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7847 of records identified through
database searching:

«  CENTRAL (n=241)

«  MEDLINE (n=1926)

¢ Web of Science (1=4576)

«  EMBASE (n=1104)
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154 of additional records identified
through other sources:

¢ ClinicalTrials.gov(n=93)

* DRKS(n=0)

« EUCTR(n=1)

« ISRCTN (n=42)

+  WHOICTRP (n=2)

e Own resources(n=16)
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6526 of records screened » 6423 of records excluded
37 of full-text articles excluded, with reasons:
* Not work-related (n=2)
¢ No evaluation of an exoskeleton(n=3)
¢ No control group, i.e. without exoskeleton
(n=5)
¢ Exoskeletonfor military or rehabilitation
3 purposes (n=3)
108 oF TalFtext articlas N * Outcomes rTot indicating stress or strain of
assessed for eligibility " AAMERISURE (=3
* Design, development, modelling of
exoskeleton without experiment with
human subjects(n=7)
¢ Reporting of peak values only, i.e. other
than median, mean or integral(n=5)
¢ No full-text available, i.e. not from the
institutional library and not from one of
the authors(n=9)
v 15 studies (15 full-text articles) excluded from
63 studies (67 full-text quantitative synthesis, with reasons:
articles) included in »| * Only1subjectincluded in the study?
qualitative synthesis (n=8; 89, 91, 122-127)
e Data notavailable ®
(n=7; 87, 88, 90, 128131)
A 4
48 studies (52 full-text
articles) included in
quantitative synthesis
(meta-analysis)
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Using a Passive Back Exoskeleton During a Simulated Sorting
Task: In uence on Muscle Activity, Posture, and Heart Rate

Mona Bar , Tessy Luger , Robert Seibt, Monika A. Rieger,
Benjamin Steinhilber , University of Tubingen and University Hospital Tlbingen,
Tlbingen, Germany

Objective: To evaluate using a back exoskeleton in INTRODUCTION
a simulated sorting task in a static forward bent trunk posture . .
on muscle activity, posture, and heart rate (HR). Musculoskeletal disorders (MSD) in the back

Background: Potentials of exoskeletons for reducing area, including low back pain (LBP), represent
musculoskeletal demands in work tasks need to be ethri the most reported health problem among the
Methods: Thirty-six healthy males performed the sorting . . . .
task in 40°-forward bent static trunk posture for 90 seconds, in WOI’kIng populatlon in the Euro.pean Union
three trunk orientations, with and without exoskeleton. Muscle (DeKOk etal, 2019 Low back pain has been
activity of the erector spinae (ES), biceps femoris (BF), trapeziuéeported to have an estimated lifetime preva-
descendens (TD), rectus abdominis (RA), vastus laterals (VL), atgnce up to 75% among the general population

gastrocnemius medialis was recorded using surface eIectrom)(-Burton & Kendall, 201% and a 12-month
ography normalized to a submaximal or maximal reference N 0 _
electrical activity (%RVE (reference voluntary electrical activity),p revalence ranging from 25% among employ

%MVE). Spine and lower limb postures were assessed b@es in the United Stat_e§i(:k et al., 202@ to )
gravimetric position sensors, and HR by electrocardiography. 43% among workers in the European Union
Results_: _Using the exoskeleton_resulted in d_ecreased BF(DeKok etal., 201}3 The consequences include
muscle activity [8.129%RVE], and minor changes in BS19%  |imitations in daily life of the persons concerned
MVE], RA [ 0.28%RVE], VL D.49%RVE], and TD [+1.13% (Eurostat, 201Pas well as impairments at and
RVE] muscle activity. Hip and kneexion increased [+8.1°; ! P
+6.7°]. Heart rate decreased by 2.1 bpm. Trunk orientation hadabs_ence days from worlb¢Kok e_t a|-1_2019
an in uence on BF muscle activity. Valirad et al., 201p Several physical risk fac-
Conjclusioq: Using the back exqskeleton in ashortsorting tors have been reported to be related to LBP,
task with s_ta_t|c trunk posture maln_ly reduced hlp extensor including Working in awkward positions like
muscle activity and changed lower limb but not spine posture.trunk forward exion. hea hvsical work and
Implications of using a back exoskeleton for workensis- e ! vy phy
culoskeletal health need further clartion. lifting (Coenen _et al., 201430enen etal., 2013
Application: The detected changes by using the LRvo da Costa & Vieira, 201,Mick et al., 202].
illustrate the need for further investigation prior to practical Late|y, practitioners and researchers have fo-
recommendations of using exoskeletons in theld. In- cused on the occupational application of exo-
vestigating various work scenarios in different kind of workers . .
and long-term applications would be important elements. skeletor_ls for reducing physical workload by
supporting movements and postures of workers
Keywords: Assistive device, electromyography, back support,(Bar et al., 2021 Toxiri et al., 2019. “Exoskel-
working posture, nonneutral trunk postures etons are assistive systems worn on the body that
act mechanically on the body. In an occupational
context, they aim to support functions of the
Address correspondence to MonarBinstitute of Occu-  Skeletal and_ |0_00m0t0r system during physical
pational and Social Medicine and Health Services Rework.” (Steinhilber, Luger, et al., 2020For
search, University of Tubingen and University Hospital supporting the lower back in work tasks, several
Tdbingen, Wilhelmstrae 27, Tubingen 72074, Germanypassive exoskeletons have been described; some
e-mail:mona.baer@med.uni-tuebingen.de are already commercially available and others still
HUMAN FACTORS are in a developmental stage. Most of the com-
mercially available exoskeletons use passive
Vol. 0, No. 0,nn n, pp. 1-16 oL f
DOI:10.1177/00187208211073192 components to g_enerate an assistive tor_que. or
Article reuse guidelinesagepub.com/journals-permissions Storing or releasing energy, Sl:'(_:h as spring-like
Copyright © 2022, Human Factors and Ergonomics SocietyStructures or soft elastic bandsXiri et al., 2019.
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A variety of studies evaluated passive backrequired at workplaces and may modify the in-
supporting exoskeletons (BSESs) in an occupatended support provided by the exoskeleton due to
tional context regarding their effects on acutemodi ed individual inclination angles. Therefore,
physical stress and strain. The meta-analyses dfis study evaluated the effects of using a passive
a recent systematic review indicated the capaBSE (Laev® V2.56) during a sorting task with
bility of using BSEs to reduce muscle activity in 40°-trunk forward exion, with and without ad-
the supported areaB{r et al., 202}, which is  ditional trunk rotation induced by a 45°-sideward
frequently used as objective physical strain inworkstation orientation. During initial measure-
dicator re ecting the necessary amount of musclements, a direct increase in physiological response
activation to realize a given motor task whensuch as heart rate (HR) and muscle activity within
normalized to the muscle activity during a maxi-the rst seconds was observed and lasted on
mum voluntary contraction (MVC)B(rden, a steady state over several minutes. Thus, for
2010. Most of the included studies were per- detecting acute effects of the exoskeleton and also
formed in the laboratory and evaluated dynamicavoiding muscular fatigue, a 90-second period for
tasks, like lifting and lowering. Only few studies performing the sorting task was chosen. We in-
examined BSEs in static postures including forcluded the outcome measures muscle activity,
ward trunk bendingBar et al., 2021 Madinei  body posture, and HR. Concerning the exo-
etal., 2020h However, there is some evidence for skeletons function, our primary outcome mea-
reduced back extensor muscle activity rangingsure in this study was muscle activity of the
between 11%-61%Agnew, 2008 Bosch et al., erector spinae (ES) and biceps femoris (BF),
2016 Graham et al., 200%Koopman et al., 2019  which are responsible for back and hip extension.
Madinei et al., 202QbUIrey & Fathallah, 2013 We hypothesized that both ES and BF muscle
Wei et al., 202Pand reduced hip extensor muscleactivity are reduced when wearing the exo-
activity ranging between 17%-24®dsch et al., skeleton. The secondary outcomes were muscle
2016 Ulrey & Fathallah, 2018vhen using a BSE  activity of the vastus lateralis (VL), gastrocne-
in static forward bent postures. Within thesemius medialis (GM), trapezius descendens (TD),
studies, the reported reductions have not alwayand rectus abdominis (RA), posture of the spine
reached statistical sigmiance {lrey & Fathallah, as well as hip exoin (HF) and kneeexion (KF),
2013, and in some of the various observedand HR. We had no particular expectations with
bending postures there have been no changes mespect to the secondary outcomes. We included
even increases in trunk extensor muscle activit/L and GM because these muscles might be
(Koopman et al., 20t9Madinei et al., 2020b  affected due to load shifting when wearing the
One main function of exoskeletons is the loadexoskeleton. We included TD because the exo-
transfer to other body areakokiri et al., 2019  skeleton shoulder straps might bother wearers.
Weston et al., 2038However, physical stress and We included RA because it acts antagonistic to
strain parameters in these non-supported ared#ise ES, and trunk bending might be hindered by
have been evaluated rareBaf et al., 202land  the exoskeletongxtension moment resulting in
most of the studies have not included posture intancreased RA muscle activity. Body posture
their observations so fakérmavnar et al.,, 2021  might be in uenced by wearing the exoskeleton,

