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Chapter 1 General introduction

Lifting is an important activity for many people, for social contact, for instance when

lifting a child, for enjoyment for instance lifting a crate of beer, or as work for example

lifting boxes in a warehouse. However, given associations of lifting with low-back

pain, one might wonder whether this is a safe task to perform, or that we should be

afraid of overloading our spine when lifting. This thesis focuses on the development

and evaluation of a spinal exoskeleton to reduce spine loading, developed within the

SPEXOR project. This general introduction will start with an overview of the societal

and financial impact of low-back pain (LBP). Secondly, the etiology of LBP and its

risk factors are discussed. Then, a short overview of successful ergonomic interventions

and their drawbacks are provided. Next, the rationale behind exoskeletons is discussed

and an overview of the state of the art is described. Finally, an outline of the Chapters

in this thesis is provided.

Societal and financial impact of LBP

With LBP as the leading cause of years lived with disability and an expected increase

in its prevalence as a consequence of the aging of the population (GBD 2015 Disease

and Injury Incidence and Prevalence Collaborators, 2016; Hartvigsen et al., 2018),

it is clear that LBP has a large impact on society. Global point prevalence is 7.3%

which is equal to 540 million people having activity limitations due to LBP at any

time and 70-85% of the people will experience LBP at one point in their life (Thiese

et al., 2014). In the Netherlands, in 2018, more than two million people reported to

have low-back or neck pain (Volksgezondheidenzorg.info, 2019a). 1.6 million of them

consulted a physiotherapist. Direct costs, associated with LBP were e917 million

(Volksgezondheidenzorg.info, 2019c) and as this is estimated to be only around 15% of

the total LBP costs, the burden of LBP on the national gross product was estimated

to be around 0.6% (Lambeek et al., 2011). Sick leave and production loss are the main

contributors to the indirect costs associated with LBP. In the period 2015-2040, the 12-

months prevalence is expected to increase by 14%, due to the increasing life expectancy

(Volksgezondheidenzorg.info, 2019b). With the rising health care and indirect costs,

it is clear that LBP is a major problem and sufficient efforts are needed to address the

burden of LBP as a public health problem.
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Chapter 1 General introduction

Figure 1.1: Classes of risk factors for low back pain and disability, adapted from Hartvigsen
et al. (2017).

LBP and its risk factors

LBP is a symptom and not a disease as it only specifies where the pain is located. In

most cases, no specific cause of LBP is identified and therefore most people are catego-

rized as having non-specific LBP (Koes et al., 2010). Several categories of risk factors

for LBP are known, including psychological factors, genetic factors, social factors, bio-

physical factors, comorbidities and pain-processing mechanisms (Figure 1.1). People

often have their own specific combination of contributing factors and LBP should be

seen as a multi-factorial problem. However, this thesis is based on the assumption

that high mechanical loading of the spine is a potential cause for developing LBP and

therefore most attention is given to the group of biophysical risk factors.

The health of the intervertebral disc, which is encapsulated between the vertebral

bodies (Figure 1.2), is of crucial importance for LBP, as it has been suggested that

disc injury and especially endplate injury may directly lead to pain (Kuslich et al.,

1991; van Dieën et al., 1999b). Post-mortem assessment of endplate damage and disc

degeneration showed evidence for an association of both endplate damage and disc

injury with a history of low back pain (Wang et al., 2012). A systematic review of

MRI assessments on endplate abnormalities showed associations with current low back
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Chapter 1 General introduction

Figure 1.2: Schematic overview of spinal structures, adapted from Faber (2010).

pain (Jensen et al., 2008; Teraguchi et al., 2018). In addition, also disc degeneration

strongly increases the risk of developing low-back pain (van Tulder et al., 1997). The

physical disruption of these structures may be the result of repetitive loading, as has

been shown by in vivo animal and human cadaveric studies (Adams and Hutton, 1985;

Osti et al., 1990; Solomonow, 2012) and is in line with the high prevalence of LBP in

occupations that involve high or repetitive mechanical loading (Marras et al., 1995).

