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Chapter 6

Passive Back Support Exoskeleton Improves Range

of Motion Using Flexible Beams.

Näf M.B., Koopman A.S., Baltrusch S.J., Rodriguez-Guerrero C., Vanderborght B.

and Lefeber D., Frontiers in Robotics and AI (2018), 5(72).



Chapter 6

6.1 Abstract

In the EU, lower back pain affects more than 40% of the working population. Mechan-

ical 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 func-

tional 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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6.2 Introduction

Lower Back Pain (LBP) and shoulder pain affects more than 40% of the working

population in the EU (Eurofound, 2012). Mechanical loading has been identified as an

important risk factor to develop LBP (Coenen et al., 2014). Especially, compression

forces on the lumbar spine are one of the main risks, as reflected in the NIOSH standard

for lifting (Waters et al., 1993).

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 (Eurofound, 2012).

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 e116 per capita in Belgium up to e209 per capita in Sweden (Dagenais

et al., 2008). 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 e1.2 billion, which corresponds roughly to 2% of the gross

domestic product of Belgium.

It is therefore not surprising, that cranes (Lavender et al., 2013), 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 (Waters et al., 1994).

Therefore, more recently exoskeletons (de Looze et al., 2016) 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 work-

ers 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).

Biomechanic considerations suggest, that the lumbo-sacral (L5-S1) region expe-

riences peak mechanical loading in a wide range of tasks, specifically large compression

forces of the spine (Coenen et al., 2014). These forces can range up to 5000 N or more

when lifting a 15 kg load (Kingma et al., 2010). They are mainly due to muscle forces,
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needed to counteract the moment at the lower back, induced by gravitational forces

on the upper body and load (Figure 6.1A). Therefore, the majority of the exoskele-

tons 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 pos-

ture. In almost all designs, this is achieved 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.

Since the properties of these back support exoskeletons and exosuits differ sig-

nificantly 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

Figure 6.1: 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.
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compression forces can be transmitted.

Classical rigid exoskeletons such as Laevo (Laevo, 2018), Robomate (Toxiri et al.,

2016), Bending Non-Demand Return (BNDR) (Ulrey and Fathallah, 2013a), Wearable

Moment Restoring Device (WMRD) (Wehner et al., 2009), BackX (SuitX, 2018), and

Back Support Muscle Suit (Muramatsu et al., 2013) have in common, that at least

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 (Schiele, 2009), which decrease the comfort of wearing a device.

Because good alignment of an external exoskeleton structure is challenging, devices

often compensate for misalignment (Junius et al., 2017a,b), 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 6.2 C & D). Furthermore proper misalignment compensation prevents

relative movement between the device and the user and thereby indirectly also increases

comfort (Schiele and van der Helm, 2006).

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 (Kingma et al., 2010). 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 (Kingma et al., 2010). 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 (Muramatsu et al.,

2013). 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
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Figure 6.2: Human angle definitions (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 differs significantly between man and women and within these groups. Here, the skeleton
structure (adopted from Netter (2011)) 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). The red asterisks indicate the same data points for women.
Additional design constraints are accommodated by translating these data point; 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); 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); (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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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.

Kinematic compatibility in the frontal and transverse planes should also be con-

sidered. 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 (Toxiri et al., 2016). The same

compensation mechanism is used for the trunk (Toxiri et al., 2016).

The BNDR does not include any mechanism to account for kinematic compat-

ibility (Ulrey and Fathallah, 2013a) 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 (Wehner et al., 2009). 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 pane.

Soft, suit like structures have a relatively long history in back support devices

(Abdoli-Eramaki et al., 2007). The Personal Lift Augmentation Device (PLAD) was

one of the pinoeers in this field (Abdoli-Eramaki et al., 2007). 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 compati-

bility, the range of motion can still be a challenge (Abdoli-Eramaki et al., 2007). Other

devices, that use suit like structures are the Smart Suit Light (SSL) (Imamura et al.,

2014), the Passive Spine Exoskeleton (Zhang et al., 2016), and the waist assist suit

AB-Wear (Inose et al., 2017).

However, Inose et al. (2017) 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) shows, suit like structures are able to reduce compression forces,

91



Chapter 6

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.

Several reasons are reported in the literature as to why back support exoskele-

tons and exoskeletons in general are not widely adopted in the industry yet: discomfort

(Abdoli et al., 2006; Barrett and Fathallah, 2001; Bosch et al., 2016), excessive force

application (Abdoli et al., 2006), loss of range of motion (Abdoli et al., 2006; Baltrusch

et al., 2018; Toxiri et al., 2016), not easy to use (Barrett and Fathallah, 2001) kine-

matic incompatibility (Barrett and Fathallah, 2001), long donning times (Junius et al.,

2017a), and lack of versatility to be used in a variety of real world settings (Baltrusch

et al., 2018).

