Postural Control When Using an Industrial Lower Limb
Exoskeleton: Impact of Reaching for a Working Tool

and External Perturbation

Benjamin Steinhilber®, Robert Seibt, Monika A. Rieger, and Tessy Luger®,

University of Tubingen, Germany

Objective: To investigate postural control related to a low-
er limb exoskeleton (Chairless Chair) when (a) reaching for a
working tool, and (b) an external perturbation occurs.

Background: Lower limb exoskeletons aiming to reduce
physical load associated with prolonged standing may impair work-
ers’ postural control and increase the risk of falling.

Method: Forty-five males were reaching for an object (3-kg
dumbbell) at the lateral end of their reaching area without the
exoskeleton in upright standing (STAND) and with the exoskel-
eton at a high (EXO,,1seat) and low sitting position (EXO, oy
seat)- The task was performed with the object placed in three dif-
ferent angles (120°, 150°, and 180°) in the transversal plane. The
minimum absolute static postural stability (SSgsmn) as the short-
est distance (mm) of the center of pressure to the base of support
border was measured (zero indicates risk of falling). Additionally,
eight subjects were standing without the exoskeleton or sitting on
it (EXOy gy seat and EXO| gy seat) While being pulled backward.
The tilting moment when subjects lost their balance was assessed.

Results: SS,g; v Was lower when using the exoskeleton
(p < .05) but still about 17 mm. The location of the object to
be reached had no influence. Tilting moments of less than 30 nm
were sufficient to let people fall backward when sitting on the
exoskeleton (50 nm for STAND).

Conclusion: Impairments in postural control by the exoskel-
eton may not be relevant when reaching laterally for objects up
to 3 kg. When an external perturbation occurs, the risk of falling
may be much higher; irrespective of factors like uneven or slippery
flooring.

Application: The risk of falling using the exoskeleton seems
to be low when reaching laterally for an object of up to 3 kg. In
situations where, for example, a collision with coworkers is likely,
this exoskeleton is not recommended.
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INTRODUCTION

The prevention of work-related musculoskel-
etal disorders (WMSDs) is one of the current
challenges in occupational safety and health
research. Despite existing knowledge about
work-related physical risk factors (da Costa
& Vieira, 2010; Punnett & Wegman, 2004),
WMSDs continue to be a major health prob-
lem in the working population and a burden to
economy and health care systems (Bevan, 2015;
Sultan-Taieb et al., 2017).

As a result of recent technical advances,
exoskeletons that support workers perform-
ing occupational tasks have emerged and now
offer a new kind of intervention to reduce
physical exposures that may contribute to the
prevention of WMSDs. These wearable, exter-
nal, mechanical structures aim at enhancing
the power of a person (de Looze et al., 2016)
and reducing biomechanical loads (Huysamen
etal., 2018).

A potential passive exoskeleton support-
ing the lower limbs is the Chairless Chair
(noonee AG, Switzerland, model: mechpunk).
It is designed to reduce physical load associated
with prolonged standing in standing workplaces
characterized by space restrictions and without
the possibility of using chairs or standing aids,
and in standing workplaces where the working
height frequently changes and cannot be ade-
quately adjusted to workers’ anthropometry.
The Chairless Chair consists of two plastic sup-
ports worn on the lower limbs with a seating
shell at the top of each support. This allows the
user to sit in different sitting heights and around
60% of the physical load (i.e., body weight)
carried by the lower limbs can be transferred to
the ground by the exoskeleton supports (Luger
et al., 2019b).
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Although the use of exoskeletons in the occu-
pational field is receiving increasing scientific
attention, the focus seems to be more on exo-
skeletons supporting the back/trunk and upper
extremities (Bosch et al., 2016; Theurel et al.,
2018; Weston et al., 2018). Recent studies of back/
trunk and upper extremity exoskeletons mainly
address its effects on physical demands and user
acceptance (Bosch et al., 2016; Huysamen et al.,
2018; Rashedi et al., 2014). The few studies that
deal with exoskeletons in an occupational set-
ting for the lower extremity are mainly from our
own group and focus on similar aspects includ-
ing physical demands, body posture, and per-
ceived discomfort (Luger et al., 2019a, 2019b).
Besides these commonly addressed parameters,
it is highly relevant to investigate safety-related
aspects for a safe implementation and applica-
tion of exoskeletons. In the case of the Chairless
Chair, estimating the risk of falling by measures
of postural stability is a reasonable safety aspect,
since this exoskeleton interferes with the lower
limbs of the exoskeleton user. In the field of reha-
bilitation, an additional risk of falling associated
with using lower limb exoskeletons has already
been reported (He et al., 2017). It is assumed that
the interaction of the body with the environment
(ground) is reduced or distorted because of an
extra layer of media imposed by the exoskeleton
or that the execution of certain movements can-
not correctly be achieved because of the physical
constraint related to the exoskeleton (He et al.,
2017). These mechanisms may also put healthy
workers using the Chairless Chair at a higher risk
of falling.