Evidence for a (causal) relation between high mechanical loading and LBP

Over the years, several systematic reviews and meta-analyses have been performed to

assess the association between high mechanical loading and LBP. Most of these stud-

ies used epidemiological data in cross-sectional study designs, making it impossible to

determine a causal relationship between the two. In addition, methodological differ-

ences and the use of questionnaires to quantify proxies of physical loading resulted in

conflicting results (Faber, 2010). However, in a recent comprehensive meta-analysis of

25.000 individuals, strong evidence was found for a relation between force and posture

related proxies of mechanical loading and LBP (Griffith et al., 2012). In line with

these findings, a recent umbrella review of Swain et al. (2019) concluded that posi-

tive associations between lifting, manual materials handling, bending and twisting and

flexed postures with LBP exist. To our knowledge, only a few studies actually quanti-

fied mechanical loading through biomechanical analyses and related it with LBP. One
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Chapter 1 General introduction

Figure 1.3: Biomechanical calculation of spinal compression forces. Lifting a crate of beer
results in high spinal compression forces.
ML5S1 = d× F 0.3 ∗ 500 + 0.5 ∗ 200 = 150 + 100 = 250 Nm
Fm = −M/dm 250/0.05 = 5000 N

case-control study used disc health as outcome measure and found a positive dose-

response relationship between mechanical load and disc health (Seidler et al., 2009).

They also showed increased occurrence of disc diseases in participants exposed to high

mechanical loading (Seidler et al., 2011) and an association between cumulative spine

loading and LBP (Bergmann et al., 2011). Another case-control study found evidence

for peak and cumulative back loading and flexion as risk factors for LBP, with odds

ratios ranging between 1.5-2.4 (Norman et al., 1998). A prospective cohort study, in

which a group with highest mechanical load was compared to a group with the lowest

mechanical load, showed a significant odds ratio of around 3 for cumulative back load-

ing, but could not find this for peak loading (Coenen et al., 2014). In conclusion, the

literature provides support for a relation between high mechanical loading and LBP,

so that reduction of mechanical loading might be beneficial in preventing LBP.
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Chapter 1 General introduction

How to reduce mechanical loading?

Despite the ongoing automation and mechanization still 30% of the workers in the EU

are required to lift heavy loads for at least a quarter of their work time (Eurofound,

2012) and are therefore more at risk of getting LBP due to exposure to high mechanical

loading. For example, picking up a crate of beer (20 kg) from the ground easily results

in compression forces on the L5-S1 disc of as much as 5000 N (Figure 1.3). This

is not because of the high external forces but because of the muscle forces that are

needed to counteract the moment created by gravitational forces on the upper body

and the load. Because our back muscles only have a small moment-arm of around 5

cm, high muscle forces are needed to counteract the net joint moment. With the line

of pull of the back muscles in approximately the same direction as our spine, muscle

forces mainly cause compression of the spine. The load magnitude during this kind of

tasks is within the range of reported in vitro spinal strength values of 2000-10000 N

(Brinckmann et al., 1989; Jäger, 2018). Moreover, it has been shown that the strength

of the spinal segments is reduced under repetitive loading (Brinckmann et al., 1988;

Coenen, 2013). Therefore, reduction of compression of the spine during lifting might

help to reduce the risk of developing injury and LBP.