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 (Babič et al., 2017).

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 6.1B). In Section 6.3.1 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 6.3.2, 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 6.3.3. Subsequently, the

experimental testing of the components as well as the testing involving human subjects

are elaborated in Section 6.4. The outcomes of the component testing, biomechanical

testing and functional testing are presented in Section 6.5 and discussed thereafter in

Section 6.6.

6.3 Methods

6.3.1 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
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Table 6.1: Range of motion of the hip, lumbar spine and the combination of the two: trunk
angle (Magee, 2006): The definitions of the flexion angles (*) are shown in Figure 6.2A.

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 6.1A).

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.

6.3.1.1 Kinematic Compatibility and Fitting

In the process of designing back support exoskeletons, the degrees of freedom intro-

duced by the lumbar spine are not always taken into account or are merged with the

degrees of freedom of the hip (Laevo, 2018; SuitX, 2018; Toxiri et al., 2016; Ulrey and

Fathallah, 2013a; Wehner et al., 2009). Simple models of the human spine, suggest,

that the lumbar spine can be modeled as one additional joint in the sagittal plane

(Figure 6.2A). More complex models, consist of five separate spherical joints to model

the lumbar spine (Christophy et al., 2012). 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 6.1).

The hip joint is commonly modeled as a a ball joint (Pons, 2008). 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.
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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

(Schiele and van der Helm, 2006). Additionally it can lead to unwanted relative move-

ments between the device and the wearer. This problem is well-documented in Schiele

and van der Helm (2006) and is common in all exoskeleton joints that are not aligned

(Figure 6.2C).

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 (Junius et al., 2017a; Schiele, 2009; Schiele and van der Helm,

2006; Toxiri et al., 2016), is the introduction of additional degrees of freedom (Figure

6.2D).

Anthropomorphic data (Tilley, 2002) suggests that significant differences exist

in hip and waist width (Figure 6.2B). These differences are in the range of several cen-

timeters. If not properly accounted for, these differences can be a source of discomfort

and misalignment.

6.3.1.2 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). Bio-mechanical linked segment models

(Kingma et al., 2001) 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 (Abdoli-Eramaki et al., 2007).

More complex, optimization based models indicate, that torque requirements for

a passive back support exoskeleton could be as low as approximately 20 Nm (Millard

et al., 2017). 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.
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6.3.2 Concept

Based on the requirements above there were two main design goals: kinematic com-

patibility 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.

6.3.2.1 Spinal Structure Concept

Since it is challenging even for skilled people to correctly align an exoskeleton (Schorsch

et al., 2014), 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 (Schiele and van der Helm, 2006). Therefore, correct alignment

with all five spherical joints of the lumbar spine is arduos. 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 6.3A). 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 (Schiele and van der

Helm, 2006). 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.

The 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 (Schiele, 2009). However, the choice of a mechanism can have

practical implications (Junius et al., 2017a). 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 6.4).
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Figure 6.3: Spinal support concept (A). The lumbar joint of the exoskeleton consists of a
flexible 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 flexion extension joint is powered with
a Maccepa 2.0 (Vanderborght et al., 2011), which consists of a profile 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
offset B from the center of rotation, (here) a fixed profile 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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6.3.2.2 Hip Structure Concept

For the flexion and extension of the hip joint, a mechanism with many adjustment

possibilities was chosen. Simple models form the literature indicate (Toxiri et al.,

2016), that the required torque for the hip joint has a sinusoidal profile. The goal

was to replicate this torque profile with adjustment possibilities (Figure 6.3B) in the

torque magnitude (Vanderborght et al., 2011).

Alignment of the rotation axis of a human and an exoskeleton is challenging

(Junius et al., 2017a). For the flexion and extension and abduction and abduction,

an approach was chosen, where a certain amount of misalignment is accepted and

compensated for by the device kinematics (Figure 6.2E and for more detail Figure

Figure 6.4: (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; (Left) 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.
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S11), i.e., the rotational joints and the slider along the leg move to accommodate for

the misalignment. 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 (Tilley, 2002) and range

of motion estimates from (Magee, 2006) are used to estimate the human workspace

(Figure 6.2F and for more detail Figure S21). The kinematic equations are provided

in the Supplementary Material1.

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 (Junius et al., 2017a). 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 in-

ternal/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 de-

cided 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 exoskele-

ton 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 6.5B). Incidentally,

this mechanism can also be used to compensate for a small amount of misalignment.

