people use this exoskeleton in practice. The lifting rate was imposed 
by a metronome that sounded in each upright position. Movement speed was 
left free, as participants were allowed to pause the movement when standing 
upright. Hence, the movement was performed at a natural speed. Each lifting 
trial lasted for 5 minutes and was performed in 3 conditions: lifting without 
the exoskeleton (Control Condition), lifting with the high-cam exoskeleton, and 
lifting with the low-cam exoskeleton. These lifting trials were conducted from 
two different heights: ankle height and knee height. The order of the trials was 
block randomized per exoskeleton condition. Approximately 30 s of rest was 
given between trials.

2.5 Data Processing

Metabolic energy expenditure (J/min) was calculated from O2 (ml/s) and 
respiratory exchange ratio (RER; [26]). Flow rates were averaged over the final 
2 minutes to ensure a steady state condition and were normalized to body mass. 
Net metabolic energy expenditure was calculated by subtracting resting 
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metabolic rate from the total metabolic rate during walking and lifting. Net 
metabolic cost for walking was obtained by normalizing net metabolic energy 
expenditure to walking speed and was expressed in J/kg/m. For lifting, net 
metabolic cost was not normalized to speed and was expressed in J/kg/s.

EMG signals were high-pass filtered with a 2nd order Butterworth filter (cut-off 
frequency 20Hz, bidirectional) to remove movement artifacts. Additionally, a 4th 
order Butterworth band stop filter (49Hz – 51Hz, bidirectional) was applied to 
remove hum. After rectifying the data, the data were filtered with a 4th order 
low pass Butterworth filter (cut-off frequency 4Hz) to create a linear envelope. 
Next, we normalized muscle activity for each muscle to the maximum of the 
linear envelope obtained in the MVC trials. EMG envelopes were then normalized 
to cycle time and averaged over cycles.

Kinematic data were filtered with a 2nd order low pass Butterworth filter with a 
cut-off frequency of 5Hz. For the lifting trials, the instantaneous 3D knee, hip, 
trunk and lumbar joint angles were calculated [24]. We only analyzed angles 
in the sagittal plane of the anatomic reference frames, hence: knee flexion/
extension, hip flexion/extension, trunk inclination and lumbar flexion/extension. 
Knee peak angles were used to define a lifting cycle. One lifting cycle was defined 
as bending down, lifting the box, holding the box in upright position, lowering the 
box, and returning to upright position without the box again. Range of motion per 
joint was calculated and averaged over movement cycles, generating an average 
value for each condition per participant. The centers of mass of all segments 
were used to calculate the total body center of mass. By taking the mean of the 
vertical distance travelled by the body center of mass over each separate lifting 
cycle, we arrived at the average range of motion of the body center of mass 
during a lifting cycle.

For the walking trials, heel strikes for each cycle were determined, using the 
data of the two heel markers. Left and right heel strikes were defined as the 
instants of local maxima in the horizontal position of the respective heel marker 
in the sagittal plane. Heel strikes were plotted and visually checked for detection 
errors. The heel strikes were used to calculate average stride times and stride 
lengths per trial. Stride times were calculated as the time differences between 
subsequent left heel strikes. Stride lengths were calculated as the distances 

SaskiaBaltrusch_BNW_.indd   94SaskiaBaltrusch_BNW_.indd   94 17/06/2020   10:07:1817/06/2020   10:07:18



95

Chapter 4

between subsequent left heel strikes, correcting for speed of the treadmill and 
duration of the stride. Heel strikes were also used to define gait cycles for the 
EMG data, which were normalized to cycle time and averaged over cycles.

2.6 Statistics

To test for the effect of exoskeleton use on selected dependent variables, we 
conducted one-way repeated-measures ANOVAs. We a-priori decided not to test 
for the main effect of lifting height or walking speed and their interaction with 
exoskeleton. Thus, we conducted two separate ANOVAs for each of the lifting 
heights (knee and ankle height) and two separate ANOVAs for each walking 
speed (PWS and PWSX). Hence, for the lifting task these ANOVAs included 1 
factor (exoskeleton) with 3 levels (high-cam Laevo, low-cam Laevo, control 
condition without). For walking the ANOVAs included one factor (exoskeleton) 
with 2 levels (low-cam Laevo, control condition without). In case of a significant 
effect of exoskeleton in the lifting experiment, Bonferroni post-hoc tests were 
conducted to determine differences between exoskeleton conditions. Alpha of 
0.05 was used as the critical level of significance. All statistical analyses were 
performed using SPSS for Windows (IBM, SPSS Statistics 23.0, USA). To test for 
statistically significant differences in muscle activity, we used one-dimensional 
statistical parametric mapping (SPM1D) [27] to perform a SPM1D repeated 
measure ANOVA between the exoskeleton conditions high-cam Laevo, low-cam 
Laevo and control for lifting and low-cam Laevo and control for walking. This 
analysis uses random field theory to make statistical inferences on the time 
intervals over which the independent variable (exoskeleton use) has a significant 
effect on muscle activity. In view of some loss of individual data for different 
outcome measures, the number of participants (N) included in the statistical 
calculation is reported for each outcome.

3 Results

Metabolic costs and underlying changes in movement strategies and muscle 
activity are reported first for lifting, followed by walking.

4
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3.1 Lifting

Metabolic costs
A main eff ect of exoskeleton use was found on metabolic costs during lifting for 
both, knee height (p=0.046) and ankle height (p=0.047, Figure 3). For lifting 
from knee height, post-hoc testing revealed a signifi cant reduction in metabolic 
costs of 17% between Control condition and High-cam Exo condition (mean (sd): 
3.09W/kg (0.92) vs. 2.56W/kg (0.52); p=0.012). For lifting from ankle height we 
found 16% decrease in metabolic costs between Control condition and High-cam 
Exo condition (mean (sd): 5.06W/kg (1.11) vs. 4.27W/kg (0.60); p=0.012). The 
7% reduction in metabolic cost between Low-cam Exo and Control condition 
when lifting from knee height and 8% reduction when lifting from ankle height 
did not reach signifi cance.

Figure 3: Left: Metabolic costs of lifting from knee and ankle height. Values are normalized 
for bodyweight. N=11. Error bars indicate standard deviations. *Signifi cant change in 
metabolic costs between control condition (without) and exoskeleton condition (low cam/
high cam).

Kinematics
With regard to movement strategies in lifting, the range of motion (ROM) in the 
joints analysed did not show a main eff ect of exoskeleton use (Figure 4). Still, a 
tendency to smaller range of motion in all joints was observed in the exoskeleton 
conditions when lifting from ankle height.
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Figure 4: Range of motion in the knee joint (a), hip joint (b), LS51 joint (c) and trunk (d) 
when lifting from knee and ankle height ,averaged over all particpants. N=11. Error bars 
indicate standard deviations.

The average range of motion of the centre of mass (COM) did not show a 
signifi cant diff erence between the exoskeleton conditions when lifting from knee 
height. However, in line with joint ROM, when lifting from ankle height, the range 
of motion of the COM tended to be lower when wearing the exoskeleton, compared 
to control condition (Figure 5a). This approached signifi cance (p=0.056). Figures 
5b and 5c show the lowest and highest position of the COM, averaged over 
participants. Again, no signifi cant diff erences between the exoskeleton conditions 
were found, but the fi gure demonstrates that the potential diff erence in range 
of motion of the COM mostly resulted from a decrease in downward movement 
when wearing the exoskeleton and not from a lack of extending upwards.

Muscle activity
The muscle activity of the trunk muscles over a lifting cycle is shown in Figures 6a 
(lifting from knee height) and 6b (lifting from ankle height). Although on average 
peak muscle activity of the back muscles seemed to be lower when wearing the 
exoskeleton, especially when lifting from ankle height, this diff erence was not 
signifi cant in any period of the lifting cycle. In contrast, abdominal muscles did 
show signifi cant main eff ects of exoskeleton for both lifting heights. The muscle 
activity of m. rectus abdominus showed a small but signifi cant increase when 
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lifting with the exoskeleton from knee height (p=0.050). M. external oblique 
signifi cantly increased in activity when lifting with the exoskeleton from ankle 
height (p=0.042). Post-hoc analysis suggested that this latter main eff ect derives 
from a diff erence in activity between low cam and control condition, although 
it did not reach signifi cance. We did not fi nd any eff ects of the exoskeleton on 
muscle activity in the upper legs.

Figure 5: The amplitude of the center of mass when lifting from knee and ankle height, 
averaged over all participants (a). Highest position of the center of mass when lifting from 
knee and ankle height, averaged over all participants (b). Lowest position of the center of 
mass when lifting from knee and ankle height, averaged over all participants (c). N=11. Error 
bars indicate standard deviations.
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Figure 6a: Left: Averaged time series of muscle activity per cycle for each condition, 
averaged over participants when lifting from knee height. The shaded errors represent 
the standard deviation. N=11; Right: The relative one dimensional repeated measures 
ANOVA (SPM1D) of muscle activity of the control condition compared to the exoskeleton 
condition. The horizontal axis displays normalized cycle time. The vertical axis displays the 
one dimensional F-statistic. A signifi cant eff ect is present at instances where the black line is 
above the horizontal dotted red line.

4
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Figure 6b: Left: Averaged time series of muscle activity per cycle for each condition, 
averaged over participants when lifting from ankle height. The shaded errors represent 
the standard deviation. N=11; Right: The relative one dimensional repeated measures 
ANOVA (SPM1D) of muscle activity of the control condition compared to the exoskeleton 
condition. The horizontal axis displays normalized cycle time. The vertical axis displays the 
one dimensional F-statistic. A signifi cant eff ect is present at instances where the black line is 
above the horizontal dotted red line.
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3.2 Walking

Metabolic costs
For walking, metabolic cost increased by 12% and 17% when wearing the 
exoskeleton in speed conditions PWS and PWSX, respectively (Figure 7). For both 
speed conditions this eff ect was signifi cant (PWS: p=0.002 and PWSX: p=0.002).

Kinematics
The preferred walking speed without exoskeleton (PWS) and the preferred 
walking speed with exoskeleton (PWSX) were slightly, but signifi cantly diff erent. 
Participants preferred to walk faster without the exoskeleton than with the 
exoskeleton (mean (sd): 1.27m/s (0.16) vs. 1.22m/s (0.14); p=0.05). A reduction 
in stride length was found when walking with exoskeleton compared to without 
(Figure 8). This eff ect was, however, only signifi cant at the preferred walking 
speed determined without exoskeleton (mean (sd): 1.42m (0.13) vs. 1.40m 
(0.13); p=0.013).

  
Figure 7: Metabolic costs of walking in 
preferred walking speed without exoskeleton 
(PWS) and preferred walking speed with 
exoskeleton (PWSX). Values are normalized 
for bodyweight and walking speed. N=13; 
Error bars indicate standard deviations. 
*Signifi cant change in metabolic costs 
between control condition (without) and 
exoskeleton condition (with exo/low cam).

Figure 8: Stride length when walking with 
and without exoskeleton in the preferred 
walking speed without exo (PWS) and in the 
preferred speed with exo (PWSX). N=10; 
Error bars indicate standard deviations. 
*Signifi cant change in stride length between 
control condition (without) and exoskeleton 
condition (with exo/low cam).
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Muscle activity
The muscle activity of the trunk muscles over a stride is shown in Figure 9. The 
muscle activity of the back muscles did not show signifi cant diff erences between 
the exoskeleton conditions at either of the walking speeds. With regard to the 
abdominal muscle activity, a signifi cant increase in muscle activity of the m. 
rectus abdominus was found when walking with the exoskeleton at PWSX, at 
three diff erent time instances during the gait cycle (p=0.036, 0.049 and 0.050). 
The muscle activity of m. external oblique signifi cantly increased in the ipsilateral 
initial swing when walking with the exoskeleton at PWS (p=0.041), and in the 
ipsilateral mid stance when walking with the exoskeleton at PWSX (p=0.026). 
Muscle activity in the legs did not show any signifi cant diff erences between 
conditions.

Figure 9: Left: Averaged time series of muscle activity per stride for each condition, 
averaged over participants when walking with and without exoskeleton in the preferred 
walking speed without exo (PWS) and in the preferred walking speed with exo (PWSX) N=9; 
Right: One dimensional repeated measures ANOVA (SPM1D) of muscle activity of the control 
condition compared to the exoskeleton condition. The horizontal axis displays the normalized 
stride cycle. The vertical axis displays the one dimensional F-statistic. A signifi cant eff ect is 
present at instances where the black line is above the dotted horizontal red line.
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4 Discussion

The main goal of this study was to evaluate the effect of a passive trunk 
exoskeleton on metabolic load during lifting and walking. As hypothesized, we 
found a decrease in metabolic costs when wearing the exoskeleton during lifting 
and an increase in metabolic costs when wearing the exoskeleton during walking.

Lifting
Our results reveal that wearing the exoskeleton during lifting decreases metabolic 
costs. However, we only found a significant difference with respect to the control 
condition when using the high-cam exoskeleton, which yielded reduced metabolic 
costs of up to 17%. Wearing the low-cam exoskeleton metabolic costs showed 
a modest reduction of up to 8%, which did not reach significance.

Our results are not in line with Whitfield et al. (2014) [16], who did not find a 
change in oxygen consumption when lifting a mass of 9 kg for 15 mins with 
a personal lift assistive device (PLAD). A possible explanation can be found in 
Sadler et al. (2011) [17], who tested the effect of the same device (PLAD) on 
lifting technique and found greater hip flexion and less lumbar flexion. This 
suggests a change from a stoop towards a more squat-like technique when using 
the device. Since this squat technique requires more metabolic energy than a 
stoop technique, due to higher muscle activity in the legs, these findings might 
explain the lack of effect on metabolic costs when wearing the PLAD system. 
This is in line with Whitfield et al. (2014) [16] who suggested that the lack of 
effect could be caused by the fact that some muscles may have been assisted, 
while other muscles had to work harder when wearing the device.

In contrast to the results found for the PLAD system, in the present study 
participants changed their lifting technique to a stoop-like technique when 
using the exoskeleton, reducing their COM movement amplitude. The reduced 
downward motion of the COM requires less mechanical work to be generated 
against gravity. To compensate for the decrease in COM movement, participants 
possibly extended their arms more at the lowest point of the lift to pick up 
the box from the designated height. This change of movement strategy may 
contribute to the significant decrease in metabolic consumption when lifting from 
ankle height that we found in our study. These differences in response between 

4

SaskiaBaltrusch_BNW_.indd   103SaskiaBaltrusch_BNW_.indd   103 17/06/2020   10:07:2017/06/2020   10:07:20



104

Chapter 4

studies may derive from the different designs of the exoskeleton. While the 
design of the PLAD provides a connection of the pelvis part to the legs through 
elastic latex bands, running to the lower legs, the Laevo consists of leg pads 
on the anterior sides of the thighs. As during lifting the exoskeleton transfers 
forces from the low back to these leg pads, resistance occurs when squatting, 
favouring less pronounced squatting with Laevo.

A tendency to a decrease in back muscle activity was observed when wearing 
the Laevo exoskeleton, especially when lifting from ankle height (Figure 7b). 
This indicates that the required torque of the trunk extensor muscles is partly 
supported by the torque generated by the Laevo, although this effect was smaller 
than expected. In addition, we found a small but significant increase in the 
activation of abdominal muscles when lifting with the exoskeleton, which was 
especially pronounced in the low-cam condition. This indicates that participants 
increased abdominal activity to overcome the resistance of the exoskeleton 
during trunk flexion. It is arguable whether this change in muscle activity 
influenced metabolic costs, since the increase is rather small. However, the 
effect on abdominal activation may partly account for reduced beneficial effects 
of the low-cam exoskeleton on metabolic costs of lifting compared to the high-
cam exoskeleton. 

Bosch et al. (2016) [28] evaluated the effect of the Laevo on muscle activity 
during an assembly task in a forward bent position. They found that muscle 
activity in the lower and upper back decreased by 38% and 44%, respectively, 
when the participants used the exoskeleton. Abdominal muscle activity did not 
change. The participants in their study had to perform a pick and place task, 
requiring work in a static position with the trunk bent forward to 40 degrees 
flexion. Due to the fact that their participants performed a static task, continuous 
support was provided by the Laevo exoskeleton, which was not the case in the 
present study due to the dynamic behaviour of the lifting task. This explains the 
larger effects on back muscle activity found by Bosch et al. (2016) [28] compared 
to the present study. Finally, Bosch et al. (2016) [28] and Whitfield et al. (2014) 
[16] found decreased activity in the M. biceps femoris when wearing an assistive 
device. We did not find any changes in the leg muscles, which may be due to 
differences between tasks investigated and techniques to perform these tasks.
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Since lifting requires trunk inclination of more than 20 degrees, we expected 
a bigger eff ect of the low-cam exoskeleton, which is supposed to support the 
user at bending angles >20 degrees, compared to the high-cam exoskeleton, 
which is supposed to support the user at bending angles from 0-20 degrees. 
However, the low-cam exoskeleton showed smaller and non-signifi cant eff ects 
on metabolic costs. We therefore assessed the torque-angle characteristic of the 
device in a “post-hoc” measurement, to test whether it matches the description 
of the manufacturer. By using a force transducer, we measured chest pad forces 
when a participant was performing trunk bending motions through the full 
range of motion of the exoskeleton. Additionally, we assessed the angle of the 
exoskeleton hip joint, using Optotrak motion capture markers [29]. The results 
of this measurement are shown in fi gure 10.

Figure 10: The angle-torque relationship of the high- and low-cam exoskeleton. The vertical 
black lines represent the operating range of the device during lifting from knee height 
(dashed line) and ankle height (solid line)(adapted from Koopman et al., 2019 [29]).

The maximal support of the high-cam device is reached at a Laevo angle of about 
35 degrees. This is within the range of joint angle that was reached during lifting. 
This in contrast to the low-cam exoskeleton, that provides a maximal support at 
a joint angle>100 degrees, which was never reached by the participants during 
lifting. The steep incline of the torque in the end range of motion of both types 

4

SaskiaBaltrusch_BNW_.indd   105SaskiaBaltrusch_BNW_.indd   105 17/06/2020   10:07:2017/06/2020   10:07:20



106

Chapter 4

is due to a hard stop that is provided by the device. These findings reveal that 
the high-cam Laevo provided the user with more support over the range of 
motion relevant to our task than the low-cam Laevo at both lifting heights, and 
explains the significant reduction in metabolic costs for the high-cam exoskeleton 
as opposed to the low-cam exoskeleton. Another important characteristic of 
both Laevo exoskeletons is the hysteresis effect. The moments provided by 
the exoskeleton are higher for the flexion phase than for the extension phase, 
thus support and stored mechanical energy get lost in the system during the 
movement. This explains the larger effects on back muscle activity found in the 
static task by Bosch et al. (2016) [28] compared to dynamic task in the present 
study.

The lack of statistical significance in outcome parameters of muscle activation 
and movement strategy, which underlie the observed reduction in energy cost, 
shows that individual participants responded differently to the exoskeleton 
when lifting. Individual participants changed their lifting strategy from squat to 
stoop to different extents. This resulted in inter-individual differences in COM 
movement changes, and different changes in muscle activation patterns to arrive 
at the consistently reduced metabolic costs. Statistical power of this study, 
however, was not sufficient to perform subgroup analysis. Determining which 
of the underlying factors accounts most for the observed reduction of metabolic 
costs requires further research.

Walking
Wearing the exoskeleton during walking increased metabolic costs by 12% at 
PWS and 17% at PWSX, confirming our second hypothesis. The significantly 
slower preferred walking speed with the exoskeleton compared to walking 
without the exoskeleton indicates that the exoskeleton hinders walking. The 
changes in movement strategy underline that. Participants shortened their steps 
when walking with the exoskeleton at the faster speed, suggesting that they 
probably had to cope with the resistance of the device against hip flexion. 
This is in line with a previous study [22] which tested the effect of the same 
exoskeleton on functional performance. The results yield increased perceived 
difficulty of tasks that involve hip flexion, underlining the importance of the 
possibility to disengage the device to allow unrestricted hip flexion in walking 
and similar tasks.
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While the exoskeleton did not have any effect on back muscle activity during 
walking, effects on abdominal muscle activity were found. When walking with 
the exoskeleton the activity of m. rectus abdominus and m. external oblique 
increased significantly. This is another indication of the impeding effect of the 
exoskeleton during walking. Participants increased their abdominal muscle 
activity to cope with the resistance against hip flexion. When flexing the hip, 
the abdominal muscles stabilize the pelvis in the sagittal plane and prevent it 
from anterior tilting by the downward pull of the hip flexor muscles [30,31]. In 
case of restricted hip flexion, participants probably also increased activity of their 
hip flexors. However, hip flexor activity is difficult to assess with surface EMG.

In summary, walking with a passive trunk exoskeleton increases metabolic cost. 
Indicators for restricted hip flexion were found in both movement strategy and 
muscle activity. However, it is unclear whether the increase in metabolic costs 
can be solely explained by these indicators.

Limitations
Our protocol was performed in a laboratory setting and limited to a lifting time of 
5 minutes, unlike real-life work settings, where lifting tasks are often much more 
variable in terms of technique and frequency. Thus, the outcome of this study 
cannot be directly generalized to a normal working environment, further studies 
are needed to assess the effect of a passive trunk exoskeleton on metabolic costs 
during a whole working day. Furthermore, due to data loss in the kinematic and 
EMG analysis, the statistical power for these parameters was lower than for our 
main outcome, metabolic cost, which explains why we found a significant effect 
in our main outcome, but only trends in the underlying mechanisms. Finally, due 
to the different designs of the various exoskeletons that are currently assessed 
in research, we cannot generalize our outcome to other assistive devices, since 
effects are dependent on the design of the exoskeleton.

5 Relevance and conclusion

We have shown that wearing a passive trunk exoskeleton decreases metabolic 
costs during lifting and increases metabolic costs during walking. The remaining 
question is whether the observed effects have a meaningful effect on fatigue in 
daily practice. People tend to operate at ~36% of their maximal aerobic capacity 

4
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to avoid fatigue [32]. According to Wu and Wang (2002) [10] employees should 
not exceed 34% of their aerobic capacity when working shifts of 8 hours. This 
is in line with other research [32-35], which recommends that the level of oxygen 
consumption should not exceed 33% of O2max for working in shifts that last 
between 2 and 8 hours. To understand the relevance of our results we can 
express our observed effects in similar terms of relative aerobic load. Assuming 
that our participants walked at 36% of their aerobic capacity in our self-selected 
walking speed trials (conform the finding of Astrand et al., 2003 [32]) we can 
estimate that lifting from knee and ankle height without the exoskeleton required 
~36% and ~51%, respectively. Wearing the high-cam exoskeleton reduced these 
values to ~33% and ~47% oxygen consumption. Although the reduction in 
relative load by 3-4% appears small, it may be relevant for the working 
population, considering that aerobic load of repetitive lifting in this study is 
around or exceeding the recommended maximal aerobic load indicated in 
literature. Thus, reducing the net metabolic consumption with the use of an 
exoskeleton is a relevant possibility to enhance safe work without undue fatigue. 
Certainly, future studies are needed to prove this statement.