Physical back loading might be reduced byas previous studies reported that wearers com-
using a passive BSE in work tasks requiring statiglained about reduced freedom of movement
postures holding the trunk in a forward bent po-(Baltrusch et al., 2039 We included HR to
sition. However, from the existing literature no monitor an eventual cardiovascular response of
conclusions can be drawn yet on their effective-using the exoskeleton.
ness with respect to LBP reduction and prevention
or on the occurrence of possible collateral effects. METHODS
Furthermore, most of the existing studies on this,Sam le Si d Studv Desi
topic only observed working postures in the ple Size an udy Design
sagittal plane and did not include an orientation of This manuscript describes one part of a larger,
the trunk to the side, that is, rotation which is oftenexplorative laboratory study, evaluating the



A Passive Back ExoskeELETON IN StaTic POSTURES 3

Figure 1. Line (a) shows one exemplary experimental day for one subject. Line (b) shows the
sequence of the six main experimental conditions (randomized order): Static_Et€@rftat-
ic_sorting_control/Dynamic_lifting_Stoop_posturEXA/'Dynamic_lifting_Stoop_postureon-

trol/ Dynamic_lifting_Squat_posturEXQ'Dynamic_lifting_Squat postureontrol which were
performed three times each (including thireenk orientationy Each set of static sorting tasks lasted 330

s, and each set of dynamic lifting tasks lasted 375 s. Line (c) shows one set of the Stajitasktiwhich

is the basis of this manuscriptunk orientationgleft/frontal/right) were performed in randomized order.

Laevé® V2.56 exoskeleton on physiological and the tasks and wearing the exoskeleton. Only
biomechanical parameter<lificalTrials.goy = male subjects were included due to a continuing
NCT03725982). The overall study was designeddlomination of male workers in the manufacturing
according to the Declaration of Helsinki and industries.

approved by the Ethics Committee of the Uni-

versity and University Hospital of Tibingen

(617/2018502) The overall StUdy required Experimental Procedure and Task

a sample size of 36 subjects based on a Single , .

Williams Latin Square desighgger, Bir, Seibt, ©On @ rst day lasting 1 h, the subjects got
Rimmele, etal., 2031The current article focuses Nformed about the study procedure and signed
on the static sorting taskigure 3, for which we th_e mformed consent. Inclusion and _exclusmn
maintained a within-subject design wikfevice criteria were cIarl_ed and anthropometrlc meas-
(without (control) vs. with (EXO)) andrunk ~ Ures (i.e. pody height and W(_alght) were collected.
orientation (ipsilateral vs. frontal vs. contralat- 1h€ required exoskeleton size (S/L) was chosen
eral) as the within-subject variables. Randomi-2Nd the exoskeleton was adjusted to béshe
zation was realized by drawing three lots: (1)sgbjects. _Subsequently, subjects got faml_llarlzed
order ofcontroland EXO:; (2) order of thgrunk Wit wearing the exoskeleton and performing the
orientation (left, frontal, right); (3) measured t@Sk- Onasecond day lasting 4 h, the subjects got
body side reecting muscle activity and HF and Prepared with the measurement equipment and

KF angles. All randomizations were balancegPerformed the six conditions of the simulated
across the subjects. static sorting task with either a 30 s or 120 s rest

break in betweerFgure J.

The task included sorting screws and pins for
90 s with the trunk bent forward in 40°. This

Thirty-six healthy males (mean age 25.9 + 4.6inclination angle was ensured by the signal of
years, mean body height 178.7 =+ 7.3 cm, meam position sensor placed on the spinous process
body weight 73.5 + 8.9 kg) participated in the of the 10" thoracic vertebrae (T10) which was
study. Inclusion criteria were: 380 years of visually controlled on a screen by the researchers.
age, BMI of 18.530 kg/nt, free of any acute or The mean T10 inclination angle was 38.9° (cf.
cardiovascular diseases, physical disabilityTable 3. The feet position was kept constant
systemic diseases, or neurological impairmentduring all experimental conditions and ded
that would hinder the subject from performing prior to the experiment and marked in the study

Participants
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Figure 2. Sorting task; (a) frontal; (b) 45° trunk orientation to the right; (c) 45° trunk orientation
to the left.

setup, while participants were requested to standssure contact but no pressure on the chest by the
comfortably upright, positioning their feet equa-chest pad during an upright standing position
bly, facing straight ahead, and extending but nof{i.e., ONm), monitored by a force sensor built
overstretching their legs. Trunk orientations dedinto the chest pad (38x10 mm; Type KM38-
viating from the sagittal plane were realized byl kN, ME-Messsysteme GmbH, Henningsdorf,
positioning the task setup in a 45°-rotation fromGermany) and visually controlled on a screen by
the sagittal Figure 3. The different feet and the researchers.

posture requirements were continuously con-

trolled for by t_he researchers and corrected byMEASUREMENT AND DATA ANALYSIS

verbal instructions when necessary.