To ensure static postural stability, the cen-
ter of gravity (COG) has to be kept within the
base of support (BOS) boundaries (Holbein &
Redfern, 1997). Otherwise, a person could fall
or has to adjust his posture to maintain or regain
equilibrium. This concept can be objectively
assessed by measuring the linear displacement
of the center of pressure (COP) with respect
to the BOS according to Holbein and Redfern
(1997). For the Chairless Chair, disturbances in
the posterior direction may be of special inter-
est since the leg supports of the Chairless Chair,
which are located directly behind the user’s
feet, may avoid postural adjustments by chang-
ing the foot position.

In a previous paper, we already reported
that static standing stability when using the
Chairless Chair exoskeleton did not meaning-
fully decrease during a simulated repetitive
industrial task. This task was characterized by
an ergonomic posture and with no fast move-
ments of the arms or the torso which could dis-
turb balance (Luger et al., 2019b).

The present study supplements our initial
experiments by investigating the risk of falling
during two other typical working situations when
using the Chairless Chair, which induce more
disturbances to postural stability. One situation
is the reaching for a tool or material; the other
situation is a contact or collision that may occur
when working with coworkers or robots at the
same product. At ergonomically designed indus-
trial workplaces, the workpiece is located close to
the worker’s body in the so-called primary zone.
Tools or materials that are only used rarely can
be placed in the tertiary zone, which is character-
ized by maximal reaching (Canadian Centre for
Occupational Health & Safety, 2020) and requires
a shift of the body mass, thus affecting postural
stability. Furthermore, working at an industrial
production line requires the collaboration of sev-
eral workers for a quick and efficient production.
Also, working together with industrial robots is
getting more common in the industry (Leso et al.,
2018). In both cases, contacts between cowork-
ers or between robot and human are unavoidable
(Park et al., 2019). With respect to human—robot
collaboration, a lot of research effort has been
devoted to determine what type of contact is toler-
able in order to prevent injuries (Dagalakis et al.,
2016; Melia et al., 2019). Whether such collisions
are sufficient to provoke a fall when workers are
sitting on the Chairless Chair is unclear. In this
respect, the aims were (a) to assess postural sta-
bility during a simulated occupational task where
workers reach for a tool at the lateral end of their
reaching area, and (b) to determine the tilting
moment necessary to induce falling by an exter-
nal perturbation referring to situations where a
collision with coworkers or collaborating robots
may occur. Aim (b) was further diversified by test-
ing whether body weight and foot position have
an influence on the tilting moments, since both
factors may modify postural control (Blaszczyk
et al., 2009; de Santiago et al., 2013).
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Figure 1. (a) The passive lower limb exoskeleton (Chairless Chair; model: Mechpunk). (b) The enhanced foot
module of the passive lower limb exoskeleton (Chairless Chair) to increase the supporting area.

MATERIAL AND METHODS
Lower Limb Passive Exoskeleton

The Chairless Chair (3.8 kg) consists of
two plastic supports attached to the back of the
workers’ legs. Each support can be adjusted in
length and has a hinge joint at knee level and
seat shells below the buttocks. These supports
are fixed to the worker by foot brackets, thigh
and hip belts, and a torso vest (Figure 1a). The
worker is able to walk with the exoskelton and
sit down whenever desired, applying different
sitting heights. After the onset of this study, the
manufacturer of the Chairless Chair developed
a new foot module (EXOyyy,), which allowed
workers to increase their supporting surface,
that is, their BOS, while sitting on the EXOyy
(Figure 1b). This new version of the Chairless
Chair was included by a study amendment.

Study Design

The study included three experiments of
which two are reported in this paper. The third
experiment was a simulated manual task with
the main focus on quantifying exoskeleton
induced changes in physical load, body pos-
tures, postural stability, and perceived discom-
fort (Luger et al., 2019a, 2019b). In the current

study, the two remaining experiments address-
ing postural stability are reported.

Experiment 1. A reaching task without
external perturbations was simulated, repre-
senting occupational situations within which
workers reach for an object (e.g., a work-
ing tool or material) at the lateral end of their
reaching area. The position of the target object
(three levels) and exoskeleton condition (three
levels) were varied. The position of the tar-
get object was determined by three transver-
sal adduction angles in the shoulder of 120°,
150°, and 180° (Figure 2(c)). These positions
were chosen because they require different
head or torso rotation during the reaching
task, which could more or less disturb postural
control. Knowledge of which object positions
may increase the risk of falling when using the
Chairless Chair would be important for occupa-
tional practice. Exoskeleton condition counted
three levels, including standing without the
exoskeleton (STAND) and sitting on the exo-
skeleton in a low (90° knee angle; EXO| oy
spar) and high configuration (120° knee angle;
EXOyy 161 sear)- We used the STAND condition
for comparison with the two exoskeleton condi-
tions since a major application of the Chairless
Chairs is to substitute prolonged standing at
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View from above

Figure 2. Experiment 1. (a) Subjects reaching for a 3-kg object at the lateral end of the reaching area. (b and
c¢) Reaching is repeated for three different object positions based on three angles (120°, 150°, 180°) in the

transversal plane.

workplaces where using a stool is not possible,
for example, due to space restriction. Note that
the Chairless Chair with the “old” foot module
was evaluated in this experiment. The two inde-
pendent variables resulted in nine experimental
conditions that were offered to the subjects in
a cross-over design. The order of the nine con-
ditions was randomly allocated to the subjects
using a Latin Square (double Williams) design
for uneven number of conditions (Williams,
1949).