Over the years, substantial attention has been given to approaches to reduce

spinal compression forces during occupational activities like lifting. The most funda-

mental solution is the use of external lifting aids which are, for example, designed for

patient lifting and luggage handlers. As they take over the lifting, workload for workers

is substantially decreased. However, only 40% of the nursing staff uses the lifting aids

(Schoenfisch et al., 2013) and also luggage handlers did not use the lifting aids as they

felt being slowed downed by the device (Baltrusch et al., 2020a). Another solution

might be to change the constraints of the task, for example, reducing load mass, hori-

zontal object position and lifting height (Faber et al., 2009a, 2011; Hoozemans et al.,

2008). Although valuable recommendations were given, such as to lift from hip height

and keep the load as close as possible, it might not be always possible to accommo-

date the task constraints in such a way. In addition, people tend to attenuate effects

of task interventions, for example by increasing lifting speed and horizontal distance

when lifting lighter loads (Faber et al., 2007). Finally, one could try to change the

lifting behaviour of the worker by instructing for example lifting technique. However,

instruction on lifting technique seemed to be unsuccessful in systematically reducing
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Chapter 1 General introduction

spinal compression force as the effect of this intervention was highly dependent on task

conditions (Kingma et al., 2010; van Dieën et al., 1999a). A more positive effect was

found by placing one hand on the thigh to support the trunk, which coincided with

up to 30% lower peak spinal compression forces (Kingma et al., 2016). But, is only

possible when one hand is free.

In conclusion, experimental laboratory studies showed positive effects of different

interventions. However, a systematic review did not find evidence for the effectiveness

of ergonomic interventions in preventing LBP (Driessen et al., 2010). In addition, for

lifting aids only moderate evidence of a moderate reduction (0.78) of LBP was found

(Hegewald et al., 2018).

Exoskeletons

An ergonomic intervention that has only recently reached a stage that it may be im-

plemented in practice to reduce spinal loading is the use of body-worn assistive devices

(exoskeletons). This might especially be relevant in physically demanding jobs where

the mobility and flexibility of humans is still needed. In the last decades, exoskeletons

have been developed for many different purposes. For instance, varying from full-body

exoskeletons developed for spinal cord injury patients (Miller et al., 2016) or for mili-

tary personnel (Marinov, 2016), to single limb exoskeletons designed for the ankle to

Figure 1.4: Examples of existing exoskeletons, showing the wide variety of applications. On
the lower left side some examples of back exoskeletons are shown.
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Chapter 1 General introduction

facilitate ankle push-off (Collins et al., 2015). Several trunk exoskeletons do already

exist and are even available on the market, see Figure 1.4 (Marinov, 2018; Sugar et al.,

2018). For an in depth review on trunk exoskeletons, see de Looze et al. (2016) and

Toxiri et al. (2019). Generally, exoskeletons can be divided in active and passive ex-

oskeletons. In passive trunk exoskeletons, spring-like components are used to generate

an extension moment when one is bending forward, while in active trunk exoskeletons

powered actuators, such as electric motors, are used. In passive trunk exoskeletons,

due to the nature of the components, energy can only be stored or dissipated based on

the motion of the user. Most passive trunk exoskeletons consist of one spring-loaded

joint at hip level, which stores and returns energy during bending. Forces are applied

at the thighs and either at the chest (Bosch et al., 2016; Ulrey and Fathallah, 2013a) or

via shoulder straps (Abdoli et al., 2006; Alemi et al., 2019). Although advancements

may have occurred during the time span of this project, biomechanical evaluations

of passive trunk exoskeletons were limited and often incomplete. Effects of the trunk

exoskeletons are often quantified by means of back muscle activity reductions (Abdoli

et al., 2006; Alemi et al., 2019; Bosch et al., 2016; Ulrey and Fathallah, 2013a), without

reporting the support moment of the trunk exoskeleton, compression forces or lumbar

flexion angles. As a result, the effect of the trunk exoskeleton on the compression

forces on the L5-S1 disc is not clear, because EMG and compression force do not have

a one to one relation (as will be shown later in the thesis).

In active trunk exoskeletons, additional energy can be generated, which enhances

their versatility. Both active and passive trunk exoskeletons apply a supporting exten-

sion moment to the user, to reduce the internal L5-S1 moment, and thereby the force

to be generated by the lumbar back muscles. Although active trunk exoskeletons are

thought to be more versatile and generally capable of providing more support, current

active trunk exoskeletons are often bulky, heavy and they limit the user’s range of

motion (de Looze et al., 2016; Toxiri et al., 2019). Another difficulty with active trunk

exoskeletons is the need to detect the user’s intentions. To maximize the capabilities

of an active trunk exoskeleton, it is important to know when and how much support

is needed. Providing too much support can eventually lead to an increase of spinal

compression force, which of course should be avoided.