Muscle activity. The muscle activity of
erector spinae lumbalis at level of lumbar ver-
tebrae L1 (ES), BF, RA, VL, GM and TD

The Laev® exoskeleton (V2.56, Laevo muscles was recorded unilaterally (body side
B.V., Delft, the Netherlands; 2.8 kg) is a passivewas randomized) via surface electromyography
BSE that supports back extension. The exo{EMG). This procedure was due to practical
skeleton consists of a hip belt with two attachedreasons of having no more EMG channels left.
joints including a gas pressure spring locatedrhe skin over the muscles was shaved and
close to the pivot of the hip joints. A chest padcleaned using abrasive paste (Skin Prep Gel,
and two leg pads are attached to the springs ovéMupref®, Aurora, USA). Pre-gelled Ag/AgCl
rigid metal bars, movable by two-dimensionalsurface electrodes with an active area of 15 mm
joints in the chest pad. Bending the trunk for-diameter (KendallTM H93SG electrocardiog-
ward compresses the springs and generateaphy (ECG) Electrodes, Covidien, Zaltbom-
a moment which supports back and hip extenmel, the Netherlands) were used in bipolar
sion. The springs can be turned off and be adeon guration (inter-electrode center distance
justed to start the support at different trunk25 mm) and located over the muscle bellies

exion angles (ranging from 0° to 45° in steps ofaccording to international standardigwell,
5°). Depending on the subjéstbody pro- 201Q Hermens etal., 2000The electrodes over
portions, the support angle was adjusted tahe VL were in some cases placed slightly more

Exoskeleton
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distal compared to the standard recommendatiordaced on the skin over thoracic vertebrae T1
to avoid any contact with the exoskelétoleg  and T10, lumbar vertebrae L1 and L5, and on the
pad. The ground electrode was placed oveanterior side of the femur and tibiaxed with
cervical vertebrae C7 (PS12-l, THUMEDI double-sided adhesive tape (25x5 mm, 3M
GmbH & Co. KG, Thum, Germany, physical transparent Medical Standard, Top S&;r&e-
resolution 24 bit; overall CMRR >98 dB; overall sellschaft fir Hadisthetik mbH, Firth, Germany).
effective sum of noise <0.5V RMS; linearity The sensors continuousiypeasured inclination
typically +0.1 dB at 30 1200 Hz). Electromy- angles respective to the gravitational axis in an-
ography raw signals were differential amplil,  teroposterior direction (resolution 0.1° and 125 ms
Itered (high-pass, second ordeB dB at 4 Hz; in time; maximum static error 0.5°; maximum
low-pass, 11th order, 3 dB at 1300 Hz), sam- repetition error 0.2°). For further evaluations the
pled (4096 Hz), analog-digital-converted, ana-differences between angles during the experi-
lyzed, and continuously stored. The signals werenental conditions and a reference posture were
real-time transformed in the frequency domainused Supplemental Appendix);lsubtracting the
(1024-point Fast Fourier Transformation usingreference angles from the experimental angles.
a Bartlett-window with 50% overlap), digitally Four joint angles were calculated: thoracic ky-
ltered (high-pass, florder, 3 dB at 16 Hz) phosis (TK), lumbar lordosis (LL), hipexion
and powerline interferences were removed by afHF), and knee exion (KF) ({Table 1
average lter (11th order, 3dBat 50 Hz and its Supplemental Appendix)2The medians were
rst seven harmonics, bandwidth of 4 Hz wascalculated for each condition over the 90-second
replaced by its spectral neighbors). The electricalasks. HF and KF were grouped inpsilateral
activity (eA) [ V] was calculated as the root- frontal, and contralateral TK and LL were
mean-square (RMS) of the EMG amplitude bygrouped intdfrontal and lateral (including both,
real-time estimation (250 ms moving window left and right trunk orientations).
with 50% overlap) from the power spectrum and Heart rate. The HR was recorded continu-
stored synchronously to the raw data. ously using ECG sampled at 1,000 Hz (PS12-Il;
The eA of the BF, VL, RA, GM, and TD were Thumedi GmbH & Co.KG). Two pre-gelled Ag/
normalized to the eA of a submaximal referenceAgCl surface electrodes with an active area of
voluntary contractionSupplemental Appendix 15 mm diameter (KendallTM H93SG ECG
1), presented as reference voluntary eA (%RVEElectrodes, Covidien, Zaltbommel, the Nether-
Mathiassen et al., 1995RVE normalization lands) were placed 5 cm cranial and 3 cm
was done since less demanding than MVC baseldteral from the distal end of the sternum and over
normalization and less affected by motivationalthe anterior to mid-axillary line at théth left rib.
aspectsSteinhilber & Rieger, 20)3The eA of The median HR was calculated over the 90-sec-
the ES, was normalized using a maximal voluntaryond periods for the conditiorfiontal andlateral.
eA (%MVE; Mathiassen et al., 1995uring
MVC, since this evaluated muscle is located inStatisticaI Analysis
the targeted area of the exoskeleton and has oftén
been reported expressed as %MVE in studies We visually inspected the data histograms in-
already investigating the Laé%oexoskeleton cluding their skewness and kurtosis. Electromyog-
(Bosch et al., 20%,&Koopman et al., 20)9The  raphy and position sensor data showed no normal
median (50th percentile) normalized muscle activitydistribution. Subsequiyy a log-transformation
[%6MVE/%RVE] was calculated for each experi- (LOG10) for the statistical analysis was per-
mental condition:control and EXQ, ipsilateral  formed. Heart rate data showed normal distribution,
(measured side equals trunk orientatifmontal,  which was used directly for further evaluation.
and contralateral (measured side opposes trunk Differences between conditions were analyzed by
orientation) over the 90-second task. repeated-measures analyses of variance with the
Body posturef-or recording body posture, we xed factorfevice(EXOvs.contro) andDevice x
used two-dimensional gravimetric position Trunk orientatior{three leveldpsilateralvs.frontal
sensors (PS12-1I; Thumedi GmbH & Co. KG) vs. contralatera] for the outcome parameters
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TABLE 1: Calculation and Interpretation of the four joint angles