Experiment II. The tilting moments that
would induce falling were assessed, referring
to situations where a collision with a coworker,
robot, or workpiece may occur. In this exper-
iment, both exoskeletons with the “old” and
“new” foot module were evaluated. The differ-
ence in exoskeleton condition (five levels) was
investigated using a cross-over design with-
out randomizing the order of the conditions,
including standing without the Chairless Chair
(STAND), and sitting on the “old” and “new”
exoskeleton in a low (90° knee angle; EXO| oy,
sear and EXOygypowsear) and high config-
uration (120° knee angle; EXOy6 spar and

EXONEW.HIGH. SEAT)'

Study Population

Experiment I.  Forty-five healthy male sub-
jects were included. Exclusion criteria were
musculoskeletal and systemic disorders, any
known impairments in postural control or motor
function, acute pain, illness or drug addiction.
Inclusion criterion was age between 18 and

40 years to preclude potential age effects. No
studies were available providing parameters
for a sample size calculation (i.e., the effect of
exoskeleton on postural control). Therefore, the
sample size was based on the cross-over design
including seven main conditions as applied
in the main experiment (Luger et al., 2019b).
Luger et al. (2019b) applied a Latin Square
(double Williams) design for seven conditions
to avoid first-order carry-over effects. An addi-
tional but not main independent variable in the
main experiment was working distance (three
levels), of which a full-factorial cross-over
design includes six different orders. The seven
sequences of the double William design were
multiplied by six, in order to keep the vari-
able working distance full-factorial, resulting
in a minimum of 42 participants. We decided
to include only male subjects to investigate the
effects of the exoskeleton in a rather homoge-
nous group of subjects, knowing that this limits
the generalizability of the study results.

Experiment II.  Eight subjects without age
restriction participated. This small number
of subjects was chosen due to the exploratory
approach of this research question. Exclusion
criteria were the same as in Experiment 1. No
sample size calculation was applied for this
explorative investigation.

Subjects of both experiments gave their
informed written consent prior to study inclu-
sion. This research complied with the tenets of
the declaration of Helsinki and was approved
by the Ethics Committee of the University
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Hospital of Tiibingen, Germany (project-
number: 184/2017B0O2). The study was regis-
tered at ClinicalTrials.gov (NCT03134144).

Experimental Procedure

Experiment 1. On day one, subjects were
familiarized with the exoskeleton and experi-
mental conditions (about 30 min). After adjust-
ing the exoskeleton to the subjects’ body size,
the investigator verbally instructed each subject
to place both buttocks on the sitting shell and
secured the subject from behind when test-
ing different sitting heights (about 10 min).
Thereafter, each subject had to perform an
industrial task (screwing, clip fitting, and cable
mounting) for about 20 min while sitting on the
Chairless Chair.

Additionally, inclusion and exclusion crite-
ria were verified. On a second day, after being
equipped with the measurement devices, the
subjects performed the reaching task. Subjects
had to reach for and transfer a 3-kg object.
They grabbed the object (dumbbell) with one
hand from a table next to their body at the
one end of the lateral reaching area, handed it
over to the other hand in front of their body,
and put it down on a table next to their body
at the other end of the lateral reaching area.
Then, subjects performed the task the other
way around. Subjects had to proceed with the
task and perform fluently for a 30-s duration
at a self-selected pace without changing their
foot position. Prior to the task, the table height
was adjusted to ensure that the dumbbell was
grabbed by each subject and under each exper-
imental condition at the same relative height.
Under each exoskeleton condition, the subjects
had to bring their torso in an upright position,
with the upper arms vertical and an elbow flex-
ion angle of 105°. Based on this posture, the
table was adjusted to the height of the subject’s
hand (for details, see Luger et al., 2019b). The
reaching distance to the object was adjusted
to the individual length of the horizontal and
extended arm at a 180° transversal shoulder
adduction angle (Figure 2). Between each
experimental condition, subjects were given a
I-min rest period. Posturography using a force
plate was recorded continuously.