Our findings suggest that exoskeletons are of benefit for lifting by decreasing 
physiological strain. Work-related low-back pain, in particular, might be 
preventable when wearing an exoskeleton, due to a lower risk of getting fatigued. 
Data on underlying changes in muscle activity and movement strategies provided 
insights for further optimization of exoskeleton design from the perspective 
of metabolic costs. Future studies are needed to corroborate underlying 
mechanisms and design optimizations.
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Abstract

In the EU, lower back pain affects more than 40% of the working population. 
Mechanical loading of the lower back has been shown to be an important risk 
factor. Peak mechanical load can be reduced by ergonomic interventions, the 
use of cranes and, more recently, by the use of exoskeletons. Despite recent 
advances in the development of exoskeletons for industrial applications, they 
are not widely adopted by industry yet. Some of the challenges, which have 
to be overcome are a reduced range of motion, misalignment between the 
human anatomy and kinematics of the exoskeleton as well as discomfort. A 
body of research exists on how an exoskeleton can be designed to compensate 
for misalignment and thereby improve comfort. However, how to design an 
exoskeleton that achieves a similar range of motion as a human lumbar spine 
of up to 60° in the sagittal plane, has not been extensively investigated. We 
addressed this need by developing and testing a novel passive back support 
exoskeleton, including a mechanism comprised of flexible beams, which run 
in parallel to the spine, providing a large range of motion and lowering the 
peak torque requirements around the lumbo-sacral (L5-S1) joint. Furthermore, 
we ran a pilot study to test the biomechanical (N = 2) and functional (N = 3) 
impact on subjects while wearing the exoskeleton. The biomechanical testing 
was once performed with flexible beams as a back interface and once with a 
rigid structure. An increase of more than 25% range of motion of the trunk in 
the sagittal plane was observed by using the flexible beams. The pilot functional 
tests, which are compared to results from a previous study with the Laevo 
device, suggest, that the novel exoskeleton is perceived as less hindering in 
almost all tested tasks.
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1 Introduction

Lower Back Pain (LBP) and shoulder pain affects more than 40% of the working 
population in the EU [1]. Mechanical loading has been identified as an important 
risk factor to develop LBP [2]. Especially, compression forces on the lumbar 
spine are one of the main risks, as reflected in the NIOSH standard for lifting [3]. 
Despite these insights, many workers are still exposed to mechanical loading: 
More than 40% of the workers in the EU are working in tiring and painful 
positions, while more than 30% are required to lift heavy loads at least a quarter 
of the work time [1]. Besides the health risks for the workers, these numbers also 
have quite severe financial implications: Cost estimates for health expenditure, 
caused by lower back pain range from 116 € per capita in Belgium up to 209 
€ per capita in Sweden [4]. This means, that for a relatively small country like 
Belgium with a population of approximately 11 million inhabitants, the total 
costs caused by lower back pain are as high as 1.2 billion €, which corresponds 
roughly to 2% of the gross domestic product of Belgium. It is therefore not 
surprising, that cranes [5], hoist and other means to bypass the loading of the 
back have been developed. However, the use of cranes and hoists and other, 
on site mounted means, is often infeasible due to space restrictions or not 
practical [6].

Therefore, more recently, exoskeletons [7] have been developed to mitigate the 
health risk for workers and to reduce the cost caused by injuries. Over the last 
decades, several exoskeletons specifically designed to support workers have 
been developed: These range from exoskeletons for shoulder, lower back and leg 
support to exoskeletons, that support the entire body. For an extensive overview 
of the state of the art, the interested reader is directed to a review article of de 
Looze et al. (2016) [7]. Biomechanical considerations suggest, that the lumbo-
sacral (L5-S1) region experiences peak mechanical loading in a wide range of 
tasks, specifically large compression forces of the spine [2]. These forces can 
range up to 5000 N or more when lifting a 15 kg load [8]. They are mainly due 
to muscle forces, needed to counteract the moment at the lower back, induced 
by gravitational forces on the upper body and load (Figure 1A). Therefore, the 
majority of the exoskeletons and exosuits focus on reducing compression forces 
in the lumbo-sacral region, by lowering the muscle forces that are required for 
lifting or holding of a static trunk posture. In almost all designs, this is achieved 

5

SaskiaBaltrusch_BNW_.indd   117SaskiaBaltrusch_BNW_.indd   117 17/06/2020   10:07:2217/06/2020   10:07:22



118

Chapter 5

either by external forces that run parallel to the human back, or moments that 
help extend the back. Applying these forces and moments to the torso and below 
the lumbo-sacral joint (L5-S1) mechanically unloads the lower back.

Figure 1: Back muscle forces and exoskeleton forces and moments (A). In order to balance 
the gravitational forces acting on on the trunk, the back muscles (FMuscle) contract. 
Since these forces act over a small lever arm of only a few centimeters (rLever ), almost 
parallel to the spine, the spine is subject to large compression forces. Exoskeletons aim at 
reducing these forces, by applying forces on the trunk (FExoTrunk ), pelvis (FExoPelvis), 
and thigh (FExoThigh). Together they produce an extension moment (MExo); Passive spexor 
exoskeleton (B). The exoskeleton unloads the back by applying a force at the torso, pelvis, 
and the thighs. The user has a large range of motion, when wearing the passive exoskeleton, 
due to advanced misalignment compensating mechanisms like the flexible beams in parallel 
to the spine. Written informed consent was obtained from the participant to publish this 
picture.

Since the properties of these back support exoskeletons and exosuits differ 
significantly with the way they are constructed, they are further subdivided into 
two groups: rigid and soft. In this context, rigid means, that the exoskeleton 
structure can transmit compression as well as extension forces, whereas soft 
refers to, that only compression forces can be transmitted.

Classical rigid exoskeletons such as Laevo [9], Robomate [10], Bending Non-
Demand Return (BNDR) [11], Wearable Moment Restoring Device (WMRD) [12], 
BackX [13], and Back Support Muscle Suit [14] have in common, that at least 
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one single actuated joint is placed at the hip level or slightly above to allow 
movement in the sagittal plane. Further, a mechanical structure extends from 
this joint, to the trunk, and to the thigh.

However, an important aspect, which sets these devices apart, is the degree, to 
which the kinematic structure of the exoskeleton is designed to align with the 
human. Misaligned joints can produce unwanted, parasitic forces and torques 
of up to 230 N and 1.5 Nm, respectively [15] which decrease the comfort of 
wearing a device. Because good alignment of an external exoskeleton structure 
is challenging, devices often compensate for misalignment [16,17], i.e., instead 
of trying to align the exoskeleton structure with the human, a certain amount of 
misalignment is accepted and compensated with the exoskeleton by introducing 
additional degrees of freedom (Figure 2C & D). Furthermore, proper misalignment 
compensation prevents relative movement between the device and the user and 
thereby indirectly also increases comfort [18].

The relatively big ranges of motion of the human trunk in the sagittal plane 
originates from the fact, that a human can flex or extend his hip joint as well 
as the lumbar joint(s). This leads to a certain redundancy, by which objects can 
be picked up. Two well-established cases include: a predominant use of the hip 
joint with small lumbar angles, which is commonly referred to as a squat lift, 
or a predominant use of the lumbar joint(s) with relatively small hip angles, 
commonly referred to as stoop lift [8]. These lifting styles have consequences 
on the torques that need to be provided at the lumbo-sacral joint: depending on 
lifting conditions, such as object height and size, moments at the L5-S1 joint can 
be substantially higher in either stoop or squat lifts [8]. The only exoskeleton of 
the above mentioned ones, that accounts for this additional degree of freedom in 
the sagittal plane with an additional joint, is the Back Support Muscle Suit [14]. 
This device has, next to the hip joint, an additional joint, which is placed at the 
bottom of the back. Unfortunately, no further evaluation of this additional joint 
was found. The other exoskeletons can still have a large range of motion of the 
trunk. However, they do not adopt their kinematics or support with variations 
in lifting style.

5
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Figure 2: Human angle defi nitions (A) hip angle (a), lumbar angle (b), and trunk angle (c). 
Fitting requirements (B). The relative distance between the waist and the skin surface at 
hip level diff ers signifi cantly between man and women and within these groups. Here, the 
skeleton structure (adopted from Netter (2011) [41]) is scaled to matches the 50 percentile 
male (blue asterisk middle). The other two blue data points indicate the 5 percentile and 
95 percentile male according to Tilley (2002) [30]. The red asterisks indicate the same data 
points for women. Additional design constraints are accommodated by translating these 
data points; Two structures, that are misaligned (C): The robot limb and the human limb 
are horizontally misaligned by a distance x and vertically by a distance y. A torque TAct is 
applied by the robot limb, displacing it by an angle α. A resulting torque TRes displaces the 
human limb. The initial misalignment x and y result in a displacement L and a rotation γ of 
the cuff  on human limb. Figure from Schiele and van der Helm (2006) [18]; Added degrees of 
freedom (D): no more relative motion occurs, because the misalignment is compensated by 
the slider ∆s and hinge γ. Figure from Schiele and van der Helm (2006) [18]; 
(E): Exoskeleton together with human skeleton. See Supplementary Materials for detailed 
model; Workspace comparison (F): the workspace of the human hip is compared to the 
exoskeleton workspace in the frontal plane.
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Kinematic compatibility in the frontal and transverse planes should also be 
considered. The Laevo system incorporates rotating elements in the chest pad, 
which to some degree fulfill the function of a differential transmission. The 
alignment for the legs is provided through the elasticity of a belt behind the 
waist. In comparison, the Robomate exoskeleton features more elaborated 
misalignment compensation for the hip, consisting of two hinge joints and one 
ball joint [10]. The same compensation mechanism is used for the trunk [10]. The 
BNDR does not include any mechanism to account for kinematic compatibility 
[11] other than the hip joints consisting of torsional springs. For the WMRD 
exoskeleton it is not clear, if any additional compensation mechanisms are 
integrated at the hip joint [12]. Two different models of the BackX exist, the 
model S and AC. The model S is similar in structure to the BNDR but features an 
additional adduction/abduction joint. The model AC, which features a rigid waist 
belt, also has an adduction/abduction joint and on top of that a joint at the base 
of the back structure to allow for lateral bending. A rotational joint at the top of 
the support strut enables axial rotation in the transverse plane.

Soft, suit like structures have a relatively long history in back support devices 
[19]. The Personal Lift Augmentation Device (PLAD) was one of the pioneers 
in this field [19]. Like other exosuits, the forces are transmitted in tension only 
and no weight bearing structure parallel to the human exists. While the lack of 
rigid mechanic structures greatly enhances kinematic compatibility, the range of 
motion can still be a challenge [19]. Other devices, that use suit like structures 
are the Smart Suit Light (SSL) [20] the Passive Spine Exoskeleton [21], and the 
waist assist suit AB-Wear [22]. However, Inose et al. (2017) [22] raised concerns 
that their waist assist suit AB-Wear, without any rigid structure, might generate 
unwanted compression forces. To avoid these compression forces, they updated 
their design to include a flat spring mechanism in the back as a load bearing 
structure. As the mathematical model from Abdoli-Eramaki et al. (2007) [19] 
shows, suit like structures are able to reduce compression forces, as long as the 
force application of the suit occurs with a bigger lever arm, than that of the back 
muscles. However, the potential to reduce spinal compression forces is bigger, 
if an external, load bearing, “rigid” structure is present and thereby forces can 
be applied perpendicular to the back rather than tangential.

5
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Several reasons are reported in the literature as to why back support 
exoskeletons and exoskeletons in general are not widely adopted in the industry 
yet: discomfort [23-25], excessive force application [23], loss of range of motion 
[10,23,26], not easy to use [24], kinematic incompatibility [24], long donning 
times [16], and lack of versatility to be used in a variety of real world settings 
[26]. To address these needs and to develop more suitable exoskeleton solutions, 
the SPEXOR consortium was formed. With the goal to develop and test, first a 
passive, and later on, an active exoskeleton for back support [27].

This paper presents the design and preliminary testing of a passive back 
support exoskeleton, that allows for a large range of motion of the lumbar 
spine and the hip and asserts kinematic compatibility with the user (Figure 
1B). In section 2.1 the requirements which lead to the current prototype are 
discussed. The concept of the novel back support exoskeleton and its design are 
explained in section 2.2, with a focus on the elastic back support mechanisms. 
The mechanical implementation of the elastic back support mechanism, the 
misalignment compensating hip module as well as the passive torque source at 
the hip are described in section 2.3. Subsequently, the experimental testing of 
the components as well as the testing involving human subjects are elaborated 
in section 3. The outcomes of the component testing, biomechanical testing 
and functional testing are presented in section 4 and discussed thereafter in 
section 5.

2 Materials and Methods

2.1 Requirements

An ideal back support exoskeleton can reduce the peak and cumulative loading 
on the back while at the same time still allow for a large range of motion. In 
order to be effective, a back support exoskeleton needs to connect the torso 
and the thighs. Due to the complexity of the hip joint and lumbar spine, many 
degrees of freedom need to be carefully bridged (Figure 2A). The kinematic 
compatibility and the fit of the device are tightly linked to the comfort of the 
user. Both characteristics are discussed in more detail in the following.
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Kinematic Compatibility and Fitting
In the process of designing back support exoskeletons, the degrees of freedom 
introduced by the lumbar spine are not always taken into account or are merged 
with the degrees of freedom of the hip [9-13]. Simple models of the human 
spine, suggest, that the lumbar spine can be modeled as one additional joint in 
the sagittal plane (Figure 2A). More complex models, consist of five separate 
spherical joints to model the lumbar spine [28]. The angular displacement in the 
lumbar spine can occur in the sagittal plane by flexing or extending the spine. 
Lateral bending in the frontal plane and axial rotation in the transverse plane 
constitute the rest of the possible angular displacements. Peak values for the 
range of motion of the human hip, spine and trunk can be found in Table 1. The 
relatively large amount of lumbar flexion of around 60° is not accounted for in 
most exoskeleton designs. This is astounding, since approximately 33% of the 
range of motion of the trunk flexion, comes from the lumbar spine (Table 1).

The hip joint is commonly modeled as a a ball joint [29]. Its degrees of freedom 
are comprised of flexion and extension in the sagittal plane, abduction and 
adduction in the frontal plane and internal external rotation in the transverse 
plane. The main reason, why the degrees of freedom of the human are important, 
is the fact, that a misaligned exoskeleton joint can cause some unwanted forces 
and moments [18]. Additionally it can lead to unwanted relative movements 
between the device and the wearer. This problem is well-documented in Schiele 
and van der Helm (2006) [18] and is common in all exoskeleton joints that are 
not aligned (Figure 2C). However, an exoskeleton joint can be misaligned without 
causing harm, as long as it is properly compensated. There are several ways 
to solve this. One that is used in a number of devices [10, 15, 16, 18], is the 
introduction of additional degrees of freedom (Figure 2D). Anthropomorphic data 
[30] suggests that significant differences exist in hip and waist width (Figure 
2B). These differences are in the range of several centimeters. If not properly 
accounted for, these differences can be a source of discomfort and misalignment.

5
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Table 1: Range of motion of the hip, lumbar spine and the combination of the two: trunk angle 
[35]: The definitions of the flexion angles (*) are shown in Figure 2A.

Note, 33% of the trunk flexion (Figure 2A (c)) originates from the lumbar spine  (Figure 2A (b)).

Kinetic Requirements
Due to its location at the base of the back, the peak torque in the human spine 
is generated a the lumbo-sacral joint (L5-S1). Biomechanical linked segment 
models [31] suggest that peak torques of up to 254 Nm are generated around 
L5-S1 while lifting a load of 15.7 kg.

Especially in the design of a passive exoskeletons, any attempt to compensate 
for the full dynamic torque at L5-S1 would lead to an exoskeleton that hinders 
its user most of the time. Therefore, designers often decide to compensate for 
a fraction of the full dynamic torque, which ranges typically between 20 and 30 
Nm for purely passive devices [19].

More complex, optimization based models indicate, that torque requirements 
for a passive back support exoskeleton could be as low as approximately 20 
Nm [32]. However, the toques of an active system for the lumbar spine and hip 
are significantly higher. In the optimization, the active torques were saturated 
to 67 Nm.

2.2 Concept

Based on the requirements above there were two main design goals: kinematic 
compatibility and the support torque in the same order of magnitude as in 
passive back support exoskeletons of approximately 20–30 Nm, should be 
transmitted. Here, first the concept for the spinal part is described, followed by 
the concept for the hip part.
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Spinal Structure Concept
Since it is challenging even for skilled people to correctly align an exoskeleton 
[33], we decided to strive for a design, where only a minimal amount of initial 
alignment is required. Correct alignment even with single hinge joints, such 
as the elbow, are a challenge [18]. Therefore, correct alignment with all five 
spherical joints of the lumbar spine is arduous. However, since good results can 
be expected by compensating for misalignment, this approach was chosen here.

Additional degrees of freedom can be added in many forms. One that at the 
same time allows to store energy, is the use of flexible materials (Figure 3A). A 
long and slim flexible structure can be bent in two directions and deformed under 
torsion. However, even to compensate for flexion and extension in the sagittal 
plane, at least two additional compensating degrees of freedom are required 
[18]. One to account for the length change, and one for correct alignment with 
the back. The same holds for the lateral bending and axial rotation. he choice of 
the position of the additional degrees of freedom used to provide compensation 
is relatively arbitrary, but attention should be payed to singular positions of the 
used mechanism [15]. However, the choice of a mechanism can have practical 
implications [16]. Choosing a center of rotation of an exoskeleton joint, to be 
located relatively far away from the corresponding human joint, will require 
a big compensatory effort, compared to almost coinciding joints. A flexible 
structure is used as a compensatory joint and energy storage a the same time. 
A combination with a linear joint along the flexible structure and an additional 
spherical joint was found to compensate for a large part of the misalignments 
in an iterative approach (Figure 4).

5
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Figure 3: Spinal support concept (A). The lumbar joint of the exoskeleton consists of a 
fl exible beam, which serves at the same time as a torque source. On the beam of length L 
acts a force F at the top. This leads to a displacement v(x) which is a function of the position 
along the beam x. With increasing bending angle θ(L) the displacement at the top δ x along 
the x-axis becomes more pronounced; The misalignment compensation mechanism for the 
trunk asserts, that despite a misalignment of xLumbar and yLumbar no relative movement 
(∆L) or angular discrepancies persist (γ); Hip support concept (B). The fl exion extension 
joint is powered with a Maccepa 2.0 [34], which consists of a profi le disk over which a cable 
is tensioned. The movement of the output joint by angle α compresses a spring and thereby 
stores energy. The pretension P is altered with a worm gear. The main design parameters 
are an off set B from the center of rotation, (here) a fi xed profi le radius R and the length C; 
The misalignment compensation of the hip asserts kinematic compatibility with additional 
three parallel joints and a slider.
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Figure 4: (Left) Passive Spexor prototype. An elastic spinal module in the back is used to 
provide a large range of motion and to store energy. Several misalignment compensating 
mechanisms at the hip and the back (hip indicated in the figure) are implemented. A 
passive, parallel elastic torque source provides support at the hip; (Right) Kinematic 
equivalent representation. The spinal structure is comprised of a ball joint and a linear slider 
in combination with elastic beams (here represented as two hinge joints in series). This 
structure provides flexibility and compensates for potential misalignment. The hip structure 
consists of three parallel hinge joints in combination with a fourth, actuated hinge joint in 
series with a linear joint. This structure fulfills a dual function, once as a fitting mechanism 
and once as a misalignment compensating structure. Written informed consent was obtained 
from the participant to publish this picture.

Hip Structure Concept
For the flexion and extension of the hip joint, a mechanism with many adjustment 
possibilities was chosen. Simple models from the literature [10] indicate that 
the required torque for the hip joint has a sinusoidal profile. The goal was to 
replicate this torque profile with adjustment possibilities (Figure 3B) in the torque 
magnitude [34].

Alignment of the rotation axis of a human and an exoskeleton is challenging 
[16]. For the flexion and extension and abduction, an approach was chosen, 
where a certain amount of misalignment is accepted and compensated for by the 
device kinematics (Figure 2E and for more detail Figure S1), i.e., the rotational 
joints and the slider along the leg move to accommodate for the misalignment. 

5
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Additionally, a wide range of sizes should be fitted. Based on a simple kinematic 
model of the human hip and the exoskeleton the workspace in the frontal plane 
is estimated. Anthropomorphic data from [30] and range of motion estimates 
from [35] are used to estimate the human workspace (Figure 2F and for more 
detail Figure S2). The kinematic equations are provided in the Supplementary 
Material. Previous research on misalignment compensation around the internal/
external degree of freedom of the hip indicated, that preventing the thigh cuffs 
from rotating around the thigh is challenging [16]. Especially, when additional 
compensatory degrees of freedom are introduced. The kinematic structure of 
the here presented exoskeleton allows for no rotation in the transverse plane, 
meaning the internal/external degree of freedom is blocked. However, because 
it is challenging to connect to the thigh in a way, that no rotation around the 
thigh axis occurs, we decided to use this to our advantage and implement the 
compensation of the internal and external rotation of the hip this way: the 
exoskeleton structure stays rigid and the leg rotates inside the not too much 
tightened cuff. The presence of large muscle groups and compliant tissues of 
the leg further simplify this approach.

Next to the problem to compensate for misalignment, the fitting of the 
exoskeleton on the hip is essential, especially, if the exoskeleton should not be 
protruding. One mechanism, that can be used to accommodate a wide range of 
different waist to hip widths, is one that consists of three parallel joints in series 
(Figure 5B). Incidentally, this mechanism can also be used to compensate for a 
small amount of misalignment. In the design of a controlled-brake orthosis [36] 
and later in the Robomate [10] a similar structure is used. The difference to our 
design is though, that in our case, the three compensatory joints are placed 
above the flexion-extension joint (Figure 4). This allows us to use the mechanism 
additionally for fitting purposes and place the connection to the pelvis very 
close to the body. Further, this configuration avoids collisions of the exoskeleton 
with the leg, which could potentially occur for large abduction angles in the 
controlled-brake orthosis or Robomate exoskeleton. However, this approach 
also comes with potential disadvantages. By placing the typically actuated 
and somewhat heavy flexion–extension joint below the three hinge joints for 
misalignment, the weight of the structure tends to rest against the skin of the 
wearer. Exerting a compression force at the hip. This might become a source 
of discomfort, especially if the actuator is heavy. Therefore, in the presented 
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design, the two top hinge joints are equipped with torsional springs (Figure 5B). 
This prevents the relatively heavy flexion/extension joint from pressing against 
the hip. Additionally, the two spring loaded joints counteract the tendency of 
the entire mechanism, to go into a singular configuration along the leg. In order 
to extend the range of motion even further, especially for lateral bending and 
axial rotations of the trunk, a spring loaded slider along the leg is added (Figure 
4).The three hinge joints in combination with the linear joint, leaves the flexion- 
extension joint floating on both sides (“dual floating”). Potentially, this allows the 
flexion-extension joint to self-align.

2.3 Mechanical Implementation

In the following, the design considerations of the passive Spexor exoskeleton 
(Figure 4) are described in more detail. Specifically, the physical interfaces, the 
spinal module, the misalignment compensation mechanisms, and the torque 
source at the hip.

Physical Interfaces
The pelvis structure, which connects the hip and the spinal part of the exoskeleton, 
is a custom made carbon fiber frame by Otto Bock HealthCare GmbH, consisting 
of two separate L-shaped structures that are clamped in the back. The pelvis 
structure is therefore adjustable in width. The mechanical loading of the pelvis 
structure is considerable. In order to prevent too large torsion angles of the 
structure, additional clamping of the ends of the overlapping structures was added 
(Figure 5A). The shoulder interface stems from a modified backpack (Karrimor 
Panther 65). An aluminum structure was added to mount the ball joint and to 
prevent the backpack from introducing unwanted slack into the system. The thigh 
interfaces are modified orthotics parts from Otto Bock HealthCare GMBH.

Spinal Module
In order to achieve a spinal range of motion of up to 60° in the sagittal plane, 
several different mechanisms were considered. Attempts to scale a 3D-printed 
multi-segmental prototype to torques of 20-30 Nm proved difficult due to high 
friction losses [37]. Therefore, a new concept consisting of multiple continuous 
carbon fiber beams under bending loads was developed (Figure 5A). Advantages 
of the continuous beams include, that the overall structure is light weight, 
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compact and comparatively simple. However, one of the main disadvantages 
is, that excessive loading breaks the beams. The peak stresses occur at the 
base of the beam, therefore special attention was payed to the fixation at the 
base. The beams are clamped in a structure made out of 3D printed ABS plastic 
embedded in an aluminum structure. At the base of the structure, the ABS 
plastic is modeled in such a way that the plastic follows the bending curve of the 
beam. The active length of the beam can be individually adjusted to the size of 
the user. The beams are cut to a length of 600 mm and are 4 mm in diameter. 
Three beams in parallel are used to provide a torque in the range of 30 Nm 
(Figure 5A). In order to dimension the beams, linear and non-linear models 
were used. The linear model follows a text book approach and is described in 
the following. Readers interested in the non-linear models are referred to [38].