In the design of a controlled-brake orthosis (Durfee and Goldfarb, 1995) and

later in the Robomate (Toxiri et al., 2016), 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 6.4). 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 controlle-brake orthosis

or Robomate exoskeleton.
1Supplementary material can be found at:www.frontiersin.org/articles/10.3389/frobt.2018.00072
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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 design, the two top hinge joints are equipped with

torsional springs (Figure 6.5B). This prevents the relatively heavy flexion/extension

joint from pressing against the hip. Additionally, the two spring loaded joints coun-

teract 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

6.4).

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.

6.3.3 Mechanical Implementation

In the following, the design considerations of the passive SPEXOR exoskeleton (Fig-

ure 6.4) are described in more detail. Specifically, the physical interfaces, the spinal

module, the misalignment compensation mechanisms, and the torque source at the

hip.

6.3.3.1 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 6.5A).

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
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Figure 6.5: 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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from introducing unwanted slack into the system. The thigh interfaces are modified

orthotics parts from Otto Bock HealthCare GMBH.

6.3.3.2 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 (Näf et al.,

2017). Therefore, a new concept consisting of multiple continuous carbon fiber beams

under bending loads was developed (Figure 6.5A).

Advantages of the continuous beams include, that the overall structure is light

weight, 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 6.5A).

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 Beléndez et al. (2002).

In order to calculate the displacement v(x) as a function of x along a cantilever

beam (Figure 6.3A) the following second order differential equation has to be solved:

d2v(x)
dx2

= M
E·I (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 stiffness,

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:

I = π
2
· r4 (2)
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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:

M(x) = F · (L− x) (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:

d2v(x)
dx2

= F
E·I · (L− x) (4)

Integrating this equation twice, with the boundary conditions, that (a) the displace-

ment at the base is zero, i.e., v(x = 0) = 0 and (b) that the deflection at the base is

zero, i.e., dv(x=0)
dx

= 0 yields:

v(x) = F
E·I · (L · x2 − x3

6
) (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 θ(x), which is

defined as the difference of the displacements θ(x) = dv(x)
dx

be calculated:

θ(x) = F
E·I · (L · x− x2

2
) (6)

This allows to calculate the bending angle θ(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 6.9A).

Similarly, this equation can be used to estimate the Young’s modulus E, when

the force F , the angle θ(x), the second moment of area I and the position along the

beam x and the overall length of the beam L is known.

E = F
θ(x)·I · (L · x− x2

2
) (7)

Qualitatively, the linear and non-linear displacements look similar. However, for large

displacements, additionally a displacement δ x along x takes place (Figure 6.3A), which

is not captured by the linearized equation.
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6.3.3.3 Misalignment Compensating and Fitting Module Hip

The misalignment compensation and fitting mechanism is manufactured out of alu-

minum (Figure 6.5B). The distance between two parallel steel axis is 30 mm. Two

parallel custom designed torsion springs are mounted on the first two joints. For fu-

ture testing, the first two joints can be locked with steel pins in discrete positions,

additionally, encoder mounts are foreseen on all joints.

6.3.3.4 Torque Source Hip

Inverse pendulum models of the trunk predict a torque profile required around the hip

to have a sinusoidal profile. In order to deliver such a torque profile, a force generated

with a linear die compression spring (Sodemann ST52890), with a spring constant of

21 N
mm

, is routed over a profile disk to generate a non-linear profile with two 2 mm

Dyneema cables (Figure 6.5C). 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). 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.

6.4 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, biome-

chanical and functional testing.

6.4.1 Component Testing

In order to asses 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 6.6A,B). The components were equipped with reflective markers and

their position was tracked with a camera system (Vicon Vero) at a frequency of 100
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Figure 6.6: 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 fiber beams are fixed 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 verification
(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 F1 and F2. The known length of the spinal part of the exoskeleton allows to calculate
the support torque at lumbar level τexo.

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 6.5.1.

In order to verify the loading support of the single components combined, the

torque-angle behavior of the entire exoskeleton was identified. The exoskeleton was

equipped with Optotrak markers, while one user wore the hip part of the exoskeleton

(Figure 6.6C). Instead of connecting the shoulder interface to the user, a second person

standing on a force plate would excite the exoskeleton while the wearer flexes out of the

way. The experiment was once performed with the flexible beams (Figure 6.7A) and

once with the rigid aluminum tube (Figure 6.7C). The recorded data was processed

with a custom MATLAB script. The resulting support torque-angle characteristic is

reported in Section 6.5.1.

6.4.2 User Evaluation

All experiments involving human subjects were approved by the medical ethical com-

mittee of the VU medical center (VUmc, Amsterdam, The Netherlands, NL57404.029.16).
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Figure 6.7: Different exoskeleton configurations 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.