To accurately control the exoskeleton, it is important to have knowledge about
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Chapter 1 General introduction

Figure 1.5: Overall concept of SPEXOR where the idea is evolved from robot-centred
requirements for LBP intervention to spinal exoskeleton technology through multiple phases.

the real-time L5-S1 moment the user is experiencing. This information should be cap-

tured by the exoskeleton itself, not by lab-based motion and force recording systems.

In the last few years, several steps from measuring the L5-S1 moment in the laboratory

towards measuring in the workplace have been made. For measuring ground reaction

forces, force shoes, or even pressure insoles can be used instead of force plates that are

normally used in the lab. Movement of the body segments can nowadays be tracked

using inertial motion units, which can be used outside the lab as well. Such ambulatory

measurement systems show good accuracy (Faber et al., 2015, 2009b) and can serve

as a starting point for application within exoskeletons.

Although substantial improvements on exoskeletons have been made over the

years, still a lot of problems regarding usability exist. Especially when prevention

is the aim, drawbacks should be limited to reach successful implementation in the

workplace. Besides the exoskeleton itself, also a lot of other factors play an important

role like; cost-effectiveness, maintenance and familiarity (Cha et al., 2019). To date,

range of motion is still severely limited by the exoskeleton and support is rather low.
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Chapter 1 General introduction

SPEXOR

Within the EU SPEXOR project, the goal was to design and develop a musculoskeletal

stress monitoring system, a passive spinal exoskeleton and an active spinal exoskele-

ton to prevent LBP in able bodied workers and to support workers with LBP who

are re-integrating in the workplace. With eight partners with varying backgrounds a

multifactorial approach is used to go beyond the state of the art (Figure 1.5). The

SPEXOR project addresses LBP by creating a body of scientific and technological

knowledge in the multidisciplinary area comprising biomechanics, robotics, and com-

puter science that will lead to technologies for LBP prevention. Based on literature

with regard to risk factors of LBP we established core requirements for each of the

SPEXOR systems. These requirements included key variables to control, and their

safety limits. Furthermore, using existing passive and active trunk exoskeletons as

a benchmark, we assessed how such systems interact with subject behavior in static

trunk bending, dynamic lifting, and functional activities and how to avoid existing

drawbacks.

The first step in the development was to develop a monitoring system to mea-

sure key variables and to provide valuable information for the control of the active

trunk exoskeleton. Subsequently, we performed benchmark tests of existing passive

exoskeletons and iterative tests to optimize the exoskeleton design before the final de-

sign was evaluated. Finally, the previous steps will be repeated but now for the active

exoskeleton in which the focus is on how to control the exoskeleton.
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Chapter 1 General introduction

Aims and outline of the thesis

The aim of this thesis was to biomechanically evaluate several trunk exoskeletons to

prevent LBP. For both active and passive trunk exoskeletons, a commercially available

version was tested. In addition, a passive research prototype within the SPEXOR

project was evaluated. The main research question was: How much reduction in

L5-S1 spinal compression forces during lifting and static forward bending is achieved

while using a trunk exoskeleton? Additionally, in order to provide recommendations

for design adjustments, torque profiles of the trunk exoskeleton, back and abdominal

muscles activities and lumbar motions were analyzed.

Chapters 2 - 3. Towards real-time assessment of L5-S1 flexion/extension moments

using an ambulatory measurement system.

The first section, reported in two Chapters, focuses on the development of a real-time

ambulatory measurement system suited to be used in trunk exoskeletons in the future.