Figure 5: Elastic spinal module (A). Three carbon fiber beams (D = 4 mm) provide the 
necessary flexibility to allow for the required range of motion, while providing a restoring 
torque when bent; Three parallel hinge joints (B). This mechanism is on the one hand used 
to compensate for misalignment and on the other hand to provide a good fit. Torsional 
springs are mounted on the top two joints to avoid singularities and increase comfort; 
Misalignment compensation mechanism hip and torque source hip (C). The torque, that 
is generated by the actuator is transmitted through the misalignment compensation 
mechanism.
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In order to calculate the displacement V(X) as a function of 𝒳 along a cantilever 
beam (Figure 3A) the following second order diff erential equation has to be 
solved:

      
  (1)

with the displacement V(X), the moment M, the Young’s modulus E, and the 
second moment of area I. The Young’s modulus E is a material property, related 
to stiff ness, while the second moment of area I is related to the geometric 
properties. For a round cross section beam, like the one used here, the second 
moment of area amounts to:

        
  (2)

with the radius R of the beam.

For a cantilever beam, where a force F is applied at the top of the beam, the 
moment along the beam has the following form:

       (3)

with the force F, the length of the beam L and the coordinate 𝒳. This results in 
the following equation for the displacement V:

     
  (4)

Integrating this equation twice, with the boundary conditions, that (a) the 
displacement at the base is zero, i.e., V(X=0)=0 and (b) that the defl ection at the 
base is zero, i.e.,  yields:

    
  (5)

This equation can be used to explicitly calculate the displacement V(X) as a 
function of the force F, the Young’s modulus E, the second moment of area I the 
length L and the position 𝒳 along the beam. In a similar fashion can the angle 
Ө(𝒳) which is defi ned as the diff erence of the displacements 
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 be calculated: 

     (6)

This allows to calculate the bending angle Ө(𝒳) as a function of the force F, the 
Young’s modulus E, the second moment of area I, the length L and the position 
𝒳 along the beam (Figure 9A).

Similarly, this equation can be used to estimate the Young’s modulus E, when 
the force F, the angle Ө(𝒳), the second moment of area I and the position along 
the beam 𝒳 and the overall length of the beam L is known.

     (7)

Qualitatively, the linear and non-linear displacements look similar. However, for 
large displacements, additionally a displacement  along 𝒳 takes place (Figure 
3A), which is not captured by the linearized equation.

Misalignment Compensating and Fitting Module Hip
The misalignment compensation and fi tting mechanism is manufactured out of 
aluminum (Figure 5B). The distance between two parallel steel axis is 30 mm. 
Two parallel custom designed torsion springs are mounted on the fi rst two joints. 
For future testing, the fi rst two joints can be locked with steel pins in discrete 
positions, additionally, encoder mounts are foreseen on all joints.

Torque Source Hip
Inverse pendulum models of the trunk predict a torque profi le required around 
the hip to have a sinusoidal profi le. In order to deliver such a torque profi le, a 
force generated with a linear die compression spring (Sodemann ST52890), with 
a spring constant of 21 
force generated with a linear die compression spring (Sodemann ST52890), with 

 , is routed over a profi le disk to generate a non-linear 
profi le with two 2 mm Dyneema cables (Figure 5C). The design is a purely 
passive version of a Mechanically Adjustable Compliance and Controllable 
Equilibrium Position Actuator (MACCEPA 2.0) as described by Vanderborght et 
al. (2011) [34]. The actuator is designed in such a way, that by changing manually 
the pretension, the peak output torque can be adjusted in a range of 10-30 Nm 
per joint, amounting to a total of 20-60 Nm.
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3 Experiments

The exoskeleton is tested in two ways: the isolated components, and the 
interaction of the exoskeleton with the user. The user testing is comprised of 
two parts, biomechanical and functional testing.

3.1 Component Testing

In order to assess the behavior of the individual components of the exoskeleton 
the carbon fiber beam and the torque source at the hip were benchmarked 
with respect to their torque angle characteristic. This allows to estimate the 
torque provided by the exoskeleton with kinematic data. In order to benchmark 
the components, they were fixed in a custom made test stand (Figure 6A,B). 
The components were equipped with reflective markers and their position was 
tracked with a camera system (Vicon Vero) at a frequency of 100 Hz. External 
forces, recorded with a load cell (Futek LSB 200, 445 N) at 1 kHz, were applied 
manually to excite the components. The recorded data was processed with 
custom made MATLAB scrips. The results are reported in section 4.1.

5
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Figure 6: Component testing: Spinal support (A). The beams are tested on the one hand 
to identify the material properties, such as the Young’s modulus E and on the other hand 
to identify the torque angle characteristic. The carbon fi ber beams are fi xed on the base. 
A force, which is recorded with a load cell, is applied at the top. Five points on the beams 
are tracked using a motion capture system (Vicon Vero). Torque source hip (B). In order to 
validate the design of the torque source and to identify the torque angle characteristic, the 
hip actuator is subjected to a external force. The force is recorded with a load cell, while at 
the same time the two markers on the rotating, top part of the actuator are tracked; Loading 
support verifi cation (C). Subject 1 is wearing the bottom part of the exoskeleton. The 
exoskeleton is equipped with markers, whose position is recorded with the motion capture 
system. Subject 2, with known mass m is standing on a force plate, while exciting the spinal 
part of the exoskeleton with the forces F 1 and F 2. The known length of the spinal part of 
the exoskeleton allows to calculate the support torque at lumbar level τexo.

In order to verify the loading support of the single components combined, the 
torque-angle behavior of the entire exoskeleton was identifi ed. The exoskeleton 
was equipped with Optotrak markers, while one user wore the hip part of the 
exoskeleton (Figure 6C). Instead of connecting the shoulder interface to the user, 
a second person standing on a force plate would excite the exoskeleton while 
the wearer fl exes out of the way. The experiment was once performed with the 
fl exible beams (Figure 7A) and once with the rigid aluminum tube (Figure 7C). 
The recorded data was processed with a custom MATLAB script. The resulting 
support torque-angle characteristic is reported in section 4.1.
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Figure 7: Diff erent exoskeleton confi gurations were tested: (A) Flexible exoskeleton with 
slider unlocked. (B) Flexible exoskeleton with slider locked. (C) Rigid exoskeleton with slider 
unlocked. (D) No exoskeleton. Written informed consent was obtained from the participant 
to publish this picture.

3.2 User Experiments

All experiments involving human subjects were approved by the medical ethical 
committee of the VU medical center (VUmc, Amsterdam, The Netherlands, 
NL57404.029.16).

Biomechanical Testing
Three young, healthy male subjects (average age: 30 years, average height: 
171.5 cm, average weight: 66 kg) participated in the biomechanical testing of the 
prototype. During the experiment, participants were asked to perform a range 
of motion (ROM) in all three directions; fl exion-extension (y), lateral bending 
(x), and rotation (z), while holding the knees as straight as possible without 
locking the knee. Subjects were asked to put the same amount of eff ort in each 
trial when wearing the diff erent exoskeleton confi gurations (Figure 7). In total, 
subjects performed four maximal ROM tasks, diff ering in the confi guration of 
the exoskeleton:

1. Exo fl ex-slider: Flexible back structure, with back slider unlocked

2. Exo fl ex-no slider: Flexible back structure, with back slider locked

3. Exo rigid: Rigid back structure, slider unlocked

4. No Exo: Not wearing any exoskeleton

5
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3D Kinematics of both the subject and exoskeleton were measured with an 
optical motion capture system (Certus Optotrak, Northern Digital, Waterloo ON, 
Canada) at 50 Hz. Marker clusters were attached on one side of the body, to 
the shank (A), thigh (B), pelvis (C), thorax (D), upper arm (E), and forearm (F) 
(Figure 8B). In addition, marker clusters were attached to relevant parts of the 
exoskeleton; exo hip joint (1), exo pelvis frame (2), exo base spinal structure (3), 
and exo top spinal structure (4). For all modeled human body segments (foot, 
shank, thigh, pelvis, abdomen, thorax, head, upper arm, forearm, and hand), 
anatomical coordinate systems were calculated based on anatomical landmarks 
that were related to the corresponding marker clusters using a probe with six 
markers [39]. From the rotation matrices of the segments, joint angles were 
calculated using Euler decomposition (YXZ). The angles that were used in the 
analysis are defi ned in Figure 8A. From the angle time-series (Figure 10), peak 
angles were subtracted and compared between conditions.

Figure 8: Angle defi nitions for the human and the exoskeleton (A). Knee angle (a), hip 
angle (b), lumbar angle (c), trunk angle (d), pelvis inclination (e), exo hip angle (f), exo 
lumbar angle (g), exo trunk angle (h), exo pelvis inclination (i), Measurement setup (B). 
Subject equipped with the exoskeleton and markers to track the position and orientation 
of diff erent body parts (red). The position and orientation of the lower leg (A), upper leg 
(B, not visible in this photograph), the pelvis (C), the trunk (D) the upper arm (E), and the 
lower arm (F) are tracked. Additionally, the exoskeleton is equipped with marker clusters 
to track the exoskeleton (yellow) hip angle (1) the pelvis carbon fi ber frame at the hip (2) 
the pelvis carbon fi ber frame at the base of the spinal exoskeleton structure (3) top of 
the spinal exoskeleton structure (4). Various single markers were used to track individual 
parts of the exoskeleton, but are not further used in the analysis and therefore not further 
elaborated. The stick fi gures show a visualization of the tracking results. For the sake of 
clarity, the body markers (red) are not highlighted in this fi gures. In the middle the subject 
is standing upright. The pink lines represent body parts of the subject, while the turquoise 
color represents the exoskeleton structure. On the right, the subject is performing a stoop. 
Written informed consent was obtained from the participant to publish this picture.
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Functional Testing
Three men with no low-back pain history participated in the functional testing 
of the prototype. Participants performed a series of functional tasks, including 
(1) tasks to assess the supportive function of the device, (2) tasks to assess 
the extent of restricted hip flexion, and (3) tasks to assess the ROM. A detailed 
description of the tasks can be found in a previous study of Baltrusch et al. 
(2018) [26], who developed a test battery to assess the effect of a passive 
trunk exoskeleton on functional performance. For convenience the tasks are 
also listed in Figure 12B. The functional tasks were performed once with an 
exoskeleton and without any exoskeleton. The sequence of the tasks and the 
starting conditions were randomized to prevent order and habituation effects. 
Functional performance was assessed by using questionnaires after each task, 
asking for perceived task difficulty and discomfort of the device. At the end of 
the session participants had to fill in a user’s impression questionnaire regarding 
their experience with the exoskeleton during the test session. The subjective 
outcomes measures were all assessed by using a visual-analog scale (VAS). This 
allows to more accurately distinguish between participants opinion compared 
to numeric scales [40].

User’s impression: The users impression questionnaire was divided into the 
assessment of range of motion, efficacy, and overall impression of the prototype. 
For range of motion participants got asked “Are you restricted in your freedom 
of movement?” with a VAS scale ranging from “not restricted” to “heavily 
restricted.” For assessing the efficacy of the device participants had to answer 
questions based on the reduction of back loading (“Does the device reduce the 
loading on your back?”; 0 = high reduction, 10 = no reduction), the support of 
tasks (“Does the device support you in performing the tasks you did?”; 0 = high 
support, 10 = no support) and the interference with tasks (“Does the device 
interfere with the tasks you did?”; 0 = no interference, 10 = high interference). 
To assess the overall impression participants were instructed to grade the device 
on a VAS scale with 0 = very bad and 10 = perfect.

Perceived task difficulty: To indicate the perceived task difficulty after each 
task participants were asked to put a cross on a VAS scale ranging from “very 
easy” to “very difficult,” with the question: “How difficult was the task you just 
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performed?.” This outcome was assessed in the control and in the exoskeleton 
condition.

Discomfort: In the exoskeleton conditions participants were asked to indicate the 
discomfort of the prototype after each task by putting a cross on a VAS scale 
that ranged from “very comfortable” to “very uncomfortable.”

The results of the functional testing are presented in section 4.3.

4 Results

In this section, first, the results of the component testing are presented, followed 
by the biomechanical and functional testing of the exoskeleton with users.

4.1 Component Testing

The results of the component testing can be found in Figure 9. One single carbon 
fiber beam produced an output torque of 12 Nm at an angle of 64°. Three beams 
in parallel, therefore produce a peak torque of 36 Nm. One hip torque source 
with a pretension of 30% (2.15 cm) produced a peak output torque of 22 Nm, 
two therefore a peak torque of 44 Nm. The entire exoskeleton consisting of 
flexible beams produced an output torque of 25 Nm at a trunk angle of 90°. 
The rigid exoskeleton produced a torque of up to 40 Nm at a trunk angle of 70°.

Figure 9: Spinal support (A). Measured data of one single beam is compared to the data 
of the model. The model and the measurements coincide. An angular range of 64° was 
measured which produced a torque of 12 Nm. Torque source hip (B). Measured data is 
compared to an analytical model of the MACCEPA 2.0. Up to an angle of 40° the two models 
coincide for loading. For angles bigger than 40° the measurement data exceeds the modeled 
torque. For an angular displacement of 95° an output torque of 22 Nm is produced. During 
unloading, the torque source shows hysteresis. Entire exoskeleton stiffness (C): The entire 
exoskeleton stiffness is characterized, once with flexible beams mounted (Flex, Figure 7A) 
and once with a rigid back interface (Rigid, Figure 7C) mounted.
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4.2 Biomechanical testing

Kinematics
A typical time series of the range of motion testing is displayed in Figure 10. 
Good correspondence between the human and Exo angles were observed with 
correlation values above 0.98. Largest trunk flexion occurred in the No Exo 
condition and decreased with 16° and 41° for the Flex Slider and Rigid condition, 
respectively. In all cases, human peak angles while wearing the Exo decreased 
with respect to the No Exo condition.

Bar plots indicating the peak angles of the range of motion trials and agreement 
between the Human and Exo peak angles are shown in Figure 11. In all three 
directions, peak angles were bigger in the Flex Slider condition compared to the 
Rigid condition. Almost no loss in ROM was found in lateral bending between No 
Exo and Flex Slider. However, between Rigid and Flex slider, lateral bending ROM 
decreased with more than 13°. As can be seen in the lower panel of Figure 11, a 
part of the improvement of the ROM is due to the effect of the slider and is thus 
not only due to the use of the flexible beams as was shown in the top panel of 
Figure 11. Figure 11b shows the agreement between the Human and Exo angles. 
In the no slider condition, agreement between Human and Exo lumbar flexion 
reduces with 18% compared to the agreement in the Flex Slider condition. In 
addition, a reduction of 47% is observed due to the difference between Flex No 
Slider and Rigid. Showing the benefit of the proposed features in both absolute 
angles as well as following the movement of different segments of the human.

5
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Figure 10: Typical time series of the range of motion measurements. Three cases are 
illustrated (from the left to the right): Not wearing an exoskeleton, wearing an exoskeleton 
with a fl exible spinal interface and an unlocked spinal slider confi guration and wearing an 
exoskeleton with a rigid spinal interface and also unlocked slider confi guration. In the last 
two panels additionally exoskeleton angles are shown. A decrease of peak trunk fl exion 
angles from 143° to 127° to 102° is visible for the three confi gurations. The movements 
with the rigid exoskeleton were performed slower.
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Figure 11: Biomechanical testing (a): (A) The range of motion of the test subjects while: 
not wearing an exoskeleton (white), wearing an exoskeleton with fl exible beams as spinal 
interface (light gray), and wearing an exoskeleton with a rigid aluminum tube as spinal 
interface (dark gray). (B) The range of motion of the subjects while: not wearing an 
exoskeleton (white), wearing an exoskeleton with fl exible beams as spinal interface, slider 
unlocked (light gray), wearing an exoskeleton with fl exible beams as spinal interface, slider 
locked (dark gray) (b) Comparison between the angles measured in the subjects and the 
corresponding angle in the exoskeleton.

5
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4.3 Functional Testing

The users impression of the device as assessed in the Users Impression Questionnaire 
show very good results for the categories “ROM” and “Interference with tasks” and 
good to moderate values for the categories “Reduction of back loading,” “Support 
of tasks,” and “Overall impression” (Table 2). We contrasted our results with the 
results of the study from Baltrusch et al. (2018) [26], to indicate improvements in 
the prototype compared to the Laevo device, based on user’s impressions.

Table 2: Users impression assessed by VAS scales: Numbers in brackets indicate the results 
of the study measured with Laevo in the study of Baltrusch et al. (2018) [26].

The Perceived task difficulty decreased when wearing the exoskeleton in one of 
the tasks to assess the supportive character of the device and did not change 
in the other one. Tasks to assess the extent of restricted hip flexion showed 
no change or a slight increase in perceived task difficulty when wearing the 
prototype. Participants perceived the range of motion tasks as slightly more 
difficult, with the exception of forward bending, which was perceived easier to 
perform with the exoskeleton (Figure 12A).

We again contrasted these results to the values of Baltrusch et al. (2018) [26] 
assessed when testing the Laevo device (Figure 12B), by comparing the median 
change in perceived task difficulty. Hence, values above zero indicate support by 
the device, whereas values below zero indicate hindrance by the device when 
performing the task. With regard to discomfort levels, the physical user interface 
shows promising results. Participants reported low discomfort, ranging from 0.6 
cm on the VAS scale for wide stance up to 4.4 cm for walking. Problems that 
were still mentioned are touching of the leg pads during walking, friction on the 
side of the neck and pressure on the hips.
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Figure: 12: (A) Boxplots of perceived task diffi  culty. The red line represents the sample 
median. The distances between the tops and bottoms are the interquartile ranges. Whiskers 
show the min and max values; The dotted lines represent the division between (1) tasks 
to assess the supportive function of the device (right side), (2) tasks to assess the extent 
of restricted hip fl exion (middle), and (3) tasks to assess the ROM (right side); 0 = very 
easy, 10 = very diffi  cult. (B) Comparison of the Laevo device assessed in Baltrusch et al. 
(2018) [26] and the prototype of the current study: Boxplots of diff erence in perceived task 
diffi  culty between without and with exoskeleton condition. Values above the dashed zero 
baseline indicate a support by the device, values below the baseline indicate a hindrance by 
the device. The red line represents the sample median. The distances between the tops and 
bottoms are the interquartile ranges. Whiskers show the min and max values; The dotted 
lines represent the division between 1) tasks to assess the supportive function of the device 
(right side), 2) tasks to assess the extent of restricted hip fl exion (middle), and 3) tasks to 
assess the ROM (right side).
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5 Discussion

A passive back support exoskeleton for industrial applications, that preserves the 
natural range of motion of the user was designed and tested. The exoskeleton 
uses misalignment compensation for both the lumbo-sacral (L5-S1) joint and the 
hip joint. We have demonstrated, that using flexible beams as a back interface 
increases the trunk range of motion by more than 25% (24.5°) compared to its 
rigid counterpart in the sagittal plane (Figure 11). With the flexible beams, the 
range of motion is only decreased by 10% (13°) compared to not wearing an 
exoskeleton at all. An average range of motion of 117° in the sagittal plane was 
measured in the prototype with the flexible beam as spinal interface. Compared 
to the design goal of 60° flexion-extension in the sagittal plane of the Robomate 
exoskeleton [10] that is an increase of almost 100% (57°).

Encouraging are also the results, that an angle agreement between the 
exoskeleton and the human of more than 70% was achieved if the full set 
of misalignment compensating mechanisms is enabled (Figure 11). Meaning, 
that the angles of the exoskeleton are only around 30% smaller than the 
corresponding angles of the human. Of special interest here is, that both the 
lumbar and the hip angle are 30% reduced compared to the human angles. In 
this case, no literature values to compare to are available. The Back Support 
Muscle Suit is one of the few designs that also includes a flexion-extension 
joint for the lumbar spine [14]. However, no data was published on how big the 
contributions of these individual angles were, while wearing the device. The angle 
agreement results are especially striking, if we compare these results to the case 
of the rigid exoskeleton (Figure 11): The agreement between the lumbar angles 
is as low as one percent. Meaning, that the exoskeleton structure accounted for 
only one percent of the lumbar angle in the human. However, this discrepancy is 
to some degree compensated by the hip angle, which agrees by more than 90% 
in this case. For the overall trunk flexion however, the difference is still a 50% 
discrepancy between the exoskeleton trunk angles and the human trunk angle.

The flexible exoskeleton structure produces a torque of up to 25 Nm, which 
places it in a similar range as state of the art passive exoskeletons such as the 
PLAD, which produces torque of up to 27.5 Nm. With the rigid aluminum tube 
as spinal structure, a torque of up to 40 Nm can be produced, however, at the 
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cost of a reduced range of motion by 24.5° and an angle discrepancy between 
the exoskeleton of up to 50%. Further research is needed, to investigate, if 
good angle agreement can also be achieved with higher support torques from 
a flexible structure.

A comparison to the Laevo device with functional outcomes draw an encouraging 
picture. Especially big is the difference when asked to rate the interference of 
tasks by the devices. While the interference with the described prototype is 
perceived as low as 1.7 cm on the VAS scale, the Laevo almost doubles this value 
with 3.4 cm (Figure 12A). Note, a value of 0 cm means no interference and a 
value of 10 cm means a high interference. The device is perceived to especially 
simplify the task of forward bending during a manual task and bending the trunk 
forward as much as possible, with extended knees. On the other hand walking 
seems to become more difficult. This is not surprising, because in a passive 
device, the user has to work against the device while pushing the leg forward. A 
clutch mechanism, that engages the hip torque source during a lifting task and 
disengages is during walking, stair climbing etc. is already under development. 
A purely passive clutch mechanism of this kind has been integrated in the BackX 
exoskeleton. However, no studies or data could be found, that investigate how 
well this mechanism works and how its function is perceived by the user.

Limitations

The number of subjects for the functional tests (N = 3) is small, especially 
considering the subjective nature of these tests. This means, that generalizations 
of the functional testing results should be interpreted with caution. Nonetheless 
should be noted, that for this small group of participants consistent and 
perceivable improvements compared to the Laevo exoskeleton were reported 
by the participants.

6 Conclusions

A passive novel back support exoskeleton was presented, which allows for a large 
range of motion while wearing it. At the same time support torques of up to 25 
Nm are provided at the lower back. Good kinematic agreement, resulting from 
the misalignment compensation mechanisms at the trunk and hip level minimize 
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the relative movement between the exoskeleton and the user. A comparison 
of functional pilot test outcomes with previous results with the Laevo device 
suggests, that the exoskeleton is perceived less hindering in almost all tested 
cases.
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Abstract

The aim of this study was to assess functional performance and user satisfaction 
of workers with and without a history of low-back pain when wearing a passive 
trunk exoskeleton (SPEXOR).

24 male participants, including 18 workers from load-handling professions, 
participated in this study. We allocated 13 to a low back pain group and 11 to a 
healthy group for subgroup analysis.

Wearing the exoskeleton increased objective performance in lifting and static 
forward bending, but decreased in walking, stair climbing and wide stance. 
Perceived task difficulty and local discomfort in the low back decreased, wearing 
the exoskeleton. Problems with previous devices, e.g. interference with tasks, 
discomfort and restricted range of motion, were resolved. The effects were 
generally bigger for the low-back pain than for the healthy group.