Joint angle Calculation Interpretation

Thoracic Anteroposterior inclination angles or tangent 0° re ects curvature in upright stance

kyphosis lines (Cobb method) over the processus posture, a positive value means the upper
spinosi of T1 and L1 according to the Cobb back is curving more (direction kyphosis),
angle boundaries (Takacs et al., 2018) and negative value means the upper back

is curving less (direction lordosis)
compared to upright stance

Lumbar Anteroposterior inclination angles or tangent 0° re ects curvature in upright stance,
lordosis lines (Cobb method) over the processus a positive value means the lower back is
spinosi of L1 and L5 according to the Cobb curving less (direction kyphosis),
angle boundaries (Takacs et al., 2018) a negative value means the lower back is

curving more (direction lordosis)
compared to upright stance
Hip exion Difference value between the anteroposterior Smaller angles [°] re ect more hip extension

inclination angles of L5 and femur (direction upright stance) and greater
angles re ect more hip exion
Knee Difference value between the anteroposterior Smaller angles [°] re ect more knee
exion inclination angles of femur and tibia extension (direction upright stance) and

greater angles re ect more knee exion

muscle activity, KF and HF; or two factofsntal Corresponding statistics for main effects of the
vs. lateral, for the outcome parameters TK, LL and exoskeleton conditioBevice(EXOvs. control),
HR). In case of signcant interaction effects, we the interaction effects betweBeviceand Trunk
used Tukey HSD for post hoc pairwise compar-orientation(Device x Trunk orientationand the
isons. We calculated F-valugsyalues and effect pairwise comparisons fdbevice x ipsilateral
size partial eta squaredl 2b using the F-ratios Device x frontal,andDevice x contralaterabr
strategy Bakeman, 2005for xed effects, and T- Device x lateralare provided inTable 4afor
value,p-value and effect size Cohlerd using the muscle activity, 4b for posture and 4c for HR.
pooled standard deviation strate@okien, 1988
for post hoc pairwise comparison. Effect sizes ar
interpreted byCohen (1988s follows: small
0.02; d 0.2), medium (S 0.13; d 0.5), or large A signi cant main effect obevicefor ES oc-
( FZ) 0.26; d 0.8). A signi cance level of 0.05 curred when using tHEXOresulting in a decreased
was used. All statistical evaluations were performednuscle activity (1.3%MVE; p = 0.007; g =
in JMP® (Version 14.2.0, SAS Inc., Carry, NC, 0.193) without signicant interaction effect for
USA). Device x Trunk orientationBF had a signicant
main effect oDevice its muscle activity decrgased
when using th&XO( 8.1%RVE;p<0.001; ¢ =
RESULTS 0.389). BF also showed a sigoant Devicg X
Descriptive information about the trunk in- Trunk orientationinteraction effect. Its muscle ac-
clination angle and the supporting moment oftivity decreased when using tEXO with ipsilat-
the exoskeleton are provided Table 2 eral andfrontal orientations. RA had a sigrdant
Median values with interquartile ranges main effect oDevicewhen using th&XOshowing
(IQR) or mean values with standard deviationsa decreased muscle activityQ.3%RVE;p<0.001;
(SD), and differences between the exoskeleton? = 0.450) and the VL had a sigimiant main effect
conditions are provided imable 3afor muscle for Devicewhen using theEXO showing a de-
activity, 3b for posture and 3c for HR. creased muscle activity 0.49%RVE;p = 0.018;

(l:\/luscle Activity
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TABLE 2: Descriptive Information (mean + SD) of the trunk inclination angle as measured at vertebra T10
and supporting moment provided by the exoskeleton as measured by the force sensor in the exoskeleton 's

chest pad

Trunk orientation

Control Exoskeleton

Left

Frontal

Right
Ipsilateral
Frontal
Contralateral

Trunk inclination [°]

Supporting moment [Nm]

37.97 (+3.72) 38.63 (+3.86)
39.42 (+3.65) 39.92 (+4.12)
38.39 (+3.72) 38.90 (+3.86)
- 23.25 (+5.77)
- 22.81 (3.75)

- 22.67 (+4.20)

2 = 0.155), both without signcant interaction
effects foDevice x Trunk orientationlhe GM had

no main effect forDevice However, there was

a signi cant interaction effect fdbevice x Trunk
orientation without signi cant effects within the

essential pairwise comparisons. The TD muscle h

a signi cant main effect foDevice showing an
increased muscle activity when using tBXO
(+1.1%RVE; p = 0.002; 7 = 0.235) without
a signi cant interaction effect fdbevice x Trunk
orientation

Body Posture

Devicehad no signicant main effects on TK
and LL. Devicehad a signicant main effect on
HF, showing increasecdexion angles (i.e.exing
more) when usinEXO (+8.1°p < 0.001; 7 =
0.525).Device x trunk orientatiomad a signi-

cant effect on HF, but without a relation to dif-

ferences betwedfXOandControl, meaning that
the HF increased when using t8X0O,no matter
which Trunk orientatiorwas applied with similar
effect sizesDevicehad a signicant main effect
on KF, which increased (i.eexing more) when
using theEXO (+6.7°;p < 0.001; 2 = 0.496),

without a signi cant interaction effect f@evice

x Trunk orientation.

Heart Rate

Devicehad a signicant main effect on HR,
which decreased when using th&XO
( 2.1bpm;p < 0.001; = 0.339) without in-
teraction effects fdbevice x Trunk orientation

DISCUSSION

The results of this study cormed our
hypothesis, because ES and BF muscle ac-
tivity both reduced when wearing the exo-
skeleton. Since BF was reduced more than ES,

is indicates that the exoskeleton supports hip
extension to a larger extend than back ex-
tension during work tasks performed in a static
forward bent trunk posture. Extra support for
the latter indication is thending that both HF
and KF increased when wearing the exo-
skeleton. With respect to the other secondary
outcomes, RA, VL, and TD muscle activity
slightly changed when wearing the exo-
skeleton, but for GM muscle activity and
spinal posture we could not detect statistically
signi cant changes. HR slightly decreased
when using the exoskeleton but no substantial
effect on cardiovascular strain can be deduced
from this nding. The factor trunk orientation
had a signicant effect on BF, so that BF
muscle activity signicantly reduced in the
ipsilateral and frontal but not in the contra-
lateral working direction when wearing an
exoskeleton.