6.4.2.1 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; flexion-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 effort in each trial when wearing the different exoskeleton

configurations (Figure 6.7). In total, subjects performed four maximal ROM tasks,

differing in the configuration of the exoskeleton:

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

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

3. Exo rigid: Rigid back structure, slider unlocked

4. No Exo: Not wearing any exoskeleton

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 6.8B). 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
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based on anatomical landmarks that were related to the corresponding marker clusters

using a probe with six markers (Cappozzo et al., 1995).

From the rotation matrices of the segments, joint angles were calculated using

Euler decomposition (YXZ). The angles that were used in the analysis are defined in

Figure 6.8A. From the angle time-series (Figure 6.10), peak angles were subtracted

and compared between conditions.

6.4.2.2 Functional Testing

Three men with no low-back pain history participated in the functional testing of the

protoytpe. 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 asses the ROM. A detailed description of the tasks can

be found in a previous study of Baltrusch et al. (2018), 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 6.12B.

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 ques-

tionnaire 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 (Kersten et al., 2012).

User’s impression: The users impression questionnaire was divided into the as-

sessment 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 move-

ment?” 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

106



Chapter 6

Figure 6.8: Angle definitions 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
different 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 fiber frame at the hip (2) the pelvis carbon
fiber 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 figures show
a visualization of the tracking results. For the sake of clarity, the body markers (red) are not
highlighted in this figure. 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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Figure 6.9: 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 6.7A) and once with a
rigid back interface (Rigid, Figure 6.7C) mounted.

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 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 6.5.3.

6.5 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.

6.5.1 Component Testing

The results of the component testing can be found in Figure 6.9. 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
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Figure 6.10: 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 flexible spinal interface and an unlocked spinal slider configuration and wearing an
exoskeleton with a rigid spinal interface and also unlocked slider configuration. In the last two
panels additionally exoskeleton angles are shown. A decrease of peak trunk flexion angles from
143°to 127°to 102°is visible for the three configurations. The movements with the rigid
exoskeleton were performed slower.

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°.

6.5.2 Biomechanical Testing

6.5.2.1 Kinematics

A typical time series of the range of motion testing is displayed in Figure 6.10. 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 de-

creased 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 6.11. 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
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Figure 6.11: Bio-mechanical testing (a): (A) The range of motion of the test subjects while:
not wearing an exoskeleton (white), wearing an exoskeleton with flexible 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 flexible beams as spinal interface, slider
unlocked (light gray), wearing an exoskeleton with flexible beams as spinal interface, slider
locked (dark gray) (b) Comparison between the angles measured in the subjects and the
corresponding angle in the exoskeleton.

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 6.11, 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

6.11. Figure 11b shows the agreement between the Human and Exo angles. In the
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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.

6.5.3 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 6.2). We contrasted our results with the

results of the study from Baltrusch et al. (2018), to indicate improvements in the

prototype compared to the Laevo device, based on user’s impressions.

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 extend 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

6.12A).

We again contrasted these results to the values of Baltrusch et al. (2018) assessed

when testing the Laevo device (Figure 6.12B), by comparing the median change in

Table 6.2: 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)
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Figure 6.12: (A) Boxplots of perceived task difficulty. 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 flexion (middle), and (3) tasks to asses the ROM (right side); 0 = very easy, 10
= very difficult. (B) Comparison of the Laevo device assessed in Baltrusch et al. (2018) and
the prototype of the current study: Boxplots of difference in perceived task difficulty 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 flexion (middle), and 3) tasks to asses the ROM (right side).
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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.

6.6 Discussion

A passive back support exoskeleton for industrial applications, that preserves the nat-

ural range of motion of the user was designed and tested. The exoskeleton uses mis-

alignment 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 6.11). With the flexible beams, the range of motion is only de-

creased 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 (Toxiri et al., 2016), that is an increase of

almost 100% (57°).

Encouraging are also the results, that an angle agreement between the exoskele-

ton and the human of more than 70% was achieved if the full set of misalignment

compensating mechanisms is enabled (Figure 6.11). 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 (Muramatsu et al., 2013). 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 com-

pare these results to the case of the rigid exoskeleton (Figure 6.11) : The agreement

between the lumbar angles is as low as one percent. Meaning, that the exoskeleton
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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 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

6.12A). 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.

6.6.1 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
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for this small group of participants consistent and perceivable improvements compared

to the Laevo exoskeleton were reported by the participants.

6.7 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 pro-

vided at the lower back. Good kinematic agreement, resulting from the misalignment

compensation mechanisms at the trunk and hip level minimize 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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