SPEXOR can be used in the working environment for unloading the back and 
decreasing local discomfort in the low back during load-handling tasks. Future 
designs should consider improving comfort and increasing (perceived) support. 
Subgroup analysis suggests that an exoskeleton has bigger potential as pain 
management intervention than as primary prevention.
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1 Introduction

In spite of extensive research efforts, low-back pain continues to be one of the 
most prevalent and costly health problems around the globe [1]. As an industrial 
problem, it represents a high economic burden by affecting 75-85% of workers at 
some point in their lifetime [2], leading to high numbers of lost working days [3].

The causes of low-back pain (LBP) are known to be multifactorial [4] including 
physical occupational risk factors, such as heavy physical work, frequent 
lifting, forward bending, awkward postures and manual materials handling 
[5-7]. By implementing ergonomic interventions and regulations, companies 
strive to prevent work-related low-back pain. However, the workplace, being a 
complex and dynamic environment, encompasses high variability in tasks and 
movements, which makes it hard to introduce robust preventive strategies. 
Redesigning the working environment would be the best approach to avoid risk 
factors. Unfortunately, a modification of workplaces is not always feasible. It 
might lead to inefficient working or comes at high costs. Moreover, currently 
available assistive off-body devices, like hoists and palletisers, are often not used 
since employees perceive them to be disturbing their work flow.

In the last 20 years, body worn assistive devices (exoskeletons) have been 
introduced in the industrial setting, to deal with the problems encountered 
with off-body lifting aids. A review by de Looze et al. (2016) [8] showed that 
passive exoskeletons have the potential to considerably reduce occupational risk 
factors associated with developing low-back pain. Specifically, these exoskeletons 
decrease spinal loading during lifting, bending, and static holding tasks [9-13] 
without the need for workers to adapt their work flow. Still, there are multiple 
drawbacks of the current designs of passive exoskeletons. Several studies have 
reported substantial discomfort levels when wearing an exoskeleton [10,14,15], 
which reduce the feasibility of workers wearing it during a whole working day. 
Moreover, we observed that a currently commercially available exoskeleton 
had limited versatility [14]. This restricts the application of such a device to 
stereotypical tasks, which is in contrast to the wide range of work tasks and 
work environments that can be found in many load-handling professions. It 
was also shown that restrictions of the device increased metabolic costs when 
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walking, which might reduce the use of this devices in working places that 
require substantial walking in between lifting and load handling tasks [16].

Recently, a new exoskeleton called SPEXOR1 was developed with the aim to 
improve biomechanical support and overcome the limitations of available 
systems [17]. Pilot testing, to assess the effect of the exoskeleton on functional 
performance and user satisfaction in a range of working tasks, revealed 
encouraging outcomes. Users perceived several tasks as less difficult when 
wearing the exoskeleton and reported low interference with the actual task. 
However, sample size was small (n=3) and results could not be generalized.

In this study, we therefore assessed the effect of wearing the SPEXOR 
exoskeleton on functional performance in a larger group of participants 
working in load-handling professions. We included potential end-users in our 
study population, to enhance generalizability to companies that may need such 
assistive devices. Moreover, we included employees with and without a history 
of low-back pain, to assess whether the results differ between the two groups, 
and hence to explore the application of the exoskeleton as prevention and/or 
pain management intervention.

2 Methods

2.1 Passive spinal exoskeleton

In this study, we tested the passive SPEXOR exoskeleton, which is described in 
more detail in Näf et al. (2018) [17]. To reduce the peak and cumulative load on 
the lower back, the exoskeleton generates torques by two in-series connected 
passive actuators: a pair of hip actuators with misalignment compensation 
mechanism and an elastic spinal module (Figure 1a and 1b). The support 
torque generated at the hip is manually adjustable, by setting pretension of the 
springs in the hip actuator. The stiffness of the spinal module can be adjusted 
by adapting the thickness and number of the carbon fiber beams. The hip 
actuators are designed to be continuously adjustable between 10 Nm and 30 
Nm peak output torque per side and up to 60 Nm in total (both sides). Current 
models of the spinal module can theoretically generate peak torques of up to 

1 Spinal Exoskeleton for Low Back Pain Prevention and Vocational Reintegration
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50 Nm with three beams with a diameter of 4.7 mm. Furthermore, a clutch 
is implemented in the device to provide the possibility of switching on and off  
the support torque generated by device around the hip joint (Figure 1c). The 
clutch features an angle-adjustable locking mechanism (Corrective System Joint 
17BK1, Otto Bock Healthcare GmbH, Duderstadt, Germany). The joint connection 
consists of bearing washers and bushing and is fi xed with a joint nut. A locking 
wedge locks the joint at the desired trunk inclination angle. Continuous angle 
adjustment is possible due to a worm gear and toothed wheel. If switched 
on, the clutch engages the springs in the hip actuator. If switched off , these 
springs are disengaged and the exoskeleton does not provide support via the 
hip actuators, allowing unobstructed hip fl exion. If the clutch is engaged at an 
inclination angle >0, it will cause the torque vs hip angle profi le to shift forward. 
Thus, the same torque will be reached 15 degrees later in the forward fl exion.

Figure 1: The exoskeleton unloads the back by applying a force at the torso, pelvis, and 
the thighs: (a) an elastic spinal module generates a torque through a set of carbon fi ber 
beams and (b) a passive hip actuator. The implemented clutch allows disengagement of the 
passive hip actuators, by moving a manual switch (c). Note: electrical wires were used for 
measurements and are not part of the exoskeleton.

2.2 Participants

We recruited employees from the Dutch airline company KLM, working in 
the luggage handling department and employees from the Dutch automotive 
industry Mitsubishi Turbochargers, working as operators and being responsible 
for assembling and sorting turbochargers. Both companies have high prevalence 
of low-back pain among their employees. 

6
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In total, 26 male participants with a mean age, height, and body mass of mean 
(sd): 43.6years (7.7years), 177cm (7cm), and 82kg (12kg), participated in this 
study, including 18 from load-handling occupations. In addition, 6 employees from 
non-load-handling occupations were included. Data from two participants had 
to be discarded from the analysis, since these participants failed to understand 
instructions. Of all participants included in the analysis (N=24), we allocated 13 
to the low back pain group and 11 to the healthy group. Our inclusion criteria for 
the pain group was a history of low-back pain and recurrent problems, defined 
as episodes of low-back pain more than once in their life. This criterion was 
assessed in a questionnaire with the questions 1) Have you ever had problems 
with the low back? (Yes/No) and 2) Have you had these problems only once or 
did they occur more often? (Once/More often). If participants answered “yes” and 
“more often” they were allocated to the low-back pain group. Participants who 
had low-back problems only once were allocated to the healthy group. To know 
the current pain level when starting the measurement, participants also had to 
answer the question 3) What is your current pain level? on a scale from 0=no 
pain to 10=maximum pain. The participants received an information letter prior 
to the experiment and signed an informed consent form on the measurement 
day. The experiment was approved by the medical ethical committee of VU 
medical center (VUmc, Amsterdam, The Netherlands, NL57404.029.16).

2.3 Functional performance test battery

The test battery used for assessing functional performance with and without 
the exoskeleton was an adapted version of a test battery used previously [14], 
assessing objective and subjective performance (Table 1). The selected tasks 
in this test battery are divided into three categories: 1) functional tasks to 
assess the potential support of the exoskeleton (tasks 1-4), 2) functional tasks 
to assess potential hindrance by the device (tasks 5-8) and 3) tasks to assess 
the effect on range of motion when wearing the device (tasks 9-12). We adapted 
the task ‘Lifting’ in the current test battery, since we reached a ceiling effect in 
this task in our previous study [14], when assessing maximum weight that can 
be lifted. In the present study, we therefore assess the maximum number of 
lifts in 2 minutes with a weight of 20 kg. Additionally, we added the subjective 
outcome measure ‘Local Discomfort in the Lower Back’ for each task, since 
we expected participants with recurrent low-back pain to start with non-zero 
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discomfort levels. After each task, participants were asked to indicate the level 
of general discomfort, perceived task difficulty and local discomfort in the low 
back on a visual analogue scale (VAS), ranging from 0 (no difficulty/discomfort) 
to 10 (maximum difficulty/discomfort). For the static postural tolerance tasks 
“Static Forward Bending” and “3 point kneeling position” participants also filled 
in a questionnaire on Local Discomfort in specific body areas.

Table 1: Functional performance tests and their respective procedure and outcome measures.

Test Procedure Objective
outcome 
measure

Subjective
outcome measures

GD LD PTD DLB
1. 
Lifting

Lifting a box of 20 kilos 
for 2 minutes from 
ankle height as often as 
possible. Lifting technique 
and lifting speed is chosen 
by the participant.

Number of lifts 
in 2 mins

x  x  x

2. 
Carrying

Carrying 20 kilos in a box 
for 10 meters.
Time recording stopped 
when the participant 
passed the 10-meter mark.

Performance 
time (s)

x  x  x

3. 
Static 
forward 
bending

 Standing with flexed 
trunk between 30 and 60 
degrees. Trunk angle is 
chosen by the participant.
Performing a simple 
manual task on a table at 
knee height, max 5 mins.

Maximal 
holding time 
(s)

x x  x  x

4. 
3 point 
kneeling 
position

Holding 3 point kneeling 
position with one hand on 
the floor.
Performing a simple 
manual task on the floor, 
max 5 mins.

Maximal 
holding time 
(s)

x x  x  x

5. 
6 Minutes 
Walk Test

Walking as far as possible 
in 6 minutes.

Distance (m) x  x  x

18. 
Sit to stand

Sitting down on a chair 
and getting up 5 times. 
Participant started in sitting 
position and time recording 
stopped when participant 
sat down the 5th time.

Performance 
time (s)

x  x  x

6. 
Stair 
Climbing

Climbing up- and downstairs 
as fast as possible for 20 
steps. No use of handrails. 
Time recording stopped 
when both feet were on the 
floor again.

Performance 
time (s)

x  x  x

6

SaskiaBaltrusch_BNW_.indd   159SaskiaBaltrusch_BNW_.indd   159 17/06/2020   10:07:3917/06/2020   10:07:39



160

Chapter 6

Test Procedure Objective
outcome 
measure

Subjective
outcome measures

GD LD PTD DLB
7. 
Ladder 
Climbing

Climbing up and down 
a ladder twice. Time 
recording stopped when 
both feet were on the 
floor again.

Performance 
time (s)

x  x  x

8. 
Bending 
the trunk

Bending forward as 
much as possible, knees 
extended.

Distance 
fingertip to 
floor (cm)

x  x  x

9. 
Wide 
Stance

Standing with feet 20 cm 
apart, gradually increasing 
distance by 20 cm.

Maximal 
distance (cm)

x  x  x

10. 
Rotation of 
the trunk

Rotating the trunk 5 times 
to both side.

None x  x  x

11. 
Squatting

Squatting down to the 
floor 3 times, leaving the 
heels on the ground.

None x  x  x

GD=General discomfort; LD=Local Discomfort in specific body areas; PTD=Perceived Task 
Difficulty; DLB=Local Discomfort Lower Back

User satisfaction was assessed with the help of a User’s Impression Questionnaire 
through VAS scales, addressing adjustability, range of motion, efficacy of the 
device and the probability of wearing the exoskeleton at work (Table 2).

Table 2: User’s Impression Questionnaire

Category Question VAS scale
Adjustability How easy is the device to put on and put off? 0=very easy

10=very difficult
How easy is the device to adjust? 0=very easy

10=very difficult
Range of 
Motion

Are you restricted in your freedom of movement? 0=not restricted
10=heavily restricted

Efficacy Does the device reduce the loading on your back? 0=high reduction
10=no reduction

Does the device support you in performing the 
tasks you did?

0=high support
10=no support

Does the device interfere with the tasks you did? 0=no interference
10=high interference

Use at work Would you consider this device for daily use at 
work?

0=daily use
10=no use
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2.4 Testing Procedure

First, participants had to fill in the questionnaire related to their history of low-
back pain. These outcomes were used to allocate the participants into healthy and 
low-back pain groups for sub-group analysis. Each measurement session began 
with fitting and adjusting the exoskeleton to the participant. Before the start 
of the measurement, every participant was allowed to move in the exoskeleton 
for a couple of minutes, to get familiarized with it. Subsequently, participants 
performed the functional performance test battery in two conditions: 1) with 
the exoskeleton (Exoskeleton condition) and 2) without the exoskeleton (Control 
condition). The support of the exoskeleton was turned on with the manual clutch 
for the task group 1 (tasks that are expected to benefit from the exoskeleton 
support), for the other tasks the support was turned off. Engagement of the 
clutch was set at 0 degrees. The starting condition and the sequence of the 
tasks were randomized to prevent order and habituation effects, but was the 
same for both conditions. After each separate task, participants were asked 
to fill in the VAS scales to assess subjective performance. At the end of the 
session the User’s Impression questionnaire was completed by the participants. 
For each participant, all measurements were performed on a single day. Half 
of the measurements were performed in a mock-up environment at Mitsubishi 
Turbocharger and Engine Europe, the other half in a mock-up environment at 
the VU Amsterdam.

2.5 Data Analysis

We conducted two-way repeated-measures ANOVAs, to test for the effect of 
exoskeleton use (2 levels) and the effect of allocated group (2 levels) on mean 
objective performance. In case of an interaction effect, Bonferroni post-hoc 
tests were conducted to determine differences between exoskeleton conditions 
in the two groups separately. To test for statistical differences in subjective 
performance, the VAS scale values of perceived task difficulty and local 
discomfort were compared between the conditions, using the non-parametric 
Wilcoxon test, since VAS scales generate ordinal data [18]. For sub-group 
analysis of subjective data, we performed the non-parametric Mann-Whitney test 
to determine differences between exoskeleton conditions for each of the groups 
separately. The critical level of significance was an alpha of 0.05. Corrections 
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for multiple testing were made by dividing α by the number of tests performed 
for each outcome within each group of tasks. General discomfort and User’s 
impression, are presented descriptively, since these parameters were only 
assessed in the Exoskeleton condition. All statistical analyses were performed 
using SPSS for Windows (IBM, SPSS Statistics 23.0, USA).

3 Results

3.1 Group characteristics

The healthy group and the low-back pain group did not differ in age (44years vs. 
43years), weight (87kg vs. 78kg) and height (180cm vs. 175cm). Eight of the 13 
participants, allocated to the low back pain group, reported they had multiple 
inactive working periods due to sick leave related to their low-back problems in 
the past. In the healthy group, two participants reported to have been on sick 
leave due to low-back pain once. The current pain level of the low-back pain 
group at the start of the measurement was 4 (2-5) on a scale from 0=no pain 
to 10=maximal pain. In the healthy group only one participant reported to have 
current pain, with a value of 1.

3.2 Objective performance

A significant increase in performance when wearing the exoskeleton was found 
for maximum number of lifts in 2 minutes (18lifts ± 6 vs. 20 lifts ± 6, p=0.000) 
and maximum static forward bending time (3.1mins ± 1.4 vs. 4.2mins ± 1.0, 
p=0.000) (Figure 2a). These tasks belong to the group of tasks in which we 
expected support by the exoskeleton. Performance in three tasks of the group 
in which we assessed the potential hindrance of the exoskeleton, slightly but 
significantly, decreased when wearing the exoskeleton: walking distance (475.1m 
± 47.0 vs. 444.1m ± 42.4, p=0.000), stair climbing time (17.7s ± 3.0 vs. 19.1s 
± 3.2, p=0.000) and wide stance distance (109.6cm ± 22.4 vs. 104.2cm ± 
25.5, p=0.005). A main effect of group was only found for lifting, with greater 
performance in the healthy group, compared to the low-back pain group (16 
lifts ± 2 vs. 23 lifts ± 2, p=0.003). Interaction effects between exoskeleton 
and allocated group were found for static forward bending (p=0.001) and wide 
stance (p=0.018) (Figure 2b). These interactions revealed that the increase 

SaskiaBaltrusch_BNW_.indd   162SaskiaBaltrusch_BNW_.indd   162 17/06/2020   10:07:3917/06/2020   10:07:39



163

Chapter 6

in performance in static forward bending (p=0.000) and the decrease in 
performance in wide stance (p=0.008) occurred for the low back pain group only.

Figure 2a: Change in objective performance for the various tasks. *Signifi cant change 
in functional performance between exoskeleton (with) and control condition (without). To 
facilitate comparison of the diff erent tasks, values were normalized to score in the control 
condition (without exoskeleton). The dotted lines represent the division between the groups 
of tasks. Figure 2b: Change in objective performance in the subgroups healthy participants 
compared to participants with a history of low-back pain. *Signifi cant diff erence in functional 
performance between exoskeleton (with) and control condition (without) in the respective 
group.

6
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3.3 Subjective Performance

Participants perceived lifting, static forward bending and static 3 point kneeling 
as less diffi  cult when wearing the SPEXOR exoskeleton compared to control 
condition (Figure 3a, p=0.008, p=0.002 and p=0.001, respectively). For the 
remaining tasks, the exoskeleton did not signifi cantly change perceived task 
diffi  culty. We did not fi nd a signifi cant main eff ects of group or interaction eff ects 
with group on perceived task diffi  culty (Figure 3b).

Figure 3a: Boxplots of change in perceived task diffi  culty for the various tasks. (The red/
green line represents the sample median. The distances between the tops and bottoms 
are the interquartile ranges. Whiskers show the min and max values, including outliers.) 
*Signifi cant change in perceived task diffi  culty between exoskeleton (with) and control 
condition (without). Note that in this fi gure an increase represents a negative eff ect and a 
decrease a positive eff ect. Figure 3b: Diff erence in perceived task diffi  culty between control 
and exo condition in the subgroups healthy participants compared to participants with low-
back pain.
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Signifi cant reductions in local discomfort in the lower back when wearing the 
exoskeleton were found for lower lifting (p=0.001), static forward bending 
(p=0.001) and static 3 point kneeling (p=0.001). Other tasks did not show 
signifi cant eff ects of the exoskeleton (Figure 4a). When testing the groups 
separately, we found a signifi cant decrease in low back discomfort in the low-
back pain group for lifting (p=0.002), static forward bending (p=0.007) and 3 
point kneeling position (p=0.004), but no change in the healthy group (Figure 
4b).

Figure 4a: Boxplots of change in local discomfort in the lower back for the various tasks. 
(The red line represents the sample median. The distances between the tops and bottoms 
are the interquartile ranges. Whiskers show the min and max values, including outliers.) 
*Signifi cant change in local discomfort between exoskeleton (with) and control condition 
(without). Note that in this fi gure an increase represents a negative eff ect and a decrease 
a positive eff ect. Figure 4b: Diff erence in local discomfort between control and exo 
condition in the subgroups healthy participants compared to participants with low-back pain. 
*Signifi cant change in local discomfort between exoskeleton (with) and control condition 
(without) in the respective group.

6
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In the static postural tolerance tasks, the exoskeleton decreased local discomfort 
signifi cantly in the abdomen (p=0.003), low back (p=0.000), upper back (p=0.03) 
and hamstrings (p= 0.02) during static forward bending and in the low (p=0.008) 
and upper back (p=0.02) during 3 point kneeling (Figure 5). Subgroup analysis 
for static forward bending revealed signifi cantly decreased local discomfort in the 
low-back pain group, in abdomen (p=0.04), low back (p=0.007), thighs (p=0.04) 
and hamstrings (p=0.03). For the healthy group, a signifi cant decrease in the low 
back (p=0.006) was found. For 3 point kneeling, the low-back pain group showed 
decreased local discomfort in upper back (p=0.02) and low back (p=0.002).

Figure 5a: Boxplots of change in local discomfort in diff erent body parts for the static 
postural tolerance tasks forward bending and 3 point kneeling. *Signifi cant change in local 
discomfort between exoskeleton (with) and control condition (without). Note that in this 
fi gure an increase represents a negative eff ect and a decrease a positive eff ect. Figure 5b: 
Diff erence in local discomfort between control and exo condition in the subgroups healthy 
participants compared to participants with low-back pain. *Signifi cant change in local 
discomfort between exoskeleton (with) and control condition (without) in the respective 
group.

As shown in Figure 6, general discomfort of the exoskeleton ranged from 0 to 
9 (0=no discomfort, 10=maximum discomfort), with highest mean values for 
walking, with a median value of (interquartile range): 2.8 (1.6-4.9) and lowest 
values for carrying: 0.3 (0.1-1.0).
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Figure 6: Boxplot (median, inter quartile range and total range) of general discomfort of the 
exoskeleton for the various tasks. The black dashed lines represent the division between the 
groups of tasks.

The median values of user impression are presented in Table 3. Adjustability, 
including donning and doffi  ng and length adjustment, was rated as easy. Range 
of motion with the device was reported to be only slightly restricted. The effi  cacy 
of the device in terms of reduction of back loading and support of the tasks was 
experienced as good to moderate. Interference of the exoskeleton with the tasks 
was considered to be low. The participants rated the SPEXOR exoskeleton with 
a fi nal grade of 6 and a range of 5-7. To use the exoskeleton at work was still 
considered as rather unlikely.

6
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Table 3: User’s Impression assessed by VAS scales

Category Median Interquartile 
Range VAS scale

Adjustability Donning and 
Doffing 1.9 0.4-4.3 0=very easy

10=very difficult
Length 

Adjustment 1.3 0.5-2.7 0=very easy
10=very difficult

Range of 
Motion 1.4 0.7-2.3 0=not restricted

10=heavily restricted

Efficacy Reduction of 
back loading 3.9 1.9-6.9 0=high reduction

10=no reduction

Support of tasks 4.6 1.3-7.7 0=high support
10=no support

Interference 
with tasks 2 0.9-3.3 0=no interference

10=high interference

Use at work 6.8 5.7-7.5 0=daily use
10=no use

4 Discussion

This study assessed the effect of wearing the SPEXOR exoskeleton on functional 
performance and user satisfaction. Specifically, we evaluated the effects on 
objective and subjective performance in people with and without a history of 
low-back pain.

Within the group of tasks to test the potential support of the exoskeleton, 
objective performance increased for lifting and static forward bending. We did 
not find a change in objective performance for carrying. Since this task requires 
little trunk flexion, only the hip actuators were loaded during this task and not 
the spinal module, leading probably more to hindrance while walking than helping 
for load carriage. Subjective performance showed similar results. Perceived 
task difficulty and local discomfort in the lower back were reduced in lifting 
and in both static postural tolerance tasks. Wearing the exoskeleton during the 
static postural tolerance tasks, yielded decreased discomfort in upper and lower 
back, but also in abdomen and upper legs. These findings demonstrate that the 
SPEXOR exoskeleton supports tasks that are known to be risk factors for low-
back pain due to their high back loading [5,6]. The support of these tasks is also 
in line with previous studies that found reduced back loading during lifting and 
forward bending when wearing assistive body worn devices [10-12,15,17]. Still, 
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the perceived support and the perceived reduction of back loading, assessed 
with the User’s Impression Questionnaire, was only graded moderate to good 
with high variability between subjects. Therefore, support in these tasks should 
be improved to increase user acceptance.

In the group of tasks for assessing potential hindrance by and range of motion in 
the device, objective performance slightly decreased in walking, stair climbing, 
and wide stance. The reduced performance in walking and stair climbing can 
mainly be explained by the weight of the exoskeleton (6kg), which is as heavy 
as current active exoskeletons like the MuscleSuit [19]. In our study, participants 
complained about pressure on the hips when moving with the device, increasing 
over time. Besides the weight, participants also complained about the dimensions 
of the exoskeleton, hindering arm swing during walking. In addition to a decrease 
in performance, walking coincided with the highest discomfort levels, suggesting 
that a decrease in weight and dimension could help to prevent discomfort in 
this task. In general, discomfort levels were low but showed high variability, 
indicating that perceived comfort of the device is highly subjective.