Experiment II. After verifying the inclu-
sion and exclusion criteria, subjects were
tested on a single day. Extensive familiariza-
tion seemed to be unnecessary because there
was no specific task to be learned. Prior to the
experiment, a rope was attached to the back of
the exoskeleton-vest at the level of the lumbar
spine. The individual rope attachment to floor
distance was measured by a folding ruler. The
other end of the rope was fixed to a handheld
dynamometer (Atorn ZD2, Atorn, Hahn + Kolb
Werkzeuge GmbH, Lugwigsburg, Germany).
Subjects were instructed to take a comfortable
foot position, which resulted in the feet being
positioned approximately hip-width apart
(STAND) or shoulder-width apart (EXOyyqp
sear EXOnewmcnsear EXOpowspar and
EXOxgpwrowsear)- When using the new pro-
totype, subjects were instructed to maximally
increase the distance between their feet and the
exoskeleton’s supports to maximize the BOS.
They were further asked to stiffen their body
posture. In each condition, the same investiga-
tor manually pulled the dynamometer in poste-
rior direction with the rope horizontally to the
floor and slowly increased the force so that a
fall was induced within 2 to 5 s. The investiga-
tor took care in applying the same slow force
increment in each condition. The procedure was
repeated three times per condition. Two assis-
tants secured the subject when he would fall
over. A picture of Experiment II is provided in
Supplemental Appendix E.

Both experiments were performed on a plane
and nonslippery underground.

Measurements and Data Analysis

Posturography. In Experiment I, a force
plate (60 x 90 cm, Type 9287CA, Kistler,
Toronto, Canada) was used to measure the
COP with a sampling rate of 8 Hz. Data were
amplified (DAQ-System, Type 5691A1, Kistler,
Toronto, Canada) and processed. COP was dif-
ferentiated in anteroposterior (COP,,) and
mediolateral (COP,; ) direction and the means
of the individual ranges were calculated (COP,,,
range and COPy;; pangp)- The absolute and
relative measures of static postural stability
were calculated from the COP,, and COP,,;
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together with the BOS, which is defined by the
surface directly surrounding the foot positions.
When the exoskeleton is applied, the BOS rep-
resents the surface surrounding the foot and
exoskeleton support positions. We, therefore,
assessed the coordinates of the frontal part of
shoe, the lateral part of the shoe at the level of
distal end of the fifth metatarsal bone, and the
dorsal part of the shoe at the heel, or if appli-
cable at the exoskeleton support. The absolute
static postural stability (SS, ) was determined
as the absolute distance (mm) between the COP
and the border of the BOS in the line from the
centroid of the BOS to the COP (Supplemental
Appendix A). The relative static postural sta-
bility (SSgg;) was calculated using Eq. (1),
where an SSpp; of 100% means that the COP
is exactly at the centroid of the BOS and an
SSipr of 0% means that the COP is exactly on
the BOS border.

o/1— _ ISourtl
SSrel"] = miSouT]

- 100% (1)
with S, the absolute distance (mm) between
the COP and the BOS-border in the line from
the centroid to the BOS-border; and Sy, the
absolute distance (mm) between the COP and
the centroid (Supplemental Appendix A). From
the series of SS, 5 and SSyp; , the minima were
calculated as indicators of the risk of falling
(SS Aps.mv and SSggy vin)- _

Torque measurements. In Experiment II,
the peak force that induced falling was mea-
sured using a handheld dynamometer (100-Hz
sampling frequency). The device is able to mea-
sure forces from 0 to 1000 N with a resolution of
0.1 N and a maximum error of 0.5 N. The mean
force of the three repetitions in each experimen-
tal condition and the individual rope-to-floor
distance were used to calculate the torque, fur-
ther referred to as tilting moment (Eq. (2)).

Tilting Moment [Nm] = i [N]+F23[N]+F3 M. g [m]

2

with F [N], the peak force for each of the repe-
titions, and d [m], the height at which the rope

was attached and the horizontal pulling force
exerted.

Statistical Analysis

All dependent variables were normally dis-
tributed verified by skewness and kurtosis
values (Kim, 2013), and the Shapiro—Wilk nor-
mality test.

Experiment 1. Data of Experiment I were
analyzed by a two-factor repeated measures
analysis of variance (RM-ANOVA) with the
within-subject factors exoskeleton condition
(STAND, EXOy gy sear EXOpow.sear)s object
position further referred to as angle (120°,
150°, 180°), and the interaction term exoskel-
eton condition x angle. Dependent variables
were: SS,poyvmy and SSppr vine  Significant
main effects were further explored by post hoc
Tukey’s Honestly Significant Difference pair-
wise comparisons. All statistical analyses were
performed with JIMP (JMP 14.2.0) at an a level
of 0.05. In addition, effect sizes according to
Cohen (1988) using the pooled standard devi-
ation in the denominator were calculated (Eq.
(3)) in case of significant findings. The follow-
ing standard was used for effect size interpreta-
tion: <0.5 = small effect, between 0.5 and 0.8 =
medium effect, >0.8 = large effect (Field, 2018).

meany —mean;