Muscle Activity

The Laev® is designed to support the
lower back by providing an extension mo-
ment in, i.e., static holding tasks, aiming to
reduce lower back physical loading and
eventually long-termdwer back complaints.
Previous studies investigating work tasks
requiring static 40° forward bent working
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TABLE 3: Median or mean values, corresponding IQR or SD, absolute and relative differences showing
EXO compared to control. (a) Median RMS of normalized eA (b) Median angles (c) Mean heart rate.

a Control EXO Difference
Muscle activity [%MVE/% Trunk [9%MVE/%
RVE] orientation Median (IQR) Median (IQR) RVE] [%]
Erector spinae [%oMVE] Total 12.25 (6.87) 10.96 (5.58) 1.29 10.5
Ipsilateral 1044 (5.93) 9.97 (4.83) 0.47 45
Frontal 12.74 (7.02) 1155 (6.70) 1.19 9.4
Contralateral 13.60 (6.95) 11.28 (6.24) 2.32 17.1
Biceps femoris [%RVE] Total 35.98 (28.99) 27.86 (25.09) 8.12 22.6
Ipsilateral 32.93 (22.58) 20.28 (22.78) 12.65 38.4
Frontal 35.72 (26.98) 30.40 (22.18) 5.32 14.9
Contralateral 39.63 (33.06) 35.75 (33.2) 3.88 9.8
Rectus abdominis [%RVE] Total 185 (1.74) 157 (1.38) 0.28 15.2
Ipsilateral 190 (1.66) 157 (1.55) 0.33 17.3
Frontal 1.83 (1.66) 154 (1.66) 0.29 15.8
Contralateral 1.82 (1.90) 1.71 (1.37) 0.12 6.5
Vastus lateralis [%RVE] Total 385 (358) 335 (2.72) 0.49 12.8
Ipsilateral 458 (15.75) 347 (6.22) 11 241
Frontal 3.88 (3.51) 323 (1.65) 0.65 16.7
Contralateral 334 (232) 318 (2.84) 0.15 4.6
Gastrocnemius medialis Total 5411 (46.96) 54.11 (38.73) +0.67 +1.2
[%RVE] Ipsilateral 56.77 (46.78) 50.33 (48.27) 6.45 11.4
Frontal 68.93 (29.27) 66.39 (37.09) 2.54 3.7
Contralateral 25.05 (24.75) 44.49 (32.82) +19.44 +77.6
Trapezius descendens Total 3.77 (6.12) 490 (7.39) +1.13 +30.1
[%RVE] Ipsilateral 436 (4.21) 494 (6.37) +0.59 +13.5
Frontal 472  (7.7) 493 (11.69) +0.21 +4.4
Contralateral 345 (6.57) 471 (7.41) +1.26 +36.4
b Control EXO Difference
Posture [°] Trunk orientation  Median (IQR) Median (IQR) [°] [%0]
Thoracic kyphosis  Total 14.53 (12.64) 12.45 (9.74) 2.08 14.3
Frontal 11.35 (12.25) 10.60 (10.36) 0.75 6.6
Lateral 15.63 (10.95) 13.08 (10.00) 2.55 16.3
Lumbar lordosis Total 12.30 (5.64) 12.38 (4.86) +0.07 +0.6
Frontal 13.60 (5.14) 12.85 (6.28) 0.75 5.5
Lateral 12.18 (5.83) 11.95 (4.93) 0.23 1.8
Hip exion Total 31.93 (14.59) 40.00 (13.16) +8.08 +25.3
Ipsilateral 33.23 (15.76) 39.95 (13.75) +6.73 +20.2
Frontal 33.00 (15.20) 40.65 (12.64) +7.65  +23.2
Contralateral 26.25 (14.73) 36.58 (14.90) +10.33  +39.3
Knee exion Total 10.73 (13.36) 17.45 (16.33) +6.73  +62.7
Ipsilateral 11.28 (13.03) 17.48 (13.45) +6.20  +55.0
Frontal 10.53 (11.85) 16.83 (17.14) +6.30 +59.9
Contralateral 10.10 (14.26) 19.70 (17.28) +9.60 +95.0
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c Control EXO Difference

Heart rate [bpm] Trunk orientation Mean (SD) Mean (SD) [bpm] [%0]
Total 85.29 (10.19) 83.16 (10.49) 2.13 25
Frontal 85.58 (10.37) 83.25 (10.73) 2.33 2.7
Lateral 85.14 (10.17) 83.11 (10.44) 2.03 24

IQR = interquartile range; SD = standard deviation; RMS = root mean square; eA = electrical activity; MVE/RVE =
maximal/reference voluntary electrical activity; bpm = beats per minute; ipsilateral: the measured side equaling the
working direction; contralateral: the measured side opposing the working direction; lateral: includes both sideward
working directions.

postures presented promising results with(Luger, Bar, Seibt, Rimmele, et al., 2021
lower back muscle activity reductions rang-Ulrey & Fathallah, 2018 This nding can be
ing from 8% during fastening (i.e. 1.5%  supported by the detected medium effect sizes for
RVE; (Luger, Bar, Seibt, Rieger, & the ES and large effect sizes for the BF; however,
Steinhilber, 202)) to 36% during assem- the quantity of a muscle activity reductions which
bling (i.e. 3.5%MVE; Bosch et al., 201)§.  are clinically relevant is not known and therefore an
Also, the current study showed that ESinterpretation in terms of preventing MSD is
muscle activity decreased byl11% (i.e. dif cult.

1.5%RVE) when wearing the Lae¥oThe Several studies observed an increased ab-
divergentresults may be the result of the taskslominal muscular load as a compensation
that were not exactly the same. When constrategy of the BSE to increase the stiffness
trasting these results with studies that ex-and stabilization of the trunkA{emi et al.,
amined repetitive lifting and lowering, 2019 Madinei et al., 2020b The current
reductions in back extensor activity arestudy, however, observed a minimally re-
slightly higher with 3-7%MVE (i.e. 820% duced muscle activity level of the RA when
relative reduction; Baltrusch et al., 2020 wearing the LaeVv8, although the magnitude
von Glinski et al., 2019Yin et al., 2019). was only 0.3%RVE. As reported by other
Although work tasks requiring static posturesstudies, the overall activity level of the ab-
belong to the rst factors for back MSDd@ dominal muscles is low to very lowKpopman
Costa & Vieira, 201] the type of task per- et al., 2019 Luger, Bar, Seibt, Rieger, &

formed may be indicative of the B&Eef -  Steinhilber, 202L Therefore, the relevance
cacy, which may be stronger in lifting and of this nding with respect to consequences
lowering. for musculoskeletaldalth may be limited. A