The remaining tasks of the group for assessing potential hindrance and range of 
motion were not affected by exoskeleton use. Regarding subjective performance, 
those tasks were not perceived as more difficult and the local discomfort in the 
lower back did not change. These findings imply little hindrance during tasks 
that do not involve high loads on the back. This is important as those tasks exist 
in most of the working environments, hence versatility to use this exoskeleton 
for a variety of working tasks is deemed important. The good to very good user 
impression score on “Interference with tasks” confirms that the current device 
meets this requirement. Limited versatility was found to be a drawback of a 
currently market-available exoskeleton [14]. In the SPEXOR device, versatility 
was improved mainly by implementing a clutch that can be switched on and off 
manually, depending on whether support is needed for a certain task or not. The 
findings of performance and user satisfaction show that this helped in providing 
improved range of motion and less task interference.

The results of the User Impression questionnaire suggest that especially issues 
on the perceived efficacy need to be addressed to increase user satisfaction 
and the intention to use the device at work. The technology acceptance model 
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(TAM), that was proposed by Davis (1989) [20], is an influential, validated model 
on consumer’s acceptance of technological innovations in various contexts. It 
proposes that, when users are presented with new technology, a number of 
factors influence their decision about how and when they will use it. It also 
defines ‘perceived benefits’ as a major determinant of the intention to use 
wearable technology. In an elaborate review [21], Kalantari (2017) defines 
further categories to be considered in the model, such as perceived comfort and 
perceived compatibility, as both have confirmed impact on end-users’ attitude and 
their usage intentions. This model supports our suggestions to improve perceived 
efficacy and acknowledges that increased perceived efficacy and perceived 
comfort would enhance user satisfaction of the SPEXOR exoskeleton. Potential 
approaches to reach these objectives could be an increase of support delivered 
by the device or design adaptations to increase the perception of support, 
and to decrease the weight and dimensions of the exoskeleton. Increasing the 
end-users’ intention to use the exoskeleton, would allow progression from a 
research device to a wearable device that can be implemented in the working 
environment.

Subgroup analysis on the effect of the SPEXOR exoskeleton in people with and 
without a history of low-back pain showed that the observed main effects of 
exoskeleton use for both objective and subjective measures, were mostly due to 
an effect in the low-back pain group. While perceived task difficulty did not show 
an interaction effect, two objective performance outcomes and local discomfort 
in the low back showed a clear interaction effect of exoskeleton use and group. 
People with low back pain showed a higher increase in performance in static 
forward bending and a larger decrease in wide stance performance than people 
in the healthy group. Additionally, people with low-back pain reported larger 
reduction in discomfort when using the device than people without low-back 
pain. This stands to reason, considering that people in the pain group reported 
current pain before the start of the measurement, compared to the healthy 
group. The interaction effects between exoskeleton use and group imply a 
potentially bigger effect of wearing the SPEXOR exoskeleton in people with a 
history of low-back pain. This indicates that such an exoskeleton would be more 
applicable in secondary prevention compared to primary prevention. Still, the 
average pain level of the participants in the pain group was rather low (3.5). 
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Further research with low-back patients, who have higher pain levels and cannot 
perform their work at the time of testing, is needed, to verify our assumption.

As this study was performed in a mock up setting, results cannot be generalized 
directly to a real working environment. Still, the selected tasks represented a 
variety of tasks that can be found in many occupations. Due to the short duration 
of the different tasks, long-term effects of wearing the exoskeleton could not 
been assessed. Future research should, therefore, address the effect of long-
term use of the SPEXOR exoskeleton, preferably in the real working environment. 
Another limitation was the difference in bending angles in the static forward 
bending task, which might have led to different support torque of the exoskeleton 
and therefore probably increased variation between subjects. Besides, the use 
of the User Impression Questionnaire at the end of the test battery might be 
skewed, as the results represented a general opinion on all tasks performed. 
Asking the participants’ impression after each task might lead to more task-
specific results, especially those regarding the support of the exoskeleton, since 
the task selection did not represent an equal distribution of tasks to assess the 
support of the exoskeleton (n=4) and tasks to assess potential hindrance (n=8). 
Also, the number of participants in the allocated subgroups was rather small 
to test for differences in subjective non-parametric outcome measures. To get 
more insight into the effect of the exoskeleton on different parameters in people 
with low back pain, future research should increase sample size and test with 
low-back pain patients.

5 Conclusion

The findings presented in this study demonstrate the potential of the SPEXOR 
exoskeleton to be used in the working environment for unloading the back 
and decreasing local discomfort in the low back during load-handling tasks. By 
implementing a clutch into the design, we resolved important problems that 
were encountered with previous devices, i.e. we increased versatility to use 
the task in a wide range of working environments. Major points that should 
be considered in future designs to increase user acceptance are improving the 
comfort, by reducing the weight and the dimension of the device, and increasing 
the (perceived) support. Subgroup analysis suggests that an exoskeleton has a 
bigger potential as a pain management intervention than as primary prevention.

6
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Abstract

Purpose

Besides mechanical loading of the back, physiological strain is an important risk 
factor for low back pain. Recently a passive exoskeleton (SPEXOR) has been 
developed to reduce loading on the low back. We aimed to assess the effect of 
this device on metabolic cost of repetitive lifting. To explain potential effects, we 
assessed kinematics, mechanical joint work, and back muscle activity.

Methods

We included 10 male employees, working in the luggage handling department 
of an airline company and having ample experience with lifting tasks at work. 
Metabolic cost, kinematics, mechanical joint work and muscle activity were 
measured during a 5 minutes repetitive lifting task. Participants had to lift and 
lower a box of 10 kg from ankle height with and without the exoskeleton.

Results

Metabolic cost was significantly reduced by 18 % when wearing the exoskeleton. 
Kinematics did not change significantly, while muscle activity decreased by up to 
16 %. The exoskeleton took over 18 % - 25 % of joint work at the hip and L5S1 
joints. However, due to large variation in individual responses, we did not find a 
significant reduction of joint work around the individual joints.

Conclusion

Wearing the SPEXOR exoskeleton decreased metabolic cost and might therefore 
reduce fatigue development and contribute to prevention of low back pain 
during repetitive lifting tasks. Reduced metabolic cost can be explained by the 
exoskeleton substituting part of muscle work at the hip and L5S1 joints and 
consequently decreasing required back muscle activity.
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1 Introduction

Low-back pain (LBP) has become a major health problem worldwide [1]. 
With a lifetime prevalence reported to be as high as 84 % [2], LBP causes a 
considerable burden on industry. Negative consequences for companies are, 
amongst others, decreased productivity [3] and increased sickness absence 
from work [4]. The wide range of complex exposure patterns at workplaces 
complicates the introduction of interventions, aiming to prevent LBP and support 
return-to-work management.

An important risk factor for the onset of LBP is mechanical loading of the low 
back, which can occur during manual materials handling and lifting [5,6]. Despite 
technical innovations and the knowledge that exposure to occupational lifting 
should be reduced, physically demanding jobs remain. For example, one-third 
of employees in the Netherlands indicate that they regularly perform repetitive, 
physical tasks at work (Statistics Netherlands, 2016), indicating that the skills 
and versatility of employees often can’t be replaced by automated processes.

Within the challenge of reducing mechanical loading of the low back in the work 
environment, body-worn assistive devices (exoskeletons) have been designed 
and introduced in industry [7]. Exoskeletons, as a mechanical intervention, are 
intended to reduce the mechanical load on the back by decreasing muscular 
activity in the back muscles, needed to counteract external moments caused by 
inertial and external forces. Previous research has shown that this concept of 
providing an assisting external extension moment can be effective in reducing 
lumbar L5S1 moments, back muscle activity, and compression forces in the low 
back [7-16].

Due to the reduction in low back moment and back muscle activity when wearing 
an exoskeleton, metabolic cost is also expected to decrease. Besides mechanical 
loading, metabolic cost should also be considered when it comes to preventing 
LBP. McGill et al. (2007) [17] have shown that, the metabolic cost of lifting 
objects may cause a ventilatory challenge that interferes with control of trunk 
movement. Additionally, this may cause fatigue, while fatigue-related changes 
in spinal stability may increase the risk of injury in the low back [18]. Keeping 

7
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metabolic cost low, and thereby reducing fatigue, might therefore contribute to 
the prevention of LBP.

Two studies have previously assessed the effect of trunk exoskeletons on metabolic 
cost during lifting, with different outcomes. Whitfield et al. (2014) [19] did not 
find differences in oxygen consumption when wearing the PLAD exoskeleton. 
In contrast, a more recent investigation by Baltrusch et al. (2019) [20] found 
decreased metabolic cost when wearing the Laevo exoskeleton. Both studies 
attributed their findings on metabolic cost to a change of lifting kinematics when 
wearing the exoskeleton. Specifically, the PLAD induced users to adopt a squat-like 
technique when lifting [21], while the Laevo induced a stoop-like technique [20]. 
It has been shown previously that the squat technique imposes higher metabolic 
cost than the stoop technique [22]. Neither study investigated the reduction in 
joint work at the low back and hip that likely occurs due to the external support 
of the exoskeleton. Previous research has shown that a passive exoskeleton can 
take over up to 24 % of lumbar moments [14], indicating the potential of an 
exoskeleton to reduce joint work and by that reducing metabolic cost. Still, such 
a direct reduction in joint and muscle work has not been investigated yet.

Recently, a novel passive exoskeleton (SPEXOR) was designed to reduce peak 
and cumulative load on the low back [23]. Initial measurements showed that 
support torques of 20-60Nm can be provided by the exoskeleton, which could 
substantially reduce muscular effort [23]. Further, pilot testing has revealed little 
hindrance by the exoskeleton when performing a set of working tasks, which 
might limit changes in lifting strategy as previously observed with PLAD and 
Laevo [20]. The aim of this paper is to assess the effect of wearing the SPEXOR 
exoskeleton on metabolic cost. In addition, to explain potential differences in 
metabolic cost, we assessed the effect of the exoskeleton on kinematics, and 
muscle activity.

2 Methods

2.1 Passive Exoskeleton

In this study, we tested the passive spinal exoskeleton SPEXOR that was designed 
and built to reduce peak and cumulative load on the low back [23]. It consists 
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of two passive elements, connected in series, with misalignment compensation 
mechanisms, that generate an extension torque around the hip and the L5S1 
joint: 1) a pair of passive spring-based, hip joint actuators (MACEPPA 2.0) at the 
outside of the upper leg (Figure 1a) and 2) an elastic spinal module at the level 
of L5S1 and up (Figure 1b). The spring-based hip actuators were designed to be 
continuously adjustable. Each actuator can generate a support torque between 
10 Nm and 30 Nm, hence total peak torque can reach 60 Nm (both sides). The 
pre-tension of the springs in the hip actuators can be adjusted to change the 
provided support torque. The spinal structure comprises a ball joint, a linear 
slider and elastic carbon fi ber beams. By adapting the thickness and number of 
beams, the stiff ness of the spinal module can be adjusted. With three beams with 
a diameter of 4.7 mm, the current spinal model can generate peak torques of 
up to 50 Nm. Figure 2 presents the angle-torque relationship of both actuators, 
measured in a previous study [23]. An additional feature of the exoskeleton is 
the implementation of a clutch (Figure 1c), which can be switched on and off . If 
switched on, the clutch engages the springs in both hip actuators. If switched 
off , the actuators stay unengaged and do not provide a support torque to the 
user, allowing for unobstructed hip fl exion.

Figure 1: The SPEXOR exoskeleton was designed to reduce peak and cumulative load 
on the low back by providing an extension moment around the low back with the help 
of two passive, in series connected elements: two spring-based hip actuators (a) and an 
elastic spinal module (b). The implemented clutch allows disengagement of the passive hip 
actuators (c).

7
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Figure 2: Angle-torque relationship of the spinal module (a) and a single hip actuator (b) 
(adopted from Näf et al., 2018 [23]).

2.2 Participants

We recruited 11 male employees, working in the luggage handling department of 
the Dutch airline company KLM, who had ample experience with lifting tasks at 
work. The age, height and body mass of these participants were mean (sd): 47.4 
years (7.1 years), 175 cm (7 cm), and 84 kg (15 kg). Data from one participant 
had to be discarded from the analysis, since this participant failed to complete 
the 5 minutes repetitive lifting task without the exoskeleton, due to pain in the 
back. Since our group of participants included people with and without a history 
of low-back pain, they were asked to indicate their current pain level before the 
start of the measurement on a scale from 0 (no pain) to 10 (maximum pain). 
The average pain level before the start of the measurement was (median [IQR]): 
2.5 [0.75 - 5].

The participants received an information letter prior to the experiment and 
signed an informed consent form on the measurement day. All procedures 
performed in studies involving human participants were in accordance with 
the ethical standards of the institutional and/or national research committee 
(VUmc, Amsterdam, The Netherlands, NL57404.029.16) and with the 1964 
Helsinki declaration and its later amendments or comparable ethical standards.
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2.3 Instrumentation

Metabolic cost
For assessing metabolic cost, a breathing gas analysis system was used (Cosmed 
srl, Quark CPET, Rome, Italy), measuring breathing volume, the rate of oxygen 
consumption and carbon dioxide production.

Kinematics and mechanical joint work
Ground reaction forces were measured using a single custom-made force plate 
(1.0 x 1.0 m) at a sample rate of 200 Hz. The force plate is regularly checked for 
linearity and has a centre of pressure (COP) error of < 4mm. 3D Kinematics were 
recorded with an optoelectronic motion capture system (Optotrak, Northern 
Digital Inc., Waterloo ON, Canada) at a sample rate of 50 Hz. The measurement 
error of the Optotrak device is < 0.05 mm. Segment kinematics were quantified 
using a dynamic 3D linked segment model [24]. Cluster markers were attached 
to lower and upper leg, pelvis, trunk (T10), upper and lower arm, head and box. 
Given the fact that participants performed symmetric lifting, we only recorded 
kinematics from the right side of the body. In addition, four cluster markers 
were attached to the exoskeleton (pelvis frame, hip actuator, beam base, beam 
top) to measure the ‘hip’ and ‘lumbar’ flexion of the exoskeleton. Prior to the 
measurements, cluster markers were related to anatomical landmarks using 
pointer measurements [25].

Muscle Activity
Muscle activity was recorded at a sample rate of 2000 Hz, using surface 
Electromyography (Porti, TMSi, Oldenzaal, The Netherlands). Bipolar surface 
electrodes were placed at 5 bilateral sites on the skin after abrasion and cleaning 
with alcohol (Ag-AgCl electrodes; interelectrode distance, 20 mm). The recording 
sites were: m. longissimus thoracis (LT) at the T9 level (4 cm lateral), m. 
iliocostalis lumborum (IL) at the L2 level (6 cm lateral), m. longissimus lumborum 
(LL) at the L3 level (3 cm lateral), m. external oblique muscles (EO) about 15 cm 
above the SIAS and m. rectus abdominis (RA), 3 cm lateral from the umbilicus. 
The complete experimental setup is shown in Figure 3.

7
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Figure 3: Experimental setup without (left) and with exoskeleton (right). Red circles show 
the cluster markers on the body (left) and on the exoskeleton (right). The yellow boxes show 
the EMG location.

2.4 Experimental procedure

At the start of the measurement, the oxygen mask was fi tted to the participants 
and resting metabolic rate was measured, while participants were sitting in a 
chair for 5 minutes. Subsequently, the exoskeleton was fi tted and adjusted to the 
participant. Anthropometric data were obtained and participants got familiarized 
with the exoskeleton. EMG electrodes were then placed on the participant, 
and maximal voluntary isometric contractions (MVCs) were performed. During 
MVC contractions, participants had to maximally activate the recorded muscles 
against resistance of upper body weight and added manual resistance for 5 s. 
The maximum values across 3 repetitions were later used to normalize EMG 
data of the subsequent trials. In preparation of the following protocol, cluster 
markers were attached to the participant’s body, calibration measurements 
were performed.

During the actual experimental conditions, participants were instructed to lift 
and lower a box of 10 kg (0.39 x 0.37 x 0.11 m, with 2.5 cm diameter handles) 
from ankle height to hip height, at a rate of 8 lifts per minute. The weight of  
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10 kg and the lifting rate were chosen to ensure that the task can be performed 
at a constant speed for at least 5 mins, without having a break to ensure steady-
state oxygen uptake, which is important for data interpretation [26]. Ankle height 
was chosen, since we expected the exoskeleton to generate the biggest support 
at that height, based on its’ angle-torque relationship (shown in Figure 2). Also, 
at the worksite of our participants, luggage is often lifted from ankle height. Each 
lifting cycle started in an upright position and consisted of picking up the box, 
assuming an upright posture with the box, putting down the box, and assuming 
an upright posture without the box again. A metronome was used to impose 
lifting rate and participants were instructed to choose their own lifting technique. 
The instruction was: “Please pick up the box with every beat and put it down 
again at the next beat. Please adapt your speed to the beat of the metronome 
to have a smooth movement. You can choose the lifting technique you feel the 
most comfortable with.” This protocol was performed twice, one trial with the 
exoskeleton (exoskeleton condition) and one trial without the exoskeleton (control 
condition). In the exoskeleton condition the clutch was switched on to provide 
support. Also, great care was taken to avoid contact between the exoskeleton 
and the EMG electrodes to prevent from the potential confounding factor. The 
trial order was randomized and counterbalanced between participants. Breaks 
of at least 5 minutes were given between the trials. To reach steady state in the 
oxygen uptake, all trials lasted at least 5 minutes. Data on kinematics and EMG 
data were recorded over 5 minutes.

2.5 Data analysis

All data collected in the study were processed using MATLAB (R2015b, The 
MathWorks, Inc., Natick, Massachusetts, United States).

Metabolic cost
Metabolic cost (J/kg/s) was calculated from oxygen uptake and respiratory 
quotient [27]. Flow rates were averaged over the final two minutes and 
normalized with respect to body mass. Net metabolic cost was found by 
subtracting resting metabolism from the metabolic cost during the lifting task.

7
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Kinematics and mechanical joint work
Forces and kinematics were bi-directionally filtered with a 2nd order Butterworth 
filter and a cut-off frequency of 10 Hz and 5 Hz, respectively. To assess a 
potential change in movement behaviour between the control and exoskeleton 
conditions, we calculated joint angles and the range of motion of the centre of 
mass (CoM). Joint flexion-extension angles in the knee, hip, trunk and L5S1 were 
calculated by Euler decomposition of the orientation matrices of the segment 
local reference frames [28]. Since all participants adopted a squat or semi-squat 
lifting style, peak knee angles were used to define the start and end of a single 
lifting cycle. The body’s centre of mass (CoM) was calculated based on the mass 
and CoM position of all segments, estimated according to Zatiorsky (2002) [29]. 
Range of motion of the CoM was obtained from the vertical distance travelled 
by the body centre of mass over a full lifting cycle. Flexion-extension net joint 
moments around knee, hip and L5S1 were calculated from ground reaction 
forces (GRF) and body kinematics with a bottom-up inverse dynamics model 
[24]. Angular velocities of the knee, hip and L5S1 joint were defined as the 
derivative of the joint angles. By multiplying the calculated net joint moments 
with the calculated angular velocities, we arrived at the joint power for each 
of the joints. To estimate positive and negative mechanical work generated 
around the joints, phases of positive and negative joint power were integrated 
separately over time.

To assess mechanical work generated by the exoskeleton, we calculated the 
moment generated by the exoskeleton during lifting, by using the measured 
exoskeleton angles and the known angle torque relation of the exoskeleton [23]. 
By multiplying the estimated support moments of the exoskeleton around the 
hip and the L5S1 with the joint angular velocities, mechanical power generated 
by the exoskeleton was calculated. After integrating negative and positive 
joint power episodes over time, we arrived at the negative and positive work 
generated by the exoskeleton (exowork) at the hip and the L5S1 joint. Finally, the 
mechanical work generated by the muscles (muswork) was found by subtracting 
the work generated by the exoskeleton (exowork) from the joint work (generated 
by muscles and exoskeleton).
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Electromyography
EMG data were filtered using a 4th order Butterworth band stop filter between 
49 and 51 Hz to remove power line hum. Subsequently, the data were high-pass 
filtered (2nd order, 20 Hz), rectified and low-pass filtered (4th order, 2.5 Hz). Next, 
we normalized the EMG data to the maximal amplitude of the signal obtained in 
the MVC trials and to cycle time. The normalized data were averaged over both 
body sides and over cycles.

2.6 Statistics

To test for statistically significant differences between control condition and 
exoskeleton condition, we conducted paired t-tests for all the outcome variables. 
Critical level of significance was set to Alpha = 0.05. After a first inspection, two 
participants showed errors caused by movement of the markers or loosening 
of the EMG electrodes. We therefore did not include these trials in the analysis 
of the kinetic, kinematic and EMG data. The number of participants included in 
the statistical analyses are therefore different for different dependent variables 
and are reported for each outcome.

3 Results

3.1 Metabolic cost

Wearing the exoskeleton decreased net metabolic cost of lifting by 18 % (means 
(sd): 5.63 W/kg (1.26) vs. 4.64 W/kg (1.38); p=0.000) (Figure 4). One participant 
showed an increase in metabolic cost when wearing the exoskeleton. This could 
be explained by the weight of this participant (120kg), and the resulting lower 
relative effect of the exoskeleton, compared to the remaining participants.

3.2 Kinematics and mechanical joint work

We did not find a significant effect of wearing the exoskeleton on peak angles 
in knee flexion, hip flexion, lumbar flexion and trunk inclination (Figure 5). 
All participants adopted a squat or semi-squat lifting style in the control and 
exoskeleton conditions.

7
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Figure 4: Metabolic cost of lifting with and without exoskeleton. Values are normalised for 
bodyweight. N=10. Error bars indicate standard deviations. Black lines indicate individual 
responses. *Signifi cant change in metabolic cost between control condition (without) and 
exoskeleton condition (with).

Figure 5: Peak fl exion angles in the knee (a), hip (b), L5S1 joint (c) and trunk (d), over one 
lifting cycle, with and without the exoskeleton, averaged over all participants. N=8. Error 
bars indicate standard deviations. Black lines indicate individual responses. “lifting” refers 
to bending down without the box and picking up the box to a standing position. “lowering” 
refers to putting down the box and coming up to a standing position without the box.
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Figure 6: The range of motionof the center of mass when lifting with and without the 
exoskeleton (a), averaged over all participants. Highest position of the centre of mass, 
averaged over all participants (b). Lowest position of the centre of mass, averaged over all 
participants (c). N=9. Error bars indicate standard deviations. Black lines indicate individual 
responses.

The average range of motion of the centre of mass (CoM) did not show a 
signifi cant diff erence between control condition and exoskeleton condition, either 
(Figure 6). Figure 6a and 6b show the lowest and highest position of the CoM, 
averaged over participants. There was no signifi cant diff erence in these positions, 
i.e. depth of squatting and full extension, between control and exoskeleton 
condition.

7
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Positive and negative joint work at the knee during picking up and putting 
down the box, did not change when wearing the exoskeleton (Figure 7a). Total 
positive and negative joint work at the hip and L5S1 (generated by muscles 
and exoskeleton) also did not show significant differences between control and 
exoskeleton conditions (Figure 7b-c).

Average positive and negative work generated by the exoskeleton (exowork) 
at the hip joint amounted to 13 joules (3.4) and -15 joules (-3.3), respectively. 
Despite the significant amount of work done by the exoskeleton, we did not find 
a significant difference in positive and negative muscle work (muswork) when 
wearing the exoskeleton, compared to the control condition for unloaded and 
loaded phases (Figure 7b).