(n] —1)S? + (m)—1)S3 (3)
ny +np—2

In Experiment I1, tilting moments were analyzed
using descriptive statistics (median, quantiles,
and individual subject data) and effect sizes due
to its explorative character. Effect sizes were
calculated according to Eq. (4) (Field, 2018)
with the z-values obtained from Wilcoxon
tests (applied to compare the exoskeleton con-
ditions). The r values from 0.1 to 0.3 indicate
a small effect, values between 0.3 and 0.5 are
considered a medium effect and a large effect is
associated with values over 0.5 (Field, 2018).

r=l 75| (4)

In addition, the relation between subjects’ body
weight and tilting moments were analyzed



Lower Lime ExoskELETON AND Risk

641

TABLE 1: Anthropometric Data of the Study Population

Age Body Height ~ Body Weight BMI
Gender (Years) (cm) (kg) (kg/mz) Handedness
m f Mean SD Mean SD  Mean SD Mean SD Right Left
Experiment | 45 - 248 29 1826 55 78.1 8.7 233 21 39 6
Experiment |l 6 2 336 7.9 177.0 6.1 77.4 14.7 247 4.5 6 2

Note. BMI = body mass index.

TABLE 2: Statistical Outcomes of Experiment | From the Repeated Measures Analysis of Variance

Exoskeleton

Exoskeleton Condition Angle Condition x Angle  Subjects
Statistical Outcomes
RM-ANOVA df F p df  F p df F p N
COP pprange (Mm) 2 73.90 <.0001 2 2243 <.0001 4 210 .08 45
COPyy rance (MmM) 2 156972 <.0001 2 037 .69 4 139 .24 45
SSeeLmi (%) 2 25272 <.0001 2 429 .01 4 385 .005 42
SSags min (Mm) 2 124.04 <.0001 2 5.06 .007 4 535 .0003 42

Note. Angle reflects different object positions associated with three transversal shoulder adduction angles.
Bold indicates statistically significant results. AP = anteroposterior; COP = center of pressure; df = degrees of
freedom; ML = mediolateral; N = number of subjects; RM-ANOVA = repeated measures analysis of variance.

using Pearson’s correlation coefficient () and
linear regression.

RESULTS
Dropouts and Extreme Values

One subject of Experiment I dropped out
due to time constrictions. In three subjects, the
measures of static postural stability could not be
calculated due to missing data. Thus, the finally
analyzed study population for Experiment I
consisted of 45 healthy male subjects. None of
the subjects from Experiment II dropped out
(Table 1).

Experiment |

Center of pressure ranges in anteroposterior
and mediolateral direction. The mean ranges
of COP,;, were lower than for COP,; , and both
were influenced by exoskeleton condition (p <
.0001) as shown in Table 2 and Figure 3 with
medium and large effect sizes between STAND
and the two exoskeleton conditions. For the

COP,, direction, the position of the object
(angle) had an impact on COP,ppange (@ <
.0001) with decreasing values when transversal
shoulder adduction angles increased (120° =
84.97 mm, 150°=75.73 mm, 180°=72.02 mm),
while COPy;; pange Was not influenced (p =
.69). The interaction of “exoskeleton condition
x angle” was no statistically significant factor
of COP ranges. For details, see Supplemental
Appendices B-D.

Relative and Absolute Static Postural
Stability

Exoskeleton condition and angles (posi-
tion of the object) significantly influenced
relative and absolute static postural stability
(all p values < .01). The SSyp; \n Was high-
est in EXO| oy spar While the SS,pq vy Was
highest in STAND (SSpg; yn: STAND =
16.71%, EXOygysear = 29.79%, EXO| gw
SEAT = 32.91%; SS,psvn: STAND = 29.31
mm, EXOygispar = 17.04 mm, EXO,
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Figure 3. Mean ranges of the center of pressure
including 95th confidence intervals in mediolateral
(black filled circles) and anteroposterior (open
circles) direction. STAND = standing without
exoskeleton; EXOpyar spar sitting on the
exoskeleton with a knee angle of 120°; EXO; oy,
spaT = sitting on the exoskeleton with a knee angle
of 90°. * indicates statistically significant differences
between exoskeleton conditions.

sgar = 16.77 mm). With increasing transversal
shoulder adduction angles, there was a slight
decrease of SSpp; \n (120° = 27.49%, 150° =
26.65%, 180° = 25.27%) and SS,zq yun (120°
= 22.55 mm, 150° = 20.92 mm, 180° = 19.66
mm) with statistically significant differences
between 120° and 150° (p = .0289) and 120°
and 180° (p < .001) for SS,pq \n as well as
between 120° and 180° for SSpp v @ =
.0004). Furthermore, a statistically significant
interaction between exoskeleton condition and
angle occurred for SS,pq vy and SSppr vin
(»p = .0003 and p = .005, respectively). Post
hoc analyses revealed that angle influenced
SS Ags min @and SSgpp vy mainly in the stand-
ing condition without the exoskeleton. SS, ¢
M values significantly decreased from 34.0 to
28.7 and 25.2 mm when angles increased from

120° to 150° and 180°; SSpp; \yn Values sig-
nificantly decreased from 19.92% to 14.12%
when the angles used to change the object posi-
tion increased from 120° to 180° (Figure 4 and
Table 2). No statistically significant changes
in SS,ps v ©F SSgp vy Were found for the
XOugusear O EXO; gwspar conditions
when the position of the object was varied. For
details, see Supplemental Appendices B-D.