In Chapter 2, a previously proposed hand force (HF) estimation method is

evaluated when used with a full ambulatory system, where ground reaction forces

(GRFs) are measured using force shoes and full-body kinematics are tracked using an

inertial motion caption system. Sixteen participants lifted and carried a 10 kg box

from ground level. The accuracy of the estimated hand forces was determined by

comparison with a ’golden standard’ using force-plates and an optical motion capture

system.

In Chapter 3, the HF method is used to calculate L5-S1 flexion/extension mo-

ments by combining it with top-down inverse dynamics, i.e. inverse dynamics starting

at the hands. This Chapter investigates whether the number of inertial sensors can be

reduced without compromising too much the accuracy of the estimation. In addition,

it was investigated whether only the vertical component of the GRF could be used,

making it easier to use pressure insoles in the future. The same dataset as in Chapter

2 was used, and comparisons were again made with a golden standard.
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Chapter 1 General introduction

Chapters 4 - 7. Biomechanical evaluation of passive trunk exoskeletons.

The second section of this thesis focuses on the design and evaluation of passive trunk

exoskeletons for the prevention of LBP.

In Chapter 4, a commercially available trunk exoskeleton is tested during static

forward bending. The present study assessed the effect of a passive trunk exoskeleton

on back and abdominal muscle activation, hip and lumbar flexion and on the contri-

bution of both the human and the exoskeleton to the L5-S1 net moment, during static

bending at five different hand heights. Two configurations of the trunk exoskeleton,

differing in angle-torque characteristics were tested. Recommendations are given on

how to improve the current trunk exoskeleton design to improve effectiveness of the

device.

Subsequently in Chapter 5, the same trunk exoskeleton as the one used in

Chapter 4, is tested during lifting. As net joint moments are much higher during

lifting as compared to forward bending it is investigated whether the trunk exoskeleton

still has an effect on mechanical loading while lifting a 10 kg load. In a work setting,

workers choose their own preferred lifting technique and based on the working condi-

tions and personal preference, this sometimes is more a squat-like or a more stoop-like

technique. Therefore, this study also includes investigation of the effect of the trunk

exoskeleton during different lifting techniques.

Based on the recommendations of Chapters 4 and 5 and requirements based

on literature review, a new exoskeleton design was proposed and preliminarily tested

(N=3) in Chapter 6. Besides a description and rationale of the proposed design, the

effect of several important features of the trunk exoskeleton were tested. The range

of motion of the user is an important aspect that should not be limited by the trunk

exoskeleton, but is substantially decreased in most trunk exoskeletons. Therefore, we

investigated the effect of changing a rigid spinal structure to a flexible beam, on the

range of motion and relative movement between the exoskeleton and human. Impor-

tant aspects of the usability of the device are difficult to capture with biomechanical

measurements. Therefore, in this study questionnaires were also used to determine

the subjective responses of the participants. Outcomes were compared with the re-

sults from Chapters 4 and 5.
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Chapter 1 General introduction

In Chapter 7 a full biomechanical analysis of the trunk exoskeleton was performed

during both static bending and lifting. Tasks and outcome variables were similar to the

tasks in Chapters 4 and 5 to enable comparisons. Ten experienced luggage handlers

participated in the study.

Chapters 8 - 9. Biomechanical evaluation of active trunk exoskeletons.

In Chapter 8, the additional advantages of an active trunk exoskeleton compared to a

passive trunk exoskeleton are explored. Although active trunk exoskeletons are thought

to be more versatile, they also pose some additional challenges. In this Chapter, the

rationale and implementation of three different control strategies are described. In a

pilot study, three control strategies implemented on an active trunk exoskeleton are

tested on their biomechanical effects.

In Chapter 9, a full biomechanical analysis of the same trunk exoskeleton and

control strategies is performed. Because timing of the support is rather important,

additional time-series analyses were performed. For this study, eleven healthy subjects

performed several lifts of a 15 kg load with various techniques.

Chapter 10. General discussion.

Finally, in the general discussion a summary of the main findings is given. Furthermore,

implications, recommendations and suggestions for future research are provided.
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