At the L5S1 joint, average positive and negative work generated by the 
exoskeleton (exowork) was 24 joules (4.5) and -24 joules, (-4.5), respectively. 
This resulted in a significant decrease in muscle-generated negative and positive 
work (muswork) in the exoskeleton condition in the unloaded phase (-51.47 
joules (31.84) vs. -99.45 joules (55.81); p=0.02 and 48.51 joules (29.29) vs. 
88.42 joules (29.29); p=0.02; Figure 7c). Muscle work in the loaded phases did 
not show significant differences.
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Figure 7: Negative and positive work at the knee joint (a), hip joint (b) and L5S1 joint (c) 
over one lifting cycle, with and without the exoskeleton, averaged over all participants. 
N=8. Error bars indicate standard deviations. Black lines indicate individual responses. 
“unloaded” refers to bending down and coming up without the box. “loaded” refers to picking 
up and putting down the box. The exoskeleton condition in b and c also shows the work 
generated by the exoskeleton (exowork) and the work generated by the muscles (muswork). 
* Signifi cant change in work generated by the muscles (muswork) between control condition 
(without) and exoskeleton condition (with). 
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3.3 Muscle Activity

The mean muscle activity in the back muscles, averaged over one lifting cycle, 
signifi cantly decreased when wearing the exoskeleton, compared to the control 
condition, for M. Longissimus Thoracis (19.37 % (7.07) vs. 17.39 % (5.48); 
p=0.03), M. Iliocostalis Lomborum (22.69 % (11.28) vs. 18.96 % (8.62); p=0.01) 
and M. Longissimus Lomborum (26.22 % (9.00) vs. 22.55 % (5.91); p=0.04) 
(Figure 8). The muscle activity in the abdominal muscles did not change when 
wearing the exoskeleton (Figure 9).

Figure 8: Muscle activity of the back muscles with and without the exoskeleton, averaged 
over all participants. N=8. Error bars indicate standard deviations. Black lines indicate 
individual responses. *Signifi cant diff erence in mean acitivity between control condition 
(without) and exoskeleton condition (with).

Figure 9: Muscle activity of the abdominal muscles with and without the exoskeleton, 
averaged over all participants. N=8. Error bars indicate standard deviations. Black lines 
indicate individual responses.
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4 Discussion

The aim of this paper was to assess the effect of wearing a novel spinal 
exoskeleton (SPEXOR) on metabolic cost. We found that the exoskeleton 
reduces metabolic cost of repetitive lifting by 18 %. Using this exoskeleton 
during repetitive lifting tasks might therefore reduce the risk of fatigue-related 
injury in the low back.

A reduction in metabolic cost can be caused by the exoskeleton taking over part 
of the mechanical work that has to be generated by the muscles to perform the 
lifting task. We therefore investigated the contribution of the exoskeleton and 
the muscles to the mechanical work generated around the hip and L5S1 joint 
during lifting. The results show that the exoskeleton generated a substantial 
part of the total mechanical joint work at the hip and L5S1 joint, taking over 
part of the mechanical work that otherwise had to be generated by the muscles 
around these joints. At the respective joints, the exoskeleton generated up to 
18 % of the required work during the unloaded phase and up to 25 % during the 
loaded phase. This is equivalent in magnitude to the reduction of metabolic cost 
(18 %). Although the relation between mechanical work and metabolic work is 
not necessarily one-to-one, this suggests that metabolic cost is reduced by the 
exoskeleton taking over muscular work at the hip and the L5S1 joint. Despite the 
significant contribution to joint work of the exoskeleton, a significant reduction 
in muscle work was only found for the unloaded phases at the L5S1 joint. The 
loaded phases at the L5S1 joint and both phases at the hip joints showed the 
same trend of reduced muscle work, but this did not reach significance. This 
can be explained by the variation in individual participants’ behaviour as can 
be observed in figure 7. Individual participants distributed mechanical work 
differently over the knee, hip and L5S1 joints, between conditions. This individual 
variation in work distribution over the joints precludes the statistical significance 
of the mean reduction in muscle work, appearing around the separate joints. 
Summing up muscle work could be an option to avoid this problem. However, 
potential transport of muscle work between joints through bi-articular muscle, 
does not allow for such a simple summation [30]. Still, the trend towards lower 
muscle work around the joints and the significant work done by the exoskeleton 
indicates that a transfer from active muscle work to the passive work of the 
exoskeleton can explain the reduction in metabolic cost.

7
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Reducing muscular effort and unloading the back when wearing an exoskeleton 
has been assessed by previous studies, reporting reductions in L5S1 peak 
moments of 15-20 % [9, 12, 14]. This is comparable with our reductions in 
generated work around the supported joints (18-25 %). Besides the effect 
of taking over muscular effort, a concern when using passive exoskeleton is 
increased muscular effort in the legs, which has been reported when wearing the 
HappyBack and the Bendezy [31] and when using the BNDR [32]. However, in 
the present study work generated around the knee joint did not show differences 
between the conditions, indicating that the loading of the legs on average did 
not increase.

The reduction in muscle work is also supported by the effects on muscle 
activity. Muscle activity showed clear effects of wearing the exoskeleton. The 
SPEXOR device reduced back muscle activity by 10 % to 16 %, indicating that 
less muscular effort was needed to perform the lifting task when wearing the 
exoskeleton. Even though there is not necessarily a linear relation between 
muscle activity and metabolic cost [33], the reduction in muscle activity is 
surprisingly similar to the observed reduction of net metabolic cost. Our EMG 
results are comparable to previous studies that assessed the effect of lifting 
devices on back muscle activity during repetitive lifting [8, 19]. Some studies 
reported higher reductions in back muscle activity [11,14,16]. However, they 
assessed the effect of wearing a passive exoskeleton during static bending, in 
which a continuous support of the exoskeleton is provided. In a dynamic task, 
such as repetitive lifting, this is not the case and this explains why we did not 
find as high reductions in back muscle activity. Alemi et al. (2019) [10] reported a 
reduction of back muscle activity by 29% when using the VT-Lowe’s exoskeleton 
during symmetric lifting. Potential causes for the greater reduction in comparison 
to the present study are the higher loads lifted by the participants in the study 
of Alemi et al. (2019) [10] and unknown difference in support provided by the 
respective exoskeleton. Abdominal muscle activity did not change, indicating that 
participants did not have to activate their abdominals to overcome resistance 
of the exoskeleton. Still, the reduced back muscle activity demonstrates the 
potential of the SPEXOR exoskeleton to unload the low back by reducing back 
muscle activity and hence reducing metabolic cost.
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A reduction in metabolic cost can also be a result of a changed lifting behaviour 
as shown in previous studies [20, 21]. Using the SPEXOR exoskeleton in the 
present study, participants did not systematically change movement behaviour 
when wearing the exoskeleton. Neither individual joint angles nor the movement 
of CoM, representing the summation of effects of the different joint movements, 
was different between the conditions. The COM displacement is an important 
determinant of work performed in lifting and hence of metabolic cost. Changes 
in kinematics can therefore not explain the change in metabolic cost. Low 
interference with tasks and minor hindrance by the SPEXOR exoskeleton when 
performing work-related tasks has been shown in a previous study [34] and 
might explain why the movement behaviour without and with the exoskeleton 
remained the same. Despite the relatively high mass of the exoskeleton (6.7kg), 
metabolic cost still decreased. This can be explained by the fact that the mass 
of the exoskeleton is close to the users’ COM and therefore has less impact on 
the demand of lifting. The exoskeleton’s mass may, however, affect comfort. 
Baltrusch et al. (2020) [34] recommended that the mass and the dimension of 
the same exoskeleton should be reduced to prevent from pressure points on 
the hip. This, however, was mainly a problem for walking. Squatting and lifting 
showed lower discomfort values.

The reduction in metabolic cost is in line with a previous study of Baltrusch et al. 
(2019) [20], in which it was found that the Laevo exoskeleton reduced metabolic 
cost during repetitive lifting by 17 %. The Laevo exoskeleton generated a torque 
of up to 23 Nm around the lumbar joint [14], whereas the SPEXOR exoskeleton 
generates a torque of up to 50 Nm around the L5S1 joint and up to 25 Nm 
around the hip joint. Given the higher support level, we expected a bigger effect 
on metabolic cost when wearing the SPEXOR exoskeleton, compared to wearing 
the Laevo. Still, the reduction of metabolic cost was about the same for both 
exoskeletons. This might be related to the fact that participants changed to a 
less demanding lifting strategy when wearing the Laevo and did not change 
movement behaviour with the SPEXOR. However, more research is needed to 
assess the difference between these two systems.

The results of this study should be interpreted in the light of some limitations. 
The lifting task was performed in a laboratory and its duration was chosen to 
reach steady state. In a real work environment, lifting tasks can last longer and 
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are often much more variable in terms of technique and frequency. Additional 
research is needed to assess the effect of the exoskeleton on metabolic cost when 
performing demanding tasks for a longer period of time in a realistic setting. 
Also, we did not measure muscle activity around the knee joint, which could have 
been interesting in relation to knee loading. The results, however, show that the 
work generated around the knee joint when wearing the exoskeleton did not 
change. This indicates that the muscles did not generate more work when using 
the exoskeleton and hence muscle activity probably would not change either. 
However, this may miss for example co-contraction. Another limitation is the fact, 
that the effect of wearing the exoskeleton might be small in people with higher 
body mass than the participants tested. Besides, artefacts due to skin movement 
could have influenced kinematic outcomes. However, it is unlikely that these skin 
movements and the resulting errors are different between conditions. Hence, 
a measurement error due to skin movement acting as a confounding factor is 
highly unlikely. Our results cannot be generalized to other exoskeletons, as the 
effect of wearing an exoskeleton depends on the specific design characteristics 
of the device. The variation in individual behaviour highlights that different 
strategies can be used to exploit the effects of the exoskeleton and reduce 
metabolic cost. More insight into these different strategies and potential relations 
with participant characteristics might help to understand low back problems and 
further optimize trunk exoskeletons. However, the current sample is too small 
to allow further subgroup analyses.

5 Conclusion

The findings presented in this study demonstrate the potential of the SPEXOR 
exoskeleton to decrease metabolic costs of lifting and by that reducing the risk 
of getting fatigued during repetitive lifting. This effect can be explained by the 
exoskeleton taking over muscular work generated in the hip and the L5S1 joint, 
reduced back muscle activity, while on average movement strategy remains 
unchanged. As such, the SPEXOR exoskeleton may contribute to preventing 
work-related low back pain for people executing highly demanding tasks, such 
as repetitive lifting.
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Abstract

Purpose: Determinants of successfully introducing passive exoskeletons in 
the working environment to decrease mechanical loading on the back, are 
acceptability of the device to management and employees and self-efficacy 
of employees when using the device. Therefore, the aim of this study was to 
assess self-efficacy of employees with low-back pain when using an exoskeleton 
and the acceptability of such a device to these employees and their managers.

Methods: We used a mixed method approach. We quantitatively assessed the 
change in self-efficacy of 19 employees with low-back pain when performing 
daily activity tasks with the exoskeleton, using the modified spinal function 
sort (M-SFS). Qualitatively, we conducted a focus group with employees and a 
double interview with two managers to add more insight and understandings into 
changes in self-efficacy and to discuss challenges of implementing an exoskeleton 
in the working environment.

Results: Self-efficacy significantly increased when using the exoskeleton. In the 
focus group employees acknowledged the flexibility of the exoskeleton being 
advantageous to current static external lifting devices, which confirmed the 
increase of self-efficacy in both static and dynamic tasks. Individual data showed 
that the increase in self-efficacy was largest for participants, being greatly 
restricted by their low-back pain. In the focus group, employees confirmed that 
they are mostly open to wearing the exoskeleton if they suffer from low-back 
pain.

Conclusion: If potential challenges are considered in the implementation 
strategy, acceptability of and self-efficacy in using the passive trunk exoskeleton 
would be further improved, potentially contributing to reduced risk of low-back 
pain.

SaskiaBaltrusch_BNW_.indd   204SaskiaBaltrusch_BNW_.indd   204 17/06/2020   10:07:4717/06/2020   10:07:47



205

Chapter 8

1 Introduction

As one of the most common health reasons for work absence [1], affecting 
75-85% of workers at some point in their lifetime [2], low back pain (LBP) 
continues to be an industrial health problem worldwide [3]. Risk factors 
contributing to an incidence of LBP are known to be multifactorial [4], including 
biomechanical, psychosocial and individual factors [5,6].

Exoskeletons have been introduced in the industrial environment [7] in order 
to reduce biomechanical work-related risk factors, such as high mechanical 
load due to frequent lifting and forward bending [5,8,9]. Several studies have 
shown efficacy of different passive exoskeletons to decrease spinal loading during 
controlled lifting, bending, and static holding tasks [10-15]. One of these devices 
is the SPEXOR exoskeleton [14], which has shown positive effects on functional 
performance [16] and metabolic costs during lifting [17]. This exoskeleton was 
used for the present study.

A challenge when introducing exoskeletons in the actual working environment is 
the acceptability of the device to users. Consumer’s acceptance of technological 
innovations is described in the Technology Acceptance Model (TAM) [18]. It 
comprises variables that explain end-users’ behavioural intentions and 
the individuals’ acceptance of technology. According to this model, major 
determinants of accepting new technology are perceived ease-of-use and 
perceived usefulness, indicating that the model deals with end-users’ beliefs. 
This implies that potential end-users need to be involved when developing and 
evaluating new devices to reach high acceptability. Such a user-centred approach 
improves user satisfaction [19] and increases usability and functionality [20]. 
To collect end-users’ beliefs on the usability and acceptability of an exoskeleton 
at work, talking to end-users about their working environment is essential. 
Psychosocial factors at work, such as work pace, job content and job satisfaction 
[21], might influence the acceptability of introducing new technology at work. 
Therefore, knowledge on the effect of exoskeletons on such psychosocial factors 
is valuable for successful design and implementation of the device.

An important determinant of whether new technology will be acceptable to 
potential users is its effect on their self-efficacy [18]. According to Bandura 
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(1999) [22], self-efficacy is defined as a person’s confidence to succeed at a 
given activity, and it also is an important factor in the development of disability 
as a result of low-back pain. If people show low levels of self-efficacy, they more 
likely shy away from tasks they perceive as a personal threat in regard to their 
musculoskeletal disorder [23]. High levels of self-efficacy have been found to be 
associated with decreased pain and disability levels in patients suffering from 
chronic pain [24]. A longitudinal study concluded that self-efficacy is an important 
variable that mediates the relationship between low back pain and disability over 
time [25]. This suggests the importance of increasing self-efficacy in low-back 
pain patients. An exoskeleton for the low back that decreases spinal loading 
during certain activities might increase self-efficacy in low-back pain patients. 
As a result, the users’ acceptability of the exoskeleton is likely to improve.

In this study, we aimed to involve potential end-users to investigate factors that 
are important for acceptability of an exoskeleton in the working environment. 
We used a mixed method design, in which quantitative research and qualitative 
research are combined to derive complementary information. In the quantitative 
part of the study we specifically aimed to assess the effect of the SPEXOR 
exoskeleton on self-efficacy, given the importance of self-efficacy as a mediator 
between low-back pain and disability and in view of its effect on acceptability . 
In the qualitative part of the study we used a focus group and interviews to get 
more insight into the potential of the device to change behavior when suffering 
from low-back pain and to assess acceptability of the exoskeleton to potential 
end-users.

2 Methods

2.1 Mixed Method Approach

We applied a mixed method approach; thus, quantitative and qualitative methods 
were integrated to achieve our research aim. We used a serial exploratory 
design, by first collecting quantitative data, followed by qualitative data collection 
[26]. This allows to check for convergence in the findings and leads to final 
inferences that are based on both results [27]. For participants, we approached 
the Dutch airline company KLM and the Dutch automotive industry Mitsubishi 
Turbochargers and Engine Europe, aiming to include workers with a history of 

SaskiaBaltrusch_BNW_.indd   206SaskiaBaltrusch_BNW_.indd   206 17/06/2020   10:07:4717/06/2020   10:07:47



207

Chapter 8

recurrent low back pain. We recruited employees working in the luggage handling 
sector and operators working on the assembly lines, respectively. This research 
complied with the tenets of the Declaration of Helsinki and was approved by 
the medical ethical committee of VU medical center (VUmc, Amsterdam, The 
Netherlands, NL57404.029.16). Informed consent was obtained from each 
participant.

2.2 Quantitative method

For the quantitative analysis we assessed self-efficacy by using the Modified 
Spinal Function Sort (M-SFS), a valid and reliable picture-based questionnaire 
that can be used in patients with chronic musculoskeletal disorders [28]. It 
consists of 20 daily activities (see Appendix 2 for task description), that involve 
loading of the spine. The respondents are asked to estimate their physical 
capacity in regard to their low-back pain by rating the different activities on 
a scale from 1 (“able”) through 2, 3 and 4 (“restricted”) to 5 (“impossible”). 
From this scale a total score is calculated such that high values indicate high 
self-efficacy (with a max of 80) and low values indicate low self-efficacy ( with 
a min of 0). A M-SFS score <56 is hypothesized to be predictive for non-return 
to work in patients with musculoskeletal disorders [29].

Participants
Data for this study were obtained from a subgroup of participants that were 
included in a larger study on the effects of a passive exoskeleton on functional 
performance [16]. From that population, employees who had a history of 
low-back pain were included in this study. The final group had an average 
pain level of 3 (2-5) on a scale from 0=no pain to 10=maximum pain. The 19 
participants selected for this study included 8 luggage handlers, 8 operators and 
3 people from non-load handling occupations. Data from two participants had 
to be discarded from the analysis, since these participants failed to understand 
instructions.

Procedure
To assess a potential change in self-efficacy with using the exoskeleton, 
participants were asked to fill in the M-SFS at three different time points: 1) At 
the beginning of the session (BASE condition), 2) after they received a verbal 
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explanation of the exoskeleton (Figure 1, more details on the exoskeleton see 
[14]), thus, they rated their self-effi  cacy based on their expectations of the 
exoskeleton (EXPECTATION condition), and 3) after wearing the exoskeleton 
during a set of daily activities, such as walking, lifting and forward bending with 
and without the exoskeleton (TRY-OUT condition) (for more information on test 
battery see [30]). The performed tasks were not the same tasks as depicted 
in the questionnaire, but provided the participants with suffi  cient experience of 
the device to evaluate its potential benefi ts.

Figure 1: The exoskeleton (a) unloads the back by applying forces at the torso, pelvis, and 
the thighs, generating a torque by two serially connected passive actuators: an elastic spinal 
module (a) and a hip actuator (b). The implemented clutch allows disengagement of the 
passive hip actuators, by moving a manual switch (c).

Data analysis
The total score of the M-SFS questionnaire was calculated for the three diff erent 
assessments and averaged over participants. To fi nd diff erences between the 
self-effi  cacy scores of BASE, EXPECTATION and TRY-OUT measurement we 
applied the non-parametric Friedman test. In case of a signifi cant eff ect of 
condition, Wilcoxon post-hoc tests were conducted to determine diff erences 
between conditions. Alpha of 0.05 was used as the critical level of signifi cance. 
Statistical analysis was performed using Matlab (R2015b). To get more insight 
into the eff ect of the exoskeleton on individual tasks, we categorized the twenty 
tasks of the M-SFS into 5 categories: 1) Lifting (Tasks 1, 4, 5, 10, 11, 14, 
18), Repetitive Bending (Tasks 17, 19), 3) Standing and Walking (Tasks 3, 13, 
16), 4) Static Forward Bending (Tasks 6, 15), 5) Sitting (Tasks 2, 20) and 6) 
Others (Tasks 7, 8, 9, 12). For each category, we calculated the percentage of 
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participants that scored higher (improved), lower (decreased) and the same 
(maintained) when wearing the exoskeleton (TRYOUT), compared to the control 
condition (BASE).

2.3 Qualitative method

After the quantitative assessment, we conducted a focus group and a double 
interview to collect perspectives and opinions on the potential use of an 
exoskeleton in the workplace and the experience with the SPEXOR exoskeleton. 
Focus groups are used in qualitative research to gather opinions in an interactive 
group setting. By creating a permissive environment, the researcher encourages 
participants to share different perceptions without the need to reach consensus 
[31]. The double interview is a spoken conversation between researcher and two 
participants, with limited discussion between the participants. The goal of an 
interview is to capture the diversity of participants’ responses in their own words. 
Furthermore, it obtains rich and detailed data about individual experiences [32].

Participants
The focus group discussion included a sample of the population measured in the 
quantitative approach. To represent the larger population of luggage handlers, 
we included employees of different work experience, age, work location and 
responsibility. Participants were not informed about the results of the quantitative 
measurements before the focus group study, as this could have influenced their 
opinion. Since we also aimed to gather opinions on an exoskeleton from the 
management perspective, a double interview was conducted with one team 
leader and one process coordinator from KLM, who had been working in the 
luggage handling sector previously. We did not include them in the focus group, 
since being from the same working environment, but working in higher positions, 
their presence could inhibit disclosure among the remaining participants [32].

Procedure
Prior to the start of the focus group/interview, participants had to fill in a short 
questionnaire to obtain demographic details. Subsequently, the focus group 
discussion and the guided interview were conducted by a moderator (JK) and the 
main investigator (SB), using a discussion guide (Table 1). In the double interview, 
the questions were used to focus on potential implementation strategies and to 
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get answers from the management perspective. The discussion and the double 
interview were conducted on two different days and lasted between 60 and 90 
mins. Both sessions were held in Dutch.

Table 1: Discussion guide

1) Round of introductions
What are you doing at KLM?

How long have you been working at KLM already?
Which location are you working at?

Can you choose location and type of work?
2) Working environment

Tell us about your working environment
Does it vary for different work locations?

3) How do you use lifting devices?
Why do / don’t you use them?

How do you deal with low back pain?
How do you prevent low back pain?

4) Try to think back of testing the SPEXOR exoskeleton
How did you experience the use of the exoskeleton?

What was positive?
What was negative?

Would you use the exoskeleton if you have low back problems/ as prevention?
5) What would be the ideal exoskeleton?

Wishes/design requirements
(conclusion of point 4)

Data analysis
The focus group and the double interview were audio-recorded and notes 
(memos) were taken during the session. Due to technical problems we lost the 
audio data from the focus group. However, we used the notes to reconstruct 
the discussion on paper. For trustworthiness and reliability, the reconstructed 
transcript was sent to the participants of the focus group for verification. 
Participants confirmed their agreement to our reconstructed discussion. The 
data of the double interview were transcribed verbatim. The participants’ names 
were replaced by pseudonyms to maintain anonymity. Subsequently, both 
transcriptions were analysed by the main investigator (SB) using the thematic 
analysis, a pattern-based analysis that allows to identify and report the salient 
features of the data [32]. First, categories were developed by repeated close 
reading of the text. After embedding those into a framework, major themes 
of the focus group discussion and the interview were identified. The main 
investigator (SB) performed the coding and analysis. Codes, subthemes and 

SaskiaBaltrusch_BNW_.indd   210SaskiaBaltrusch_BNW_.indd   210 17/06/2020   10:07:4817/06/2020   10:07:48



211

Chapter 8

themes were discussed with a team member (JK) until consensus was reached 
on all categories. Direct quotes used in the discussion were translated into 
English. Due to data loss we could only use direct quotes from the double 
interview. We, however, included indirect quotes of the focus groups, derived 
from the reconstructed discussion.

3 Results

3.1 Quantitative results

The assessment of self-effi  cacy showed a main eff ect of time point of the 
measurement (p=0.02). Post-hoc testing revealed a signifi cant diff erence 
between BASE measurement and TRY-OUT measurement, with increased total 
score in the TRY-OUT measurement (median (IQR): 70 (65-74) vs. 75 (69-78); 
p=0.009 (Figure 2). We did not fi nd a signifi cant diff erence in self-effi  cacy 
between the BASE measurement and the EXPECTATION measurement (70 (65-
74) vs. 70 (62-77); p=0.5.