Experiment Il

Tilting moments ranged from 14.1 to 91.6 nm
with medians of 54.3 nm for STAND, 35.3 Nm
for EXOy 6 .sear and 28.9 Nm for EXOy oy
spar- Median tilting moments for the prototype
with the new foot feature (possibility to increase
the BOS area) were about 45%—62% higher
than for the common exoskeleton (EXOypy
mgusear — 1.1 nm and EXOygw owsear =
46.9 nm) and almost equal to STAND. Effect
sizes ranged from 0.21 to 0.63 (Table 3). With
respect to individual tilting moments, six out of
eight subjects showed a similar pattern with the
lowest moments for the common exoskeleton
conditions (Figure 5a). Tilting moments were
positively related to body weight values with
higher moments for heavier subjects (Figure 5b
and Table 4).

DISCUSSION

The Chairless Chair is designed to reduce
physical loads associated with prolonged stand-
ing or awkward postures. In this context, it has
been previously shown that about 60% of the
body mass can be transferred to the ground
when sitting on the exoskeleton (Luger et al.,
2019b). However, occupational safety aspects
related to this exoskeleton have received little
attention, so far. Therefore, the present study
investigated static postural stability as an esti-
mate for the risk of falling with respect to two
common occupational scenarios where this exo-
skeleton may be utilized: reaching for a tool at
the end of the lateral reaching area (Experiment
I), and a potential collision with for example,
collaborating workers or robots (Experiment
II). We compared using the Chairless Chair
at two different sitting heights with standing
without exoskeleton, since the substitution of
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Figure 4. (a) Relative and (b) absolute static postural stability with respect to exoskeleton condition and
shoulder anteversion angle STAND, standing without exoskeleton. EXOyy 41y spar = Sitting on the exoskeleton
with a knee angle of 120°; EXOy y gpar = sitting on the exoskeleton with a knee angle of 90°. Data are
provided as means and 95th confidence intervals. { indicates statistically significant difference of EXO| oy
spar and EXOyy 6 spar compared to STAND. Angle reflects different object positions associated with three
transversal shoulder adduction angles. * indicates statistically significant differences between angles within an
exoskeleton condition.

TABLE 3: Effect Sizes of the Tilting Moments

Comparison Z Value Effect Size, R
STAND VS. EXONEW.HIGH.SEAT 0.84 0.21 (small)
STAND vs. EXOnew.Low seaT 1.12 0.28 (small)
STAND vs. EXOyiGH.seaT 1.82 0.46 (medium)
STAND vs. EXO, ow.sear 2.24 0.56 (large)
EXOnew HiGH.seaT VS. EXOpygh.sear 2.52 0.63 (large)
EXOnew Low sEaT vs. EXO, ow sear 1.68 0.42 (medium)

Note. EXOy g .sear = sitting on the exoskeleton with a knee angle of 120°; EXOygw Hich.sear = Sitting onthe
exoskeleton with a knee angle of 120° and increased base of support area by the new foot feature; EXOyew ow.
seaT = Sitting on the exoskeleton with a knee angle of 90° and increased base of support area by the new
footfeature; STAND = standing without exoskeleton. Small effect 0.1-0.3, medium effect 0.3-0.5, large effect
>0.5.

prolonged standing is a major application of the =~ (Holbein & Redfern, 1997) and to estimate the

Chairless Chair. risk of falling in Experiment I. Both measures
are based on the static equilibrium principle,

Risk of Falling When Reaching for an which characterizes a stable posture when the
Object at the Lateral End of the body’s COG gravity is within the BOS area
Reaching Area (Hayes, 1982). With respect to this principle, we
The absolute and relative static postural sta-  decided to use the minima of SS, 4 and SSp

bility have been used to assess postural stability ~ as the most suitable approach. SS, ;¢ decreased
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Figure 5. (a) Tilting moments with respect to exoskeleton condition. (b) Linear regression of tilting moments
with respect to body weight. STAND = standing without exoskeleton; EXOyy 6 spar = sitting on the
exoskeleton with a knee angle of 120°; EXOypw ign spar = Sitting on the exoskeleton with a knee angle of
120° and increased base of support area by the new foot feature; EXOy v gpar = sSitting on the exoskeleton
with a knee angle of 90°; EXOypw 1 ow spar Sitting on the exoskeleton with a knee angle of 90° and increased
base of support area by the new foot feature.