While the reduction of lower back muscular similar interpretation may hold for the leg and
load was not as notable as desired, the musshoulder muscles. Concerns were raised that
cular load on the hip extensor decreased tanuscular load may increase in the shoulder
a greater extend with23% (i.e., 8.1%RVE). due to the exoskeleton designs (i.e. shoulder
Previous studies support thisnding with  straps) and in the legs due to a load shift
reduced hip extensor muscle activities rangingesulting from the changed working postures
from 20-36% Bosch et al., 201,6_uger, Bar, and movements due to wearing the exo-
Seibt, Rieger, & Steinhilber, 2021This dif- skeleton Bosch et al., 201,&Kim et al., 2020
ference in muscle load reduction of the trunkTheurel & Desbrosses, 201%However, the
and hip extensors may indicate the supportiveurrent study cannot support these theories,
character of the Lae®for extending the hips since marginal or no differences were found
because the BSE creates a hip extensor mder the VL (0.5%RVE), GM (0.0%RVE) and
ment rather than a trunk extensor momenfTD (1.1%RVE; Kim et al., 2020).
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Combining these ndings with the absence of adjusting a comfortable and postural stable
arising perceived discomfort in the shouldersposture while performing the particular work
(Steinhilber, B, et al., 202Pand legsBosch  task. The various effects on lower limb posture
et al., 2019 indicates that the exoskeleton between studies may be caused by differences in
may not have notable bothersome side effectssupport characteristics of the device, but also by
variation in task execution_gger, Bar, Seibt,
Rieger, & Steinhilber, 20211In this study, we
explicitly prevented knee overextension by ver-
Spine posture, especially lumbaexion, bal instructions and visual control, wherefore
has been related to the musculoskeletal healtlower limb posture might have been irenced.
of the low back areadams & Hutton, 198h  However, the most similar study results (i.e. in-
Smaller lumbar spine exion angles tend to creased HF and KF) described byger, Bar,
reduce the risk of low back disorders due toSeibt, Rieger, and Steinhilber (202d¢curred
lower compression forces on the ante-when not controlling the lower limb posture as
roposterior portions of the vertebral discs asstrict as in this investigation. Therefore, itis likely
mentioned byUlrey and Fathallah (2013)n  that the increasedexions are not provoked by
this study, using théeXO did not result in  our strict instructions. Using tiieXOhad a large
substantial spine posture changes, which is irffect on HF and KF in this investigation;
line with two previous studies evaluating the however, the clinical relevance cannot be con-
Laevd® (Kim et al., 2020 Koopman et al., cluded from changedexion angles alone, further
2019. Therefore, using the Lae®omay parameters like joint forces should be monitored
probably not negatively iruence the spine therefore in future studies.
posture in work tasks requiring static forward It is indicated that using BSEs results in
bending trunk postures. Using other BSEs invariable postural changes, but generally posture
static bending postures resulted in reducedhas not been evaluated sciently in previous
lumbar exion Koopman etal., 2020Irey &  studiesKoopman et al. (201%howed that only
Fathallah, 2018which could have beneial very slight changes in lumbar postures may
effects; however, this needs furthercause major changes in back muscle activity,
exploration. which has been most frequently used as in-
One main function of the Lae®exoskeleton  dicator for lower back strain in evaluations of
is the load transfer to the leg and chest padexoskeletonsBar et al., 2021de Looze et al.,
inducing pressure to these areBegch et al., 2016, but mainly without additionally moni-
2016; the resulting forces depend on the exo-toring postures. Furthermore, changes in HF
skeletons pivot point inclination angle angles showed signtant interactions with
(Koopman et al., 2039In this study HF and KF lumbar spine moment&6opman et al., 2019
increased when using theXO. Similarly, in  which is an indicator for mechanical loading that
a fastening work task requiring a similar trunk has been described as a risk factor for LBP
forward bent posture @0°) using theEXOre-  (Coenen et al.,, 2023 From our results, we
sulted in increased HF and KEUger, Bar, Seibt, cannot draw any conclusions of the occurring
Rieger, & Steinhilber, 2031 In comparison; postural changes being ber&l or disadvan-
using the LaeVv® resulted in reduced HF in tageous in terms of musculoskeletal loading;
deeper trunk bending angles and systematicalljowever, these changes illustrate the need of
increased knee extension in several bendinfurther investigation in terms of posture and
angles Koopman et al., 20)%r resulted in knee related changes in physical load acting on the
overextension holding a likewise trunk bendingmusculoskeletal system.
angle Bosch et al., 2026 while using another
BSE holding a stooped posture with different
weights carried did not result in sigoant HF
and KF changesUlrey & Fathallah, 2013 The slight HR reductions observed in this
Changes in lower limb posture may be a result ostudy ( 2 bpm) when using th&XO do not

Body Posture

Heart Rate
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seem to be relevant in terms of cardiovasculaHip exion increased in all thre@runk ori-
health, because the average HR ranged883 entationsbut most prominent increases in the
bpm across the experimental conditions, a rangangle were in the contralatefi@lnk orientation
that is far from the endurance limit of physical Combining these two results does not provide an
exertion (105 110 bpm) for physical work explanationwhy the BSE led to more pronounced
shifts Sammito et al., 2026 Further, the here changes in the one than in the otfieank ori-
presented work task may be of too short duratiorentation However, when comparing the three
for detecting changes with respect to cardio-Trunk orientationswhile wearing the BSE, it
vascular strain over a complete working shift.seems as if alarger HF angle may resultin a lower
Additionally, using a BSE in functional tasks did hip extension muscular load (cfable 3. Hip
not signi cantly in uence HR Il(uger, Ear, exion when using the exoskeleton seems to
Seibt, Rieger, & Steinhilber, 20Rbr in lon-  depend orlrunk orientationand may be inu-
ger lasting simulated working protocols de-enced by the amount of support provided by the
creased HR without reaching statisticalexoskeleton as has been set by*gmart joint:
signi cance Godwin et al., 2009Lotz et al.,
2009. With the current knowledge we cannot
state whether using a BSE has anuence,
either positive or negative, on cardiovascular We have to acknowledge a few study limi-
health. tations. First, we included a healthy, male study
population, aged 1840 years. This does not
re ect the general working population and the
effects of using an exoskeleton might differ for
groups of workers including all sexeKih
Symmetric postures are often hard to realize iret al., 2020 Madinei et al., 2020a including
various industries, e.g. in bricklayinyigk & healthy, symptomatic and reintegrating workers,
Koningsveld, 199)) and the asymmetric coun- and including aging workers. Second, the
terpart is associated with an increased risk fotaevd® was only adjustable to a restricted ex-
developing back disorderBnnett et al., 1991 tend, where we for example experienced dif
This was indicative for investigating the BSE notculties in placing the leg pads according to the
only in the traditional sagittal plane requiring manufacturés instructions (i.e., on the upper
a symmetric working posture (i.e. frontal trunk part of the thighs) in a few smaller subjects. Only
orientation) but also in the asymmetric counteriwo out of the 36 subjects used the S-sized
parts, trunk rotation to the left and right. An exoskeleton. Further, the exoskeletons struc-
additional reason to investigdteink orientation  tures cannot fully be prevented from shifting
with respect to the e€acy of the BSE was that when the wearer is moving; however, in this
the BSEs support characteristics may be de-static work task we did not observe any crucial
pendent on the interaction between the exomovement of the device. For avoiding a colli-
skeletors or trunk inclination angle and the trunk sion with the leg pad the VL electrode was
orientation or rotation. With respect to the pri- placed more distal on the muscle bellies than
mary outcomes, we only found thaétunk ori- recommended. Although the absolute muscle
entationhad a signicant interaction effect on hip activation level for this muscle might possibly
extensor muscle activity. The post hoc analysebe less representative for the task in single
revealed that using the exoskeleton lead to smafiubjects, this does not inence any of our
but statistically signicant interaction effects only outcomes as comparisons are based on a within
for thefrontal andipsilateral Trunk orientations subject design. Third, although we used a fa-
with the most prominent reductions in BF musclemiliarization session for using the exoskeleton
activity in ipsilateral Trunk orientation With  and executing the sorting task on a separate day,
respect to the secondary outcomes, a statistically single practice lasting 1 h may not be extensive
signi cant interaction witArunk orientatiorwas  enough for getting accustomed to the device
found for the HF angle showing large effect sizessuf ciently. According toMoyon et al. (2019)