Figure 2: Self-effi  cacy assessed with the M-SFS questionnaire at the three time points: 
Base, Expectation and Try-out. (The red line represents the sample median. The distances 
between the tops and bottoms are the interquartile ranges. Whiskers show the min and 
max values; outliers are represented as a +). *Signifi cant diff erence in M-SFS score to 
base measurement.Figure 3 presents the diff erence of self-effi  cacy score from BASE 
measurement (x-axis) to TRY-OUT measurement (y-axis) for individual participants. We 
found that most of the participants started with a MSFS-score higher than the cut-off  value 
(>56). Specifi cally, participants with a low MSFS-score at base measurement showed the 
biggest increase in MSFS-score.

8

SaskiaBaltrusch_BNW_.indd   211SaskiaBaltrusch_BNW_.indd   211 17/06/2020   10:07:4817/06/2020   10:07:48



212

Chapter 8

Figure 3: Individual change of M-SFS score from baseline to try-out measurement. The 
data points above the red line represent an increase in total M-SFS score compared to base 
measurement. The data points below the red line represent a decrease in total M-SFS score 
compared to base measurement. Low scores in the BASE condition tended to coincide with a 
large change.

Figure 3 presents the diff erence of self-effi  cacy score from BASE measurement 
(x-axis) to TRY-OUT measurement (y-axis) for individual participants. We 
found that most of the participants started with a MSFS-score higher than the 
cut-off  value (>56). Specifi cally, participants with a low MSFS-score at base 
measurement showed the biggest increase in MSFS-score. 

The eff ects of the exoskeleton on self-effi  cacy in the 5 categories are presented 
in Figure 4. For the categories Lifting, Repetitive Bending and Standing and 
Walking, a third of the participants rated higher self-effi  cacy after the try-out 
session. 47% of the participants showed higher scores in the TRY-OUT session 
for the task Static Forward Bending. In the categories Sitting and Others, only 
12% and 14% of the participants rated higher self-effi  cacy.

SaskiaBaltrusch_BNW_.indd   212SaskiaBaltrusch_BNW_.indd   212 17/06/2020   10:07:4817/06/2020   10:07:48



213

Chapter 8

Figure 4: Distribution of change in self-effi  cacy between BASE condition and TRY-OUT 
condition for the categorized tasks. Green bars represent an improvement of self-effi  cacy, 
blue bars a maintained self-effi  cacy and red bars a decreased self-effi  cacy. Percentages of 
each bar are also presented in the white boxes.

3.2 Qualitative results

The participant characteristics of the focus group and the double interview are 
presented in Table 2. Luggage handlers are working at diff erent work locations 
and are therefore responsible for diff erent tasks. Managers had been working 
as luggage handlers in the past and sometimes still helped out with loading and 
unloading luggage.

8
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Table 2: Participants’ characteristics

Pseudonym Group Age Occupation Years of 
Employment

Main tasks

Rico FG 37 Luggage handler 9 years Loading and unloading 
conveyor belts

Roel FG 52 Luggage handler 26 years Loading and unloading 
containers with a robot

Timo FG 49 Luggage handler 21 years Loading and unloading 
conveyor belts
and containers
Driving vehicle

Pim FG 50 Luggage handler
Ergo Coach

23 years Loading and unloading 
conveyor belts
and containers
Driving vehicle
Advising employees and 
managers

Hendrik DI 50 Manager 21 years Team Leader
Martijn DI 51 Manager 28 years Process Coordinator

FG= Focus Group; DI= Double Interview

The main categories derived from the focus group discussion and the double 
interview contributing to the acceptability of an exoskeleton were: “Working 
conditions”, “Use of Lifting Devices”, “Prevention of Low Back Pain”, “Acceptability 
and Usability of a spinal exoskeleton” and “Implementation at the Workplace”.

Working conditions

High workload
Luggage handlers agreed on liking their occupation, but considered their 
workload as high when talking about their working conditions. Due to short 
times between flights, there is only little time to load or unload luggage, creating 
high work intensity and short rest time. Additionally, the number of employees 
had been reduced in recent years, which had caused an increased workload.

The process coordinator confirmed that:

“[…] you do have a continuous work pressure. (Martijn, Process 
Coordinator)
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Feeling responsible
Luggage handlers also focused their discussion on feeling responsible for the 
luggage. They stated that:

Even when luggage was checked in too late and does not have to be 
considered for loading anymore, they are still trying their best to get it 
on board.

This also increases workload.

 “[…] this behaviour is indeed characteristic for the men in the luggage 
department […]” (Martijn, Process Coordinator).

Freedom in task selection
Luggage handlers acknowledged that:

they have the freedom of choosing their main tasks based on their wishes 
or current physical problems.

Main tasks are loading, unloading and driving the vehicle to transport luggage 
to the airplane. When employees report physical problems, the team leader 
considers that in the distribution of tasks.

Use of Lifting Devices

Limited usage
Luggage handlers mainly reported not using the external (off-body) lifting 
devices that are currently available in the company (see Appendix 1), because:

If the workload is too high, manual work is faster.

In addition, they reached consensus that using the lifting devices does not make 
work safer. One luggage handler explained that:

8
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in the past they used a lifting device that works with vacuum to suck a 
suitcase up. Since it led to various accidents during the work process, 
we are not allowed to use it anymore.

The Ergo coach remarked

he would not recommend using any of the available lifting devices to 
newcomers (Pim, Ergo Coach).

In contrast, the team leader defined 3 types of people regarding the use of 
lifting devices:

“[…] I know people who use them I dare to say almost 100 percent, […] 
you have those who only use them if needed, including me. I see it’s 
heavy, then I do it with the lifting device. And a few people just want to 
work without a device.” (Hendrik, Team Leader)

Limitations
Luggage handlers centred their discussion on different limitations of available 
external lifting devices. One main argument was:

that lifting with the device is too slow to keep up with the workload. 
(Timo, Luggage Handler)

The team leader shared that opinion and explained that the use of the device

“[…] depends on how many suitcases are coming into the system. […] 
and also on the time […]if there are 50 suitcases coming at once […] 
using the lifting device is good, but then it’s slow […] taking too long 
[…]”. (Hendrik, Team Leader)

Another limitation is:

the rigidity of the device. It does not take into account differences in 
body length and handedness. This allows for only one way of using it 
and forces the user to work in a certain way.
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Due to the above, the luggage handlers perceived current external devices as a 
hindrance, rather than as a support. In addition, two of them complained about 
shoulder problems due to the device’s inflexible behaviour.

One luggage handler shared his experience with working with robots that load 
big containers automatically. He had to control the robot and in case of mistakes, 
sorting the suitcases by hand:

He acknowledged that the robot reduced loading on his back, but also 
remarked the problem of not having a continuous work rhythm. While 
standing at the control board his muscles get cold. When intervening in 
the process to sort suitcases he starts lifting with cold muscles. (Roel, 
Luggage Handler)

The process coordinator was aware of the limitations discussed in the focus 
groups. With regard to the device being too slow, he talked about a

“ perceived speed of work […], in which the sense of speed is reduced 
when using such a lifting device”. (Martijn, Process Coordinator)

He reported that measurements have been done to compare lifting speed with 
and without using the lifting device. Results showed that lifting with the device 
is not slower than without, provided that there is

“[…] an acceptable distribution of luggage over time […]” (Martijn, 
Process Coordinator)

He also addressed the inflexible and static behaviour of the lifting device:

“[…] such a lifting device is actually a really static thing, it’s hanging there 
and it can be moved to that side or the other side and that’s pretty much 
it.” (Martijn, Process Coordinator)

Whereas the work of the luggage handler is rather dynamic:

8
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“And then you, as a human, have to adapt to the device and have to find 
your way.” (Martijn, Process Coordinator)

Prevention of Low Back Pain

Use of own techniques
When focusing the conversation on dealing with low back pain at work, luggage 
handlers talked about the use of certain lifting techniques to deal with problems 
they have, but also to prevent an onset of low back pain. One luggage handler 
explained that:

He is taking an extra step when turning and lifting at the same time, and 
aiming for an equal distribution of the weight to not overload one side 
of his body. (Rico, Luggage Handler)

Less physical workload
Both managers emphasized that they have less problems with their back since 
they stopped lifting luggage frequently.

“[…] less physical work […] that does help to have less back problems.” 
(Martijn, Process Coordinator)

Ergo coaches
Another prevention method that came up in the focus group discussion, is the 
education of Ergo coaches. Next to their normal work, ergo coaches get trained 
in the prevention and reduction of physical loading. One of the focus group 
attendants also works as an Ergo coach. He emphasized in the discussion that:

he gives advice on lifting techniques and assistive devices, but the 
employees have to decide themselves whether they follow this advice 
or not. (Pim, Ergo Coach)

The team leader, who also has an advising role, explained:

“[…] in the beginning we often said you have to use the lifting device, but 
lately, nobody does […] it didn’t help.” (Hendrik, Team leader)
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Acceptability and Usability of a spinal exoskeleton

Experience during testing
Luggage handlers shared different experience of the exoskeleton they tested 
in a previous study. Two of them perceived the lifting task as easier to perform 
when wearing the exoskeleton, while the other two did not feel a difference. 
They all agreed on the fact that the exoskeleton is still too heavy, but liked the 
possibility of switching on and off the support when needed.

Time factor
Luggage handlers were concerned about using the exoskeleton at their workplace 
when they have to drive the vehicle. Due to the design of the exoskeleton, sitting 
in the vehicle is not possible. The only solution would be to take it off, but that is 
time consuming for people who switch between loading, unloading and driving. 
Taking it on and off has to be fast to make sure no time gets lost.

The process coordinator talked about a previous passive exoskeleton they have 
tested at workplace and how much time was spent in adapting the exoskeleton 
to the user. He suggested not using straps to adapt the size of the device, but 
fixed intervals:

“[…] if I know that for my hips for example I need to set it on 3 and for 
my back on 4 and then I know it’s good for me […] that helps, that really 
makes a difference in time spent.” (Martijn, Process Coordinator)

Freedom of movement
Consensus in the focus group was reached on the fact that the exoskeleton does 
not interfere with the working task, since it is worn around the body. Luggage 
handlers acknowledged that:

even when wearing the exoskeleton for support, they can perform their 
work in their individual manner.

The process coordinator also emphasized the benefit of wearing an on-body 
device, instead of an off-body lifting device:

8
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“[…] if you indeed have something around your body and you can just do 
your work without restrictions, but it does help in the physical support 
[…] then you perceive it as if you can still do your human movements, 
in the dynamics like you want it. In terms of speed, of whatever, of how 
you turn.” (Martijn, Process Coordinator)

Wear-resistant and comfortable design
The team leader noted that the exoskeleton should be wear-resistant,

“[…] you are working [in the luggage hall] you can hit a cart, and then 
it’s damaged and then it’s not usable anymore.”(Hendrik, Team Leader)

and comfortable, considering that it will be worn during a whole working day.

The process coordinator agreed on those points. He suggested to cover the parts 
of the exoskeleton with a smooth material:

“[…] so a practical closed-off structure, so that nothing can get stuck in 
it.” (Martijn, Process Coordinator)

This would also help to deal with limited space, such as handling luggage inside 
the airplane.

Implementation at the Workplace

Visibility
The luggage handlers reached consensus that:

they would not mind to be seen when wearing the exoskeleton at the 
workplace.

The team leader questioned that in the double interview. He remarked that he 
would see the exoskeleton as part of the work clothes, while his colleagues might 
have difficulties with being seen.

The process coordinator talked about a
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“[…] a man’s world […]” (Martijn, Process Coordinator)

in which the design of the exoskeleton effects the acceptance to use it. Adapting 
the colour of the exoskeleton to the colour of the working clothes makes it less 
visible and more likely to be worn.

Contractual obligation
Both, the focus group and the participants in the double interview, focused their 
discussion on whether the use of an exoskeleton should be contractually obliged. 
The majority believed that wearing an exoskeleton, especially when suffering 
from low back pain, is important. Still, luggage handlers agreed on the fact that:

a contractual obligation would be too stringent.

The process coordinator, however, recommended an obligation:

“[…] and then not only from the management perspective, but also 
from the human perspective to protect people against themselves […]” 
(Martijn, Process Coordinator)

He took the example of safety shoes to state his point that by giving employees 
the choice to wear a “protective” device, the majority would choose against it:

“ […] I think if you went into the luggage hall tomorrow and said 
something like guys if you don’t want to wear safety shoes then you don’t 
have to, then I think 80% of the people would walk around in sneakers 
or shoes they like the most.” (Martijn, Process Coordinator)

Both, the process coordinator and the team leader thought that one reason for 
this behaviour is the fact that employees want to be individual and like to wear 
clothes that express their personality.

Prevention or treatment
An issue that came up in the focus group discussion was whether the exoskeleton 
would be worn for dealing with current low back problems or to prevent from 
an onset of low back pain. Luggage handlers were all open to wearing it, but did 
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not see the reason for wearing it preventative. The ergo coach however saw a 
benefit in a prevention strategy and remarked:

“I would advise it [the exoskeleton]” (Pim, Ergo Coach)

The process coordinator explained:

“I think that it really depends on your personality. I think If I look back 
at myself 30 years ago, I also wouldn’t have worn it. Now, because you 
have or had [low-back] complaints, I think, I don’t want these complaints 
anymore, so in hindsight I would wear it.” (Martijn, Process Coordinator)

4 Discussion

Using a mixed method approach, we found increased self-efficacy after trying 
out the exoskeleton and collected factors from the employee’s and management 
perspective that might influence the acceptability of an exoskeleton in the working 
environment. The results indicate the potential acceptability of such devices but 
also highlight the importance of an adequate implementation strategy and how 
certain design characteristics, such as comfort, time of adjustment and visibility 
can influence acceptability of an exoskeleton.

Self-efficacy base scores were relatively high, considering that a self-efficacy 
score <56 is hypothesized to be predictive for non-return to work [29]. However, 
this was expected, since we recruited participants with low-back pain who 
still performed in their occupation. The unchanged self-efficacy score in the 
expectation condition indicates that participants at first sight did not expect the 
exoskeleton to help them in the tasks that were depicted in the questionnaire. 
The large range of scores over participants in that condition implies that 
expectations regarding the device were quite different. After trying out the 
exoskeleton, however, the self-efficacy score significantly increased, indicating 
that participants in general believed that wearing the device would help them 
performing the depicted tasks in the questionnaire. The focus group study 
confirmed this outcome. Luggage handlers were open to wear the exoskeleton 
during their work and saw the potential of an exoskeleton to reduce low-back 
load. Also, the tasks that were rated with higher self-efficacy when wearing the 
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exoskeleton were similar to the main working tasks described by the employees. 
The task with the greatest decrease in self-efficacy (Sitting), was also mentioned 
in the focus groups as a potential problem.

Furthermore, we observed increased self-efficacy in not only static, but also 
dynamic tasks. This can be explained by the qualitative data that describes the 
flexibility of the exoskeleton as an advantage to current static and inflexible 
external lifting devices. As an exoskeleton is worn around the body and therefore 
does not interfere with the workflow, luggage handlers and managers believed 
in a higher usability and ease of use compared to the current external/off-
body systems. These external devices come with several limitations that limit 
their acceptability. Given the high workload of the employees and their feeling 
of responsibility, main issues that were mentioned by luggage handlers and 
managers were perceived slower task performance, and the static, inflexible 
nature of external devices, conflicting with the dynamic work of a luggage 
handler.

Although being significant, it can be questioned whether an average change 
of 5 points in M-SFS score can influence people’s behaviour and increase their 
confidence in performing work related tasks. According to Trippolini et al. 
(2018) [29], the systematic measurement error for assessing self-efficacy in 
low-back pain people is around 12-16 points. This, however, is only the case for 
participants having a low self-efficacy (<60). Participants in the present study 
had considerably higher scores. Participants who had lowest base scores (40-
60) showed the highest increase in self-efficacy. Thus, the findings suggest, 
that wearing a passive trunk exoskeleton potentially increases self-efficacy 
in people with low-back pain, having a bigger effect if people show greater 
restrictions due to their low-back pain. This was confirmed in the focus groups, 
as employees state they are mostly open to wearing the exoskeleton if they 
suffer from low-back pain, hence when being restricted by their low back. An 
increase in self-efficacy implies increased confidence to succeed in a given 
task, implicating decreased low-back pain and disability [24]. This likely leads 
to higher participation level. Also, increased self-efficacy is expected to increase 
acceptability of the exoskeleton. When users perceive high self-efficacy regarding 
assistive technology, they will have a high adoption intention [33].

8
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Quantitative data demonstrated that the majority of the participants showed a 
high self-efficacy base score, with limited increase in self-efficacy after trying 
out the exoskeleton. This indicates that they do not feel highly restricted by their 
low-back pain and thus do not see the need to wear an exoskeleton. Luggage 
handlers confirmed that outcome, as they did not consider a preventive use of 
an exoskeleton as needed, but would only wear the exoskeleton when suffering 
from low-back pain. In contrast, managers stressed the importance of using an 
exoskeleton as prevention, to protect employees from low-back pain in the long-
term. To deal with potential refusal of using the exoskeleton as prevention, they 
suggested contractual obligation, which might facilitate the managers’ control 
over using the exoskeleton at work. On the other hand, with an increased self-
efficacy when wearing the exoskeleton, as found in the quantitative assessment, 
acceptability is likely to increase and contractual obligation might be unnecessary.

Certainly, these findings demonstrate that the implementation strategy is of 
importance to convince and support employees to use a spinal exoskeleton 
at work. The importance of an adequate implementation strategy was also 
highlighted in a previous study [34], in which design requirements for an 
exoskeleton used in rehabilitation were discussed with health care professionals 
and low-back pain patients. Supervision and behavioural coaching were 
considered as important strategies to ensure the correct use of the exoskeleton. 
Given the different field of application in the present study, implementation 
strategies should be more focused on increasing acceptability of the device to 
guarantee that employees actually use the exoskeleton.

To improve acceptability and usability of an exoskeleton, design requirements 
from potential end-users should be considered to meet their specific needs 
[35]. Participants of the focus group and the interview mentioned some design 
specifications. Given the time constraints and their shift work, the exoskeleton 
should be easily and quickly adaptable to different body sizes. This might also 
decrease time pressure and stress, which is a psychological risk factor for an 
onset of LBP [36]. Additionally, a comfortable and wear-resistant exoskeleton 
increases its versatility to be implemented at different work locations and for 
different working tasks. This is in line with previous research that has shown 
that versatility and comfort are important for user acceptance [9,30].
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Participants discussed potential factors that can negatively affect the acceptability 
and usability of an exoskeleton in the working environment. Main concerns from 
the managers were that employees might not use the exoskeleton, as they 
might not want to be seen with it in a working environment that is dominated 
by male personalities. If the design of the exoskeleton does not match their 
personal taste, employees will most likely not accept it. Previous research has 
described visibility of assistive devices as a disclosure of disability status [37]. 
The authors suggest to make assistive devices socially invisible by choosing a 
design that matches the social environment. The managers indeed discussed to 
design the exoskeleton in the colour of the work clothes to make it more invisible. 
Luggage handlers reported they would not mind to be seen with the exoskeleton. 
Although not entirely consistent, these findings suggest that visibility should 
be considered when introducing an exoskeleton in the working environment in 
order to improve acceptability.

Even though the data cannot automatically be generalized to other working 
environments, we demonstrated potential benefits and challenges from the 
employees’ and the management perspective when introducing an exoskeleton 
in a working environment. Self-efficacy base scores were relatively high. Further 
research is needed to assess whether participants who show greater restrictions 
due to their low-back pain indeed show greater increase in self-efficacy when 
wearing a passive trunk exoskeleton.

5 Conclusion

Wearing a passive spinal exoskeleton increases self-efficacy in workers with low-
back pain, having a bigger effect in people with low self-efficacy. The focus group 
and the interview confirmed the willingness of the employees and managers 
to use an exoskeleton at their workplace, especially in a versatile and dynamic 
working environment. Managers see potential in using the exoskeleton as a 
preventive measure, whereas employees would only use it if suffering from 
low-back pain. If potential challenges, such as visibility and potential refusal are 
considered in the implementation strategy and acceptability can be improved by 
following design requirements, acceptance of a passive trunk exoskeleton would 
be further improved, potentially contributing to reduced risk of low-back pain.

8
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Appendix 1

Two lifting devices are available at KLM. One is a lifting table, that can adjusted 
in height to pull the suitcases on and off  (Figure 1). The second one works 
with vacuum that sucks up the suitcase and by pressing a button releases the 
suitcase again (Figure 2). This one is not allowed to be used anymore, since it 
led to various accidents.

           
Figure 1: Adjustable lifting table      Figure 2: Vacuum lifting device. Not  
         allowed to be used anymore.
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Appendix 2

Task description used in the M-SFS questionnaire.

Task number Task description
1 Place a can weighing 2 ½ kg above your head.
2 Work sitting down.
3 Remain standing for a prolonged period of time.
4 Lift a box weighing 5 kg from the floor to eye level.
5 Place a box weighing 10 kg into the trunk of a car.
6 Prolonged sitting in a forward bent position.
7 Carry a bag weighing 5 kg in each hand.
8 Use a vacuum cleaner (pushing and pulling).
9 Get into a car.
10 Take a 5 kg bag in each hand out of the trunk of a car.
11 Place a box weighing 10 kg from eye level to the floor.
12 Work for a prolonged period of time in a crouched or squatting position.
13 Wash dishes at a sink.
14 Place a box weighing 5 kg from a table to the floor.
15 Stand for a prolonged period of time in a forward leaning position.
16 Walk for a prolonged period of time.
17 Bending over frequently.
18 Lift a box weighing 25 kg from the floor onto a workbench
19 Load or unload the dishwasher.
20 Take a bus (excess vibration).

8
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General Discussion

The overarching aim of this thesis was to study the potential effectiveness of 
using a passive trunk exoskeleton (SPEXOR) for low-back pain prevention and 
vocational reintegration and to provide insight into factors that can influence 
the usability and acceptability of such an exoskeleton. To take into consideration 
the end-user’s perspective and to ensure a comprehensive assessment, I used 
a user-centered approach and combined qualitative and quantitative research 
methods. In this discussion, I will first give a summary of the results, interrelating 
the findings of the different chapters. Subsequently, I will interpret these findings 
in the light of the user-centered approach used in this thesis. Finally, I will discuss 
implications for future research, clinical practice and the occupational field.

Summary

Given the rising prevalence of low-back pain and the challenge of reducing 
occupational risk factors at work, a passive trunk exoskeleton that decreases 
the mechanical loading on the back might be a promising approach to overcome 
limitations of previous interventions. This thesis comprised three main parts.

Part 1: Which factors should be considered, from the end-users’ perspective, 
when designing an exoskeleton for people with low-back pain?

This first part was covered in Chapter 2, in which I reported a focus group study 
with low-back pain patients and healthcare professionals to explore perceptions 
and expectations of potential end-users. Wishes and doubts towards the use 
of a passive trunk exoskeleton for low-back pain patients, design requirements 
and limitations of current devices were discussed. The results suggest that a 
trunk exoskeleton should provide gradual adjustment of support and should 
be versatile to support different movements beyond bending and lifting. 
Additionally, it should only be used temporarily and with guidance of a health 
care professional to prevent loss of muscle strength. Other important design 
requirements were comfort and independency in taking it on and off. Health 
care professionals considered exoskeletons useful as preventive measures at the 
work site. They believed, when used by low-back pain patients in rehabilitation, 
it can decrease the patient’s confidence by confirming disability and increasing 
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guarded movement. Further, they criticized that an exoskeleton only focuses 
on the mechanical risk factor for low-back pain, whereas chronic low-back pain 
has a variety of causes. In contrast, patients considered passive exoskeletons 
as useful support in their rehabilitation, provided the suggested features could 
be incorporated. Thus, the potential application in the field of rehabilitation is 
not without debate, and therefore application in the domain of prevention in the 
occupational field seems more likely at the current moment. Importantly, this 
study revealed, that an adequate implementation strategy and communication 
between the user and the professional is essential when aiming to implement 
an exoskeleton.

Part 2: What is the effect of the exoskeleton on functional performance, user 
satisfaction and aerobic loading?