TABLE 4: Linear Regression Equations and Correlation Coefficients of the Relationship Between Body

Weight and Tilting Moment

Foot Correlation p
Posture Module Linear Regression Equation Coefficient (r) R2 Value
STAND - TM [Nm] = =57.47662 + 1.4713223-BW[kg] 0.83 0.68 .012
EXOyigusear Old TMINm] = —26.61612 + 0.8175775-BW[kg] 0.71 0.51 .048

New TM[Nm] = —40.21389 + 1.1908268-BW[kg] 0.87 0.76 .005
EXOowsear Old TMINm] = —=27.66195 + 0.807459-BW[kg] 0.64 0.40 .090

New TM[Nm] = —19.88268 + 0.8747171-BW[kg] 0.85 0.72 .009

Note. Bold indicates statistically significant results. EXO g sear = sitting on the exoskeleton with a knee angle of
120°; EXO| ow.sear = Sitting on the exoskeleton with a knee angle of 90°; STAND = standing without exoskeleton;

TM = tilting moment.

and SSpp; increased while sitting on the exo-
skeleton compared to STAND. This incongru-
ence is probably related to the increase in the
BOS area (increase of SSpp;) and a general
COP shift in the posterior direction (decrease
in SS, ) when sitting on the exoskeleton. The
SS ,gg may be more important, since it is the
true reflection of the safety margin that actually
prevents someone from falling. With a reduced
mean SS,pq\ny Of about 12 mm (~44%

reduction compared to standing without exo-
skeleton), the exoskeleton clearly lowers that
safety margin.

With respect to previously published results
from a simulated industrial task, no differences
between standing without exoskeleton and sit-
ting on the exoskeleton were detected in this
postural stability measure (Luger et al., 2019b).
The requirements of postural control strategies
related to such an industrial task may be low,
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since the work was performed at a comfort-
able working height with low forces and hand-
arm movements close to the body. However,
when reaching for an object at the lateral end
of the reaching area, requirements of postural
control strategies may increase. Thus, impair-
ments in the possibility for compensatory pos-
tural adjustments by the exoskelton may result.
Compensatory postural adjustments can be
achieved by rotating the body as a rigid seg-
ment around the ankle joint or by flexing the
hip joints and plantar flexing the ankle joints
(Afschrift et al., 2016), called the ankle and hip
strategy, respectively (Nashner & McCollum,
1985). When sitting on the exoskeleton, work-
er’s lower limbs are attached to the exoskeleton
supports, which clearly impairs ankle and hip
joint movements and new strategies for restor-
ing equilibrium may be used leading to lower
SSzBs-

Changing the position of the object that had
to be grabbed by the subject (i.e., the three
different angles in the transversal plane) did
influence SSyp; or SS,q. In the experimental
conditition standing without the exoskeleton
SS \gs and SSyp;; decreased when the object’s
position was characterized by a greater angle in
the transversal plane. This position may induce
disturbing torso and/or head rotations neces-
sary when the angle increases. When sitting
on the exoskeleton, the angle had no influence
on SSpp; or SS,p5¢ indicating that although
sitting on the exoskeleton is accompanied by
reduced SS,5q values, the exoskeleton pro-
vides at least some stability. Therefore, after
sufficient familiarization with the exoskeleton
and the task, reaching for a tool (about 3 kg)
with fluent and self-selected movement speed
at the end of the lateral reaching area may be
no exclusion criteria for the application of this
exoskeleton. However, it should be noted that
a further increase in postural control demands
by any factor may significantly increase the
risk of falling since the safety margin is lower
when using the exoskeleton. This especially
holds true for employees suffering from, for
example, medical conditions prone to impaired
postural control. A priori ergonomic evalua-
tion of the workplace is highly recommended
in order to avoid unforeseen events, abrupt

changes in motion, or extreme postures leading
to destabilization.

No other study assessing postural stability
in a lower limb exoskeleton for occupational
tasks could be found. However, impaired static
balance has been reported when wearing an
upper limb exoskeleton probably due to an
increased effort to control the additional weight
of the exoskeleton. But no evident change in
trip- and slip-related fall risks during level
walking occurred (Kim et al., 2018). In a dif-
ferent scientific context, an exoskeletons has
been evaluated in terms of its potential to pre-
vent falls in older subjects with a mild risks
of falls (Verrusio et al., 2017). With respect
to these few research activities, the influence
of exoskeletons on postural control should be
the target of future research, especially as these
assistive devices seem to become more com-
mon in our daily life.