Limitations

Interaction Effect of Device x Trunk
Orientation
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subjects reached a familiarization level four outcollection. We would also like to thank lturri
of seven. Fourth, this experiment includedGmbH for providing us two exoskeletons. Fi-
a short sorting task, which does not enable taally, we would like to thank AUDI AG, BMW
providing data on muscular fatigue or cumula-AG, Daimler AG, Iturri GmbH, BASF SE,
tive strains. Conclusions regarding the long-Deutsche Post DHL Group, MTU Aero En-
term use of the BSE in full work-shifts and in gines AG, and DACHSER SE for their-
various tasks are thus not possible. Fifth, thenancial support and their practical input in
trunk inclination angle was controlled for and developing the simulated industrial tasks in-
subjects were instructed not to overstretch theivestigated in this study. The remaining work of
knees. Consequently, possible changes in bodthe Institute of Occupational and Social
posture may have been masked in comparison thledicine and Health Services Research was
a freestyle task execution. nancially supported by an unrestricted grant
of the employersassociation of the metal and
electrical industry Baden-Wurttemberg (Sid-
westmetall; Germany). The funders had no
Using the Laev8 exoskeleton in a short-cyclic role in the study design, data collection and
assembly task requiring static forward bent analysis, decision to publish, or preparation of
posture did not result in substantial changes ofhe manuscript.
lower back muscle activity, but rather reduced hip
extensor muscle activity, which indicated the sup-

CONCLUSION

portive character of hip extension. We detected KEY POINTS
increased HF and KF angles but only minor. The Laev® reduced both back and hip extensor
changes in spine postuiieunk orientatiorhad an muscle activity when working in a 40°-static trunk

impact on hip extgnsor mUSCle activity and HF  forward bent posture; however, hip extensor
angles. However, it remains unclear whether the muyscle activity reduced to a larger extent.

small effects of using the Lae¥con lower back . Hip and knee exion increased when using the
muscle activity and spih@osture and the small Laev®, whereas spine posture remained
interacting effects ofrunk orientationon the hip unchanged.

area might ha_\Ve an_impact on mUSC_U|05ke|etaJ There have not been many studies evaluating the
health. Thus, it remains questionable if the exo- pody posture in work tasks requiring a static

skeleton has the potential to operate as intervention forward bent posture, a clear conclusion about the
for back MSDs. The occurrence of changes in  effects of the Laev® on working posture there-
posture and physical strain, as well as the in- fgre is dif cult.

consistency between several studies indicate that Trunk rotation, that is, task orientation, should be

further inves_tiga}tion on this topic is necessary be- considered as a potential irencing factor for the
fore an application of exoskeletons at work can be  impact of using the Lae®on muscle activity and

recommended. Therefore, we suggest including postural angles; hip extensor muscle activity as
several work tasks and postures, realistic working well as hip exion was inuenced by trunk ori-
scenarios with longer lasting protocols (e.g., work  entation in this evaluation.

shifts at Ieast), various interrelated parameters (e.g., The appearing Changes in muscle activity, pos-
postures, muscle activity, moments and forces), and ture and heart rate cannot be interpreted to be

conducting long-term stueB with populations in- positive or negative in terms of musculoskeletal
cluding all genders and both healthy and symp- health; they rather indicate the need of further
tomatic workers. investigation including different work tasks and
longer protocols.
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ABSTRACT

The inluence of a passive exoskeleton was assessed during repetitive lifting with different lifting styles (squat,
stoop) and orientations (frontal/symmetric, lateral/asymmetric) on trunk and hip extensor muscle activity
(primary outcomes), abdominal, leg, and shoulder muscle activity, joint kinematics, and heart rate (secondary
outcomes). Using the exoskeleton signi“cantly and partially clinically relevant reduced median/peak activity of
the erector spinae ( 6%), biceps femoris ( 28%), rectus abdominis ( 6%) and increased median/peak activity
of the vastus lateralis ( 69%), trapezius descendens ( 19%), and median knee ( 6%) and hip !exion angles
( 11%). Using the exoskeleton had only limited inluence on muscular responses. The "ndings imply the
exoskeleton particularly supports hip extension and requires an adjusted body posture during lifting with
different styles and orientations. The potential of using exoskeletons for primary/secondary prevention of
musculoskeletal disorders should be investigated in future research including a greater diversity of users in terms
of age, gender, health status.

1. Introduction

Although the prevalence of low back pain (LBP) slightly decreased
over the past twenty years (Wu et al., 2020), it remains the most com-
mon musculoskeletal problem worldwide. For instance, the general
prevalence estimates for the U.S. are between 23% Qick et al., 2020)
and 26% (Luckhaupt et al., 2019). Luckhaupt et al. (2019) report the
estimated work-relatedness of LBP prevalence to be 23%. Among certain
professions, the prevalence of LBP may be as high as 70% for baggage
handlers (Bergsten et al., 2015), 72% for manual material handling
workers (Muslim and Nussbaum, 2015), 74% for operation room staff
(Bin Homaid et al., 2016 ) and 89% for wind farmers ( Jia et al., 2016).
Various individual, psychosocial and physical risk factors are associated
with work-related back pain, of which the physical risk factors show the
strongest association Qick et al., 2020). Especially lifting intensity or
load, lifting frequency, and awkward body postures such as repetitive
bending, torso rotation, backward bending and pulling objects are re-
ported with respect to LBP prevalence.

For lifting intensity, odds ratios of LBP prevalence are reported from
1.1 (Coenen et al., 2014) to 1.9 (Dick et al., 2020) for the general

* Corresponding author.

working population to 3.8 for wind farmers ( Jiaetal., 2016). Odds ratios
of LBP for lifting frequency vary from 1.1 for the general working
population (Coenen et al., 2014) to 2.4 (Stritevic and Pape2) or 3.6
(Andersen et al., 2019) for nurses. The odds ratio of LBP for awkward
postures may be very high, for example 4.5 for nurses who are exposed
to trunk rotation during weight-bearing ( Bin Homaid et al., 2016). The
high odds ratios for these physically demanding occupations emphasize
the need for reducing the physical load on the lower back due to lifting
and working in awkward body postures.