The second part of this thesis focused on evaluating the functional effects 
of a trunk exoskeleton. A test battery was developed to evaluate both, the 
potential positive effects in reducing low back load, but also potential negative 
effects in decreasing functional performance and to assess usability of the 
exoskeleton. Given the variety of working tasks that can be found in various 
physically demanding jobs, the test battery consists of work-related daily activity 
tasks that had to be performed with and without the exoskeleton. In each task, 
functional performance was assessed based on objective outcome measures and 
subjectively in terms of perceived task difficulty, discomfort and user satisfaction. 
In Chapter 3, this test battery was used to assess how a commercially available 
device, “the Laevo exoskeleton”, affects functional performance and user 
satisfaction. The aim was to assess potential limitations and to formulate design 
requirements for the SPEXOR exoskeleton. The results revealed a positive effect 
of the Laevo exoskeleton in reducing low-back load in static forward bending. 
In carrying and non-load handling tasks that involved substantial trunk and hip 
flexion without trunk inclination, objective and subjective performance decreased 
when wearing this exoskeleton. In Chapter 4, I assessed the effect of wearing 
the Laevo exoskeleton on metabolic cost. The exoskeleton seems to effectively 
unload the user during lifting, by decreasing metabolic cost by 17%. It may 
hence reduce the development of fatigue and low-back pain risk for this specific 
task. However, during walking, a task that requires hip flexion, metabolic cost 
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increased by 17% when wearing the Laevo exoskeleton, indicating hindrance 
during walking. These results were in line with the findings of Chapter 3.

These findings stressed the need for a support system that can be disengaged 
depending on activities performed. Design improvements to be considered in the 
SPEXOR development were, therefore, provisions to allow full and unhindered 
range of motion of hips and trunk to increase versatility and user acceptance. 
Furthermore, the results showed that the support level provided by the Laevo 
exoskeleton was too low to elicit large effects on muscle activity and functional 
performance. Thus, another design criterion for the SPEXOR exoskeleton was an 
increase of support level without affecting versatility. Consequently, the SPEXOR 
design comprises of flexible beams, which run in parallel to the spine, providing 
a large range of motion and increased and variable torque capacity. It further 
features a self-aligning hip joint module with a clutch to disengage the support 
between activities, as described in Chapter 5. In this chapter, single component 
testing and pilot testing with a small sample size revealed that the SPEXOR 
exoskeleton has the potential to provide full range of motion, unobstructed hip 
flexion and unloading of the lower back.

I tested these promising results from Chapter 5, by repeating the benchmarking 
tests from Chapters 3 and 4 with the new SPEXOR exoskeleton. In Chapters 
6 and 7, two studies were conducted with bigger sample size compared to the 
pilot testing and actual potential end-users from industry were recruited. The 
findings from Chapter 6 showed that the SPEXOR exoskeleton allows versatility 
and offers a significant support level. Although not directly compared with the 
Laevo system, the SPEXOR exoskeleton seems superior as tests showed more 
positive effects on objective and subjective performance in several load-handling 
tasks. Additionally, wearing the SPEXOR exoskeleton did not limit range of motion 
or hinder performance of tasks that require hip flexion. Thus, user satisfaction 
increased in comparison to the benchmark. Still, mass and dimension of the 
exoskeleton need to be adapted to improve comfort. In Chapter 7, I assessed 
the effect of wearing the SPEXOR exoskeleton on metabolic cost during lifting. 
The findings showed that the SPEXOR exoskeleton takes over 25% of mechanical 
joint work, reducing muscular effort and hence decreasing metabolic cost by as 
much as 18% on average. This suggests that this exoskeleton is of benefit for 
lifting by decreasing physiological strain.
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Thus, Chapters 6 and 7 demonstrate that the design features that were identified 
in Chapters 2, 3 and 4 were successfully implemented in the SPEXOR exoskeleton 
which resulted in improved functional performance and aerobic loading when 
using the SPEXOR exoskeleton, with relatively low levels of discomfort and high 
levels of user satisfaction. These effects seemed superior to the benchmark, 
presented in Chapters 3 and 4.

Part 3: How does the exoskeleton influence self-efficacy of potential end-users 
and how can acceptability of the device be improved?

In the last part of my thesis, I focused on challenges for acceptance and 
implementation of the exoskeleton in the working environment. Specifically, 
in Chapter 8, a mixed methods approach was used, performing quantitative 
measurements on self-efficacy, and conducting focus groups and interviews with 
employees suffering from low-back pain and managers from the same company. 
As self-efficacy is valuable for successful implementation of a device, I assessed 
the effect of the SPEXOR exoskeleton on self-efficacy using the Modified Spinal 
Function Sort (M-SFS). The findings demonstrated that the SPEXOR exoskeleton 
increases self-efficacy, especially for people feeling strongly restricted by their 
low-back pain. The focus groups and interviews confirmed and complemented 
these results, demonstrating the flexibility of the exoskeleton as an advantage 
to current static and inflexible external lifting devices and the perceived support 
during main tasks of employees. In line with Chapter 2, the results further 
indicated that a suitable implementation strategy and adequate communication 
between end-user and decision makers is important for successful device 
implementation.

What is the added value of a user-centered approach?

A user-centered approach is well developed in the field of technology studies, 
in which innovation is seen as a process of ‘co-construction’ [1]. Researchers, 
designers and potential end-users actively work together when developing an 
innovation. However, in passive exoskeleton technology research, this approach 
is still scarce [2]. Given the benefits of end-user involvement found in medical 
device development, described in Chapter 1, I implemented a user-centered 
approach in this thesis. Figure 1 illustrates at which stages of the thesis potential 
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end-users were involved to study the potential of an exoskeleton for rehabilitation 
and prevention. The starting point was a qualitative approach, conducting a 
focus group study with health care professionals and low-back pain patients. 
In the benchmark testing and the iterative testing of the SPEXOR system, I 
included employees, working in load-handling professions, to test the eff ect 
of the exoskeleton on objective and subjective outcome measures. As a last 
step, a mixed method approach was chosen, including a subgroup of employees 
who took part in the iterative testing and their managers. This involvement of 
potential end-users at an early stage, during iterative testing and at the end of 
the evaluation had an important and signifi cant eff ect on both, the exoskeleton 
design and the study design as described below.

Figure 1: End-user involvment at diff erent stages of the thesis. Symbols are adapted from 
METACOM Symbole © Annette Kitzinger.

Eff ect on Exoskeleton design
By involving end-users before the development phase and listening to 
their thoughts on using a passive trunk exoskeleton, I was able to identify 
design requirements as early as possible. In that way, these results could be 
matched with requirements from theoretical biomechanical and engineering 
considerations to determine exoskeleton design. One important feature that 
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was mentioned by healthcare professionals and patients was the wish to have 
a “case-specific” exoskeleton and “different modes for different movements”. 
Both of these requests imply a device that is versatile, thus can be used for 
different movements without hindering the user. To be able to switch between 
tasks in which support is needed and tasks in which maximal movement capacity 
is desired, without donning and doffing the device, it was chosen to implement 
a clutch. This clutch can be switched on and off, depending on the task and 
whether support is needed. Its implementation increased versatility of the 
exoskeleton, as demonstrated in Chapter 6.

Another important design characteristic that healthcare professionals and 
patients asked for, was comfort. Discomfort is a challenging problem, that limits 
use in practice of most assistive devices [3]. This is why flexible beams were 
chosen when building the SPEXOR exoskeleton to preserve the natural range of 
motion of the user and as a result improve comfort. In addition, as described in 
Chapter 5, misalignment compensation was also used to align the exoskeleton 
to the user’s body and minimize the movement between the exoskeleton and 
the user. For instance, sliders along the leg and along the spinal module move 
with the user to accommodate for misalignment. This leads to low discomfort 
when performing tasks, as shown in Chapter 6. The misalignment compensation 
used in the design of the SPEXOR exoskeleton also allows for a fast donning 
and doffing, as the device does not need to be adjusted to the user. It therefore 
provides a “one size fits all”. The time to adjust an exoskeleton at work was a 
discussion point in the interview with the managers and the focus group with 
employees. As their job is mostly under time pressure, a fast adjustment of the 
design is important. Since the SPEXOR exoskeleton still needs to be adjusted at 
the chest and the hip straps, managers suggested to implement fixed numeric 
intervals. In that way the adjustment would always be the same and even 
more time could be saved when it comes to interchanging the device between 
employees (Chapter 8).

Effect on study design
The involvement of potential end-users also had an effect on my study design. 
As shown in Figure 1 and described in Chapter 1, I involved end-users from two 
potential fields of application: rehabilitation and industry. Chapter 2 revealed 
the rather negative view of healthcare professionals on using a passive trunk 
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exoskeleton in the rehabilitation setting for patients with low-back pain. 
Considering that health care professionals bear the responsibility of implementing 
an exoskeleton when used in rehabilitation, but see greater potential of using an 
exoskeleton in the working environment, I decided to put the focus of the study 
on industry as my main potential field of application. That is why the iterative 
testing and the final focus groups were conducted with employees with and 
without low-back pain, rather than low-back pain patients recruited from clinical 
settings. Low-back pain patients might still be a promising target group for using 
a passive trunk exoskeleton. Still, as they need the healthcare professionals for 
implementing the device in the rehabilitation setting it is currently less likely 
that a passive trunk exoskeleton will be introduced in the clinical environment.

Potential concerns mentioned by the focus group participants in the first part of 
my thesis influenced my decision on what to take into account when evaluating 
the SPEXOR exoskeleton. Healthcare professionals, for instance, were concerned 
about confirming the patient’s disability, increasing vulnerability and decreasing 
confidence in their low-back. Regarding this concern, I decided to conduct a 
study that assessed the change in self-efficacy when using the exoskeleton 
(Chapter 8). I aimed to investigate whether the SPEXOR exoskeleton indeed 
decreases confidence or whether it helps employees with a history of low-back 
pain to be more confident about performing certain tasks in regard to their 
low-back pain. As described in Chapter 8, the SPEXOR exoskeleton increased 
self-efficacy in employees with low-back pain, especially for those being more 
restricted by their low-back pain. This is in line with Chapter 1, in which low-
back pain patients believed that an exoskeleton would help them to overcome 
their daily limitations. It, however, stands in contrast to the concern mentioned 
by the healthcare professionals and thus indicates the importance of including 
multiple potential end-users in order to see the bigger picture. It should be 
noted here, though, that self-efficacy was measured in employees, suffering 
from low-back pain, whereas healthcare professionals talked about low-back 
pain patients that are treated in a multi-disciplinary rehabilitation setting. The 
different target groups might show different changes in self-efficacy when using 
an exoskeleton and the healthcare professionals’ concerns cannot be refuted, 
but should be studied in future research.
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The request by the focus group participants for a versatile exoskeleton, as 
mentioned in the previous paragraph, also influenced the test battery that I 
developed to evaluate the SPEXOR exoskeleton. Besides tasks that assess the 
support of the exoskeleton, I also included tasks in my test battery that assess 
whether the exoskeleton does not hinder the user in work-related tasks and 
range of motion tasks, as described in Chapter 3. In this way, it was possible 
to not only investigate the supportive but also the versatile character of the 
device. In addition, to be able to get iterative feedback from potential-end 
users on the design and the perceived functioning of the SPEXOR exoskeleton, 
functional performance was assessed in terms of objective and subjective 
outcome measures. In addition, I added the Users’ Impression Questionnaire 
to identify acceptability of the device to the user.

The importance of an adequate implementation strategy
An important outcome of the user-centered approach, as described in Chapters 2 
and 8, is the proclaimed importance of an adequate implementation strategy when 
aiming for introducing an exoskeleton in a new environment. As stated in Chapter 
2, confidence in the own capabilities with regard to low-back pain cannot solely be 
achieved by adapting the design of the exoskeleton, but also depends on adequate 
communication between healthcare professional and patient. Previous studies have 
shown that good communication skills in a doctor improve patient’s compliance 
and overall satisfaction [4-6]. Also, perspectives of healthcare professionals can 
be different to patients’ perspectives, and healthcare professionals should be 
aware that their beliefs and attitudes influence their patients’ beliefs and attitudes 
[7]. The effect of the exoskeleton on the confidence of low-back pain patients is 
therefore dependent on how healthcare professionals communicate about using 
an exoskeleton towards patients. Healthcare professionals should provide guidance 
and coaching when using the exoskeleton, talking about issues such as: How long 
and how often should the patient wear the exoskeleton? In which situations does 
the patient need support? Focusing on the advantages of a passive exoskeleton, 
rather than confirming the patients’ concerns, will influence the patient’s belief in 
how the exoskeleton will influence their behavior and their low-back pain.

“It’s important to make sure that we’re talking with each other in a way 
that heals, not in a way that wounds.” (Barack Obama)

9
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Certainly, this approach is only possible, if healthcare professionals believe in 
the advantages of the exoskeleton themselves, which was not the case in the 
focus group study presented in Chapter 2. Only the psychologist mentioned:

“I see it a bit like somebody keeps on moving. Can in principle be helpful” 
(Psychologist, Rehabilitation Center Heliomare)

Considering that physical activity is a promising treatment strategy for low-back 
pain [8], an exoskeleton might indeed improve a patient’s health by increasing 
physical activity in daily life. This potential important effect does deserve 
attention in future research.

With regard to introducing an exoskeleton in industry, an adequate implementation 
strategy is of importance as well, to deal with employees who do not see the 
need of wearing an exoskeleton. To increase the acceptability of an exoskeleton 
at work sites, managers need to take into account factors that potentially affect 
the employees’ openness to use the exoskeleton. As described in Chapter 8, 
one factor might be being seen with the exoskeleton in a working environment, 
especially if this is dominated by a male culture. By wearing the exoskeleton, 
the user is seen to show vulnerability to colleagues, which could inhibit the use 
of the device. A contractual obligation was discussed to solve that problem. In 
that way, the exoskeleton could also be prescribed to people without low-back 
pain, who are less open to use it. In contrast to the rehabilitation setting, in 
which the patients were positive about using an exoskeleton, but the healthcare 
professionals had many concerns, in industry, the employees might resist the 
use of an exoskeleton, while managers are supportive of using it. Knowledge 
of factors that can improve the acceptability of the device to employees, helps 
the management to select an adequate implementation strategy that deals with 
the employees’ and the management’s concerns. Obviously, exoskeleton design 
may also play a role in dealing with this kind of barriers.

In sum, user-centered research starts with users and ends with the answers 
that are tailored to their individual needs. Understanding the people one is trying 
to reach, and designing from their perspective, will yield answers that help to 
design an exoskeleton that truly meets their requirements. The user-centered 
approach applied here shows the importance of listening to the thoughts of 
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potential end-users and taking those into account in the next steps of the 
project, whether it be in designing the device, conducting studies to investigate 
the concerns that came up, or identifying the necessity of and requirements for 
an adequate implementation strategy.

What is the most promising target group?

The focus of this thesis was put on industry as a main potential field of 
application, due to the negative feedback received from healthcare professionals 
about implementing an exoskeleton in rehabilitation. In industry the benefits of 
using an exoskeleton are seen by both, employees and managers, as shown in 
Chapter 8. Still, employees who do not suffer from low-back pain, do not see the 
need to wear an exoskeleton as a preventive strategy, whereas the management 
stresses the importance of using an exoskeleton to prevent the occurrence of 
low-back pain. However, the results from Chapter 8 show that especially people 
with low-back pain are more open to wear an exoskeleton at work, simply to 
avoid the pain. This is in line with a systematic review that has shown that pain 
relief is an important aspect that patients expect from treatment for back pain 
[9]. Also Chapter 5 suggested that the SPEXOR exoskeleton might be more 
applicable for secondary prevention, as employees with low-back pain showed 
bigger effects when wearing the exoskeleton, compared to employees without 
low-back pain.

In conclusion, the most promising target group might be employees suffering 
from low-back pain. Using a passive trunk exoskeleton to prevent low-back 
pain should, however, not be neglected, as it is important for the health of the 
individual employee as well as for the industry.

Implications for future exoskeleton design

The results reported in this thesis demonstrate the effectiveness of the design 
of the SPEXOR exoskeleton to reduce mechanical loading on the low-back. This 
is in line with biomechanical testing of the SPEXOR exoskeleton. When wearing 
the SPEXOR exoskeleton compression forces on the spine are reduced by 13-21% 
during static bending and by 11-19% during lifting [10]. Based on compressive 
strength data of cadaveric specimens, a reduction of 14% in compression 
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force will substantially reduce the population at risk [11,12]. For these reasons, 
the exoskeleton may contribute to preventing work-related low back pain 
for people executing highly demanding tasks, such as repetitive lifting in a 
working environment like a luggage handling hall at an airport. Still, the SPEXOR 
exoskeleton is a prototype and implementing it in a vocational setting requires 
more research and design improvements. Especially the user satisfaction results 
indicate that the device is still far from being ready for implementation in the 
field, as only about 50% of employees considered to wear the exoskeleton daily 
during their job.

The results have several implications for the future design of passive trunk 
exoskeletons. First, design characteristics of the SPEXOR exoskeleton that still 
need to be improved are the mass of the exoskeleton and its dimension. The 
current mass decreases comfort and makes the device less suitable to be worn 
for a whole working day. In addition, the dimension of the hip actuators restricts 
arm swing. Moving the actuators to a different location needs to be considered 
in the next design step. Also, the results have shown that both, perceived 
support and actual support given by the device still need to be improved to reach 
higher user satisfaction. Increasing the perception of support is challenging. As 
participants in this study varied in terms of low-back pain and related restrictions 
experienced, their perception of how much support is needed, was different. 
This would ask for individual design adaptation and a tunable, or self-regulating 
support. To reach increased support delivered by the device, the stiffness of 
the exoskeleton could be increased, e.g. by changing the pretension of the hip 
actuators or by using carbon beams of a higher stiffness for the spinal module. 
However, an increase in stiffness will always come with a decrease in ROM and 
further testing of the exoskeleton would be needed to find the optimal stiffness-
ROM trade-off.

A solution for achieving higher support levels and a support that is tunable 
and can be regulated by the user, could be the addition of active control and 
actuation of the exoskeleton. Motors can provide additional, task-dependent 
and/or user controlled support at given time points, such as at peak moment or 
peak flexion. The design of an active exoskeleton is ongoing work in the SPEXOR 
consortium.
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Implications for practice and future research

An important implication from this thesis is that the optimal design of an 
exoskeleton is context-dependent. When implementing it in the working 
environment, an exoskeleton needs to be adapted to the job and the end-users’ 
needs. A first step of doing that is talking to potential end-users, as done in this 
thesis. By recruiting potential end-users when testing the SPEXOR exoskeleton 
(Chapter 5), namely employees with and without a history of low-back pain, the 
acceptability assessment becomes even more valuable. As potential end-users, 
who daily deal with high mechanical loading on the back, these employees can 
best estimate whether the design of the SPEXOR exoskeleton will be suited for 
daily use in their working environment. Certainly, this also indicates that an 
exoskeleton design is task- or job-dependent. Asking employees from different 
occupations leads to different design requests or challenges that have to be 
considered when developing an exoskeleton. As an example, the participants in 
Chapter 8 were concerned about sitting with the exoskeleton. As the SPEXOR 
design consists of a spinal module on the back, users cannot comfortably sit 
when wearing the device. Luggage handlers, however, sit in vehicles frequently 
when moving the luggage from the hall to the platform. Another study identified 
barriers and facilitators of exoskeleton implementation in the operating room 
[13]. Major concerns mentioned by the surgeons were sterility and safety. 
Thus, barriers of exoskeleton implementation are dependent on the working 
environment that the exoskeleton is implemented in. Therefore, results of this 
thesis cannot be generalized to end-users of other working environments. 
Further research is needed when developing an exoskeleton in another vocational 
context. Still, it also indicates how “personalized” the SPEXOR design is, which 
was the aim when applying a user-centered approach.

A step that is still missing and is essential when it comes to designing a context-
dependent exoskeleton, is actual field testing. Giving the employees the possibility 
to try out the exoskeleton during a whole working day, might yield new insight 
into design requirements for the device and adaptations that still have to be done 
to make the exoskeleton suitable for their specific job. A laboratory mock-up 
cannot simulate the dynamic behavior in the work environment, which makes 
field studies indispensable [14]. After adapting the SPEXOR design, based on 
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the factors mentioned in the previous paragraph, a field study should be done, 
as an essential step before implementing the device in industry.

A context-dependent exoskeleton in the rehabilitation setting would mean an 
exoskeleton that is individualized to the needs of the patient. Gradual adjustment 
of support or patient-dependent support could be a way of providing a more 
individualized exoskeleton. However, finding the optimal support for different 
users is challenging, as responses to the same device can differ considerably due 
to physiological and neurological differences between users [15,16]. Furthermore, 
those responses can change substantially, when adapting to the device [17]. A 
potential approach to find the optimal support for different users, might be the 
‘human in the loop optimization’, a method that allows for optimizing exoskeleton 
characteristics in real-time and providing a support-pattern, that is customized to 
the user’s needs [18]. Certainly, this approach would be much more complex for 
a passive trunk exoskeleton, such as SPEXOR, compared to the ankle exoskeleton 
used in the study by Zhang et al. (2017) [18]. Still, it would provide an adjustable 
and self-optimized support, that might improve performance in various patients, 
suffering from low-back pain.

Another implication that can be drawn from the results of this thesis is the need 
for assessing the long-term effects of the passive SPEXOR exoskeleton. The 
current thesis only addressed instantaneous effects on experienced load and 
performance. How these affect prevention and/or development of low-back pain 
remains to be established. Concerns mentioned by the healthcare professionals 
and patients, such as loss of muscle strength or overloading once the device 
is taken off, could be addressed in such a study. Also, given the fact that pain 
relief is such an important factor for low-back pain patients, as described earlier, 
assessing pain levels over a longer period of time when using the exoskeleton 
would be of added value.

Conclusion
This thesis investigated the potential of using a passive trunk exoskeleton 
(SPEXOR) for low-back pain prevention and vocational reintegration and 
gives insight into factors that can influence the usability and acceptability of 
an exoskeleton. It was shown that exoskeletons are of benefit for lifting and 
static postures, that involve mechanical loading on the back. Employees feel 
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supported in these working tasks and do not feel hindered in their range of 
motion. Furthermore, lifting with the exoskeleton decreased physiological strain. 
Work-related low-back pain might therefore be preventable when wearing 
an exoskeleton, due to lower mechanical loading and a lower risk of getting 
fatigued. Major points that still need to be improved are comfort by reducing the 
weight and the dimension of the device and the (perceived) support level. Thus, 
implementing the exoskeleton in the working environment is still a challenge and 
further improvements of the design are needed to make it ready to be used in 
real practice. The industry might be the most promising field of application at 
this time, supporting employees with a history of low-back pain. Furthermore, 
it was shown that an adequate implementation strategy is essential to deal 
with end-users’ concerns over introducing a passive exoskeleton. Maybe even 
more important, this thesis showed that applying a user-centered approach is 
essential to reveal design requirements that are tailored to the end-users’ needs 
and affected the exoskeleton design and the study design and provided further 
directions for the future. I have shown that the combination of listening to the 
end-users and measuring numerical data is essential to bridge the gap between 
biomechanical solutions and end-users’ perceptions.

“Not everything that counts can be counted, and not everything that can 
be counted counts”. (William Bruce Cameron)

9
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Eff acing risk factors for occupa� onal low-back pain in the work 
environment remains a challenge. Therefore, the European consor� um 
SPEXOR aims to design a trunk exoskeleton for low-back pain preven� on 
and voca� onal re-integra� on. This thesis studies the poten� al of 
a passive trunk exoskeleton and provides insight into factors that 
infl uence its usability and acceptability. How to bridge the gap between 
biomechanical solu� ons and end-users’ percep� ons to raise chances of 
success of a trunk exoskeleton? 
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