Risk of Falling Following an External
Perturbation

In Experiment II, the external perturbations
when subjects sat on the exoskeleton led to a
higher risk of falling than in standing without
exoskeleton. This interpretation can be derived
from the lower tilting moments measured during
the perturbation when sitting on the exoskel-
eton. When subjects increased their BOS area
with the foot module of the new prototype, tilt-
ing moments increased to similar values like for
STAND. However, as already mentioned above,
when standing without exoskeleton, subjects
are able to regain equilibrium by changing the
foot position. When sitting on the exoskeleton
either with the old or new foot module, taking a
supporting step for fall prevention is restricted
especially for the dorsal direction due to the
supports that do not allow backward move-
ments of the feet. Of course, tilting moments
may be higher when the external force direction
differs and workers may also be able to change
their foot position in the forward direction while
using the exoskeleton. However, in terms of a
worst case consideration, since the force direc-
tion of an unforeseen external perturbation can-
not be predicted, it must be recommended that
every source that may induce a tilting moment
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on a worker using the exoskeleton should be
avoided a priori.

Tilting moments decreased with decreasing
body weight (Figure 5b), meaning that even
lower tilting moments (<30 nm) can induce
falling in lighter workers. For instance, when
sitting on the exoskeleton at the lower sitting
height, a tilting moment of about 21 nm was
able to induce falling in the lightest subject (58
kg), while in the heaviest subject (105 kg), the
necessary tilting moment was about 41 nm.
Additionally, the inertia of a heavier subject is
larger than that of lighter subjects. In case of
dynamic forces—for example, a strike caused
by a collaborative robot—the disadvantage for
the subject with the low body weight would be
potentiated. When these two subjects increased
their BOS area by the foot module of the new
prototype, tilting moments increased to about 30
(light subject) and about 70 nm (heavy subject).
This new feature can lower the risk of falling
and therefore has already become a standard in
the currently available Chairless Chair version
(2.0). However, an educational introduction and
training how to use this exoskeleton is recom-
mended to ensure that workers get familiarized
with the device and know about the importance
to increase their BOS (i.e., sliding the feet as far
forward as possible in the new foot module) to
maximize their own safety.

Another aspect indicating that tilting
moments associated with falling may be higher
in real-life situations than in this laboratory
study is associated with the type of perturbation.
The perturbation was predictable, because the
subjects knew about the type and time pattern of
the perturbation. Such predictable perturbations
are associated with lower COP displacements
due to a better arrangement of the body position
prior to the impact resulting in a lower need of
compensatory adjustments (Santos et al., 2010).

LIMITATIONS

In this study, only healthy and mainly young,
male subjects were investigated, who had no
medical history of impairments in postural con-
trol or motor function. Due to longer postural
muscle response latencies and declines in the
proprioceptive and visual system of older people

(Ruffieux et al., 2015; Woollacott et al., 1988), it
can be assumed that the risk of falling when using
the Chairless Chair may increase with increasing
age. Furthermore, only two occupational scenar-
ios were investigated by the present study. Other
relevant occupational scenarios such as overhead
reaching, working on uneven ground, or applying
high action forces while sitting on the Chairless
Chair were not considered.

Both experiments have some methodolog-
ical limitations that could have induced inter-
individual and also between-trial differences
affecting the outcomes. In the first experiment,
we did not exactly control the movement speed
or define how to move the arms and the torso
during the reaching task. In the second experi-
ment, subjects were manually pulled backwards
until they lost their balance and we used a fixed
order of experimental conditions. Although
the rater who manually pulled the subjects in
Experiment II used a slow increase in force so
that the tilting moment occurred between 2 and
5 s after the rater started pulling, significant dif-
ferences in pulling may have occurred. In addi-
tion, during a real collision with a coworker or
collaborating robot, the induced torque on the
body may be different in size and speed and
subjects may use reactive balance strategies,
which were not allowed during Experiment II.

In addition, the validity and reliability of sin-
gle tests or measures to predict the risk of falls
can be questioned, as indicated by a review arti-
cle about on how to determine the risk of falls
(Lusardi et al., 2017). In this respect, the pre-
sented data provide first insights in the influence
of lower limb exoskeletons on postural control,
which needs further attention in the future.

CONCLUSION

In a previous study, we reported that the risk
of falling when using the Chairless Chair exo-
skeleton may not increase during a simulated
repetitive industrial task (Luger et al., 2019b).
The results of the current study complement this
conclusion with the following three aspects: (a)
reaching for a working tool of up to 3 kg at the
lateral end of the reaching area is not associated
with worrying impairments in postural control
when using the Chairless Chair by healthy,
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young, male subjects; (b) the tilting moment
necessary to induce falling when sitting on the
Chairless Chair is fairly low, meaning that the
Chairless Chair should not be used in situations
where a collision may occur; (c¢) the new foot
module that allows an increased BOS area,
has the potential to increase postural stability,
assuming this function is applied by the user.
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KEY POINTS

e Impairments in postural control while using the
Chairless Chair exoskeleton seem to be low when
reaching laterally for a work tool (<3 kg), given
that there are no additional environmental influ-
ences like an uneven or slippery floor.

e The risk of falling while using the Chairless
Chair exoskeleton may be increased in situations
when a collision with a co-worker or collabo-
rating robot is likely.

e In lighter workers, the risk of falling while using
the Chairless Chair exoskeleton seems to be
higher than that in heavier workers.
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