In recent decades, the application of exoskeletons as workplace
intervention for reducing physical demands has rapidly evolved. Exo-
skeletons are assistive systems worn on the body that act mechanically
on the body. In an occupational context, they aim to support functions of
the skeletal and locomotor system during physical work ( Steinhilber
et al., 2020). Currently, most commercially available exoskeletons
provide support using passive structures, i.e., springs or other elastic
structures. Passive back-supporting exoskeletons showed promising re-
sults with respect to a reduced physical load on the lower back during
occupational lifting. Objectively measured physical low back load by
muscle activity showed reductions mainly during symmetric lifting

E-mail addressestessy.Luger@med.uni-tuebingen.de(T. Luger), Mona.Baer@med.uni-tuebingen.de(M. Bar), Robert.Seibt@med.uni-tuebingen.de (R. Seibt), Pia.
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when wearing a passive exoskeleton of 8% (Koopman et al., 2020a),
13% (Baltrusch et al., 2020), 20% (Alemi et al., 2020), and 24%
(Abdoli-Eramaki and Stevenson, 2008). However, there are also studies
reporting no change in lower back muscle activity when wearing such an
exoskeleton (e.g., Baltrusch et al., 2019). In asymmetric lifting, i.e.
lifting with trunk rotation, lower back muscle activity also decreased
(14%) but to a lesser extent than in symmetric lifting ( Alemi et al.,
2020). Several studies also measured antagonistic abdominal muscle
activity, of which the majority reported no changes ( Abdoli-Eramaki and
Stevenson, 2008 Baltrusch et al., 2019, 2020), and some reported small
but mixed changes when wearing an exoskeleton (Alemi et al., 2020).
Subjectively measured physical low back load by local discomfort is
reported during lifting by Kozinc et al. (2020), who showed a 43%
reduction (i.e., from 2.8 to 1.6 on the CR10 Borg scale).

Some studies have been published investigating the inluence of a
passive back-supporting exoskeleton on physical load during occupa-
tional lifting, of which only a few incorporated trunk rotation in the
occupational lifting task. Different lifting styles, i.e., squat and stoop
lifting postures, have, to our knowledge, also only been marginally
investigated in relation to exoskeletons. Therefore, the current study
examined the effect of a passive back-supporting exoskeleton, the
Laevo® (more information, see 2. Materials and methods ), during
repetitive symmetric and asymmetric lifting in a squat and stoop lifting
posture of an 11.6-kg load. We included the following outcome mea-
sures: muscle activity, kinematics, and heart rate. The Laevo® is
designed to reduce stress in the lower back by supporting the trunk in
work activities that require a forward bending posture, realized by
transferring the load to the legs. For this reason, we recorded muscle
activity of the erector spinae and biceps femoris to be our primary
outcomes, and that of the rectus abdominis, vastus lateralis, gastrocne-
mius medialis and trapezius descendens as well as joint angles and heart
rate to be secondary outcomes. We hypothesized that the median and
peak muscle activity of the erector spinae and biceps femoris would be
reduced when wearing the exoskeleton. The results of this study may
contribute to the general knowledge about the possibility of applying
passive back-supporting exoskeletons to reduce work-related physical
demands that can induce musculoskeletal disorders.

2. Materials and methods
2.1. Sample size and study design

The data presented in this manuscript are part of a larger, explor-
ative, laboratory study ( ClinicalTrials.gov, NCT03725982), within
which the physiological and biomechanical inluences of wearing the
Laevo® V2.56 were investigated during four different simulated voca-
tional tasks: a static sorting task, a dynamic lifting task, a set of func-
tional tasks (Luger et al., 2021), and a set of static holding tasks in
different forward trunk !exion angles. In this manuscript, only the dy-
namic lifting task is evaluated in detail.

The study population for the overall study was determined based on
the three independent variables task (static sorting vs. dynamic lifting),
exoskeleton (with vs. without) and working posture (squat vs. stoop). A
selection of combinations from the three independent variables resulted
in six different experimental conditions tested (i.e., static-without-stoop,
static-with-stoop,  dynamic-without-stoop, dynamic-without-squat,
dynamic-with-stoop, dynamic-with-squat). We used a standardized
Single Williams Latin Square design (Bate and Jones, 200§ for six
conditions to prevent "rst-order carry-over effects and applied its
six-fold, resulting in a required sample size of 36 subjects.

The current manuscript focuses on the dynamic lifting task main-
taining a within-subject design, within which we investigated an addi-
tional independent variable next to exoskeleton and working posture,
resulting in twelve different conditions: exoskeleton (with vs. without),
working posture or lifting style (squat vs. stoop) and lifting orientation
(symmetric vs. asymmetric ipsilateral vs. asymmetric contralateral). A
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stooped lifting style was included because in several industrial settings,
workers do not always have the possibility to bend their knees (e.g.,
lifting from or into a lattice box). The three lifting orientations were
assigned randomly using six possible orders of the three experimental
conditions according to a Double Williams Latin Square design ( Bate and
Jones, 2008). The order of the conditions was assigned randomly to each
subject by drawing two lots, one for the exoskeleton/lifting style/task
and one for the lifting orientation. An additional lot was drawn to
determine which body side of the subject would be prepared for re-
cordings of muscular activity, which was balanced across subjects (i.e.,
18 lots for left, 18 lots for right).

2.2. Participants

Thirty-nine male participants (18 +40 years old) were recruited to
participate in the study. After excluding three participants due to time
restrictions (N ~ 1) or a too high BMI (N "~ 2), 36 participants were
enrolled in the study. The exclusion criteria were a BMI higher than 30
kg/m 2 acute or cardiovascular diseases, physical disability, systemic
diseases, or neurological impairments preventing the subjects from
performing the lifting task and wearing the exoskeleton. The study
population (N ~ 36) had a mean age of 25.9 years (SD 4.6), weight of
73.5 kg (SD 8.9), height of 178.8 cm (SD 7.3), BMI of 22.9 kg/m 2 (SD
2.1), rest blood pressure of 129/79 mmHg (SD 7/7), and its majority was
righthanded (4 left; 32 right). The participants signed an informed
consent prior to study participation. The study was designed in accor-
dance with the Declaration of Helsinki and approved by the local Ethics
Committee of the University and University Hospital of Tubingen (617/
2018B0O2).

2.3. Procedure

Before the study was executed, subjects visited the lab 1#5 days
before to get a short explanation about the study, read and sign the
informed consent form, check for eligibility, and collect basic anthro-
pometric data. During this "rst 1.5-h visit, subjects were familiarized
with both the exoskeleton and the simulated vocational tasks. Addi-
tionally, the position with respect to the box on the platform for the
dynamic lifting task was individually determined. The position of both
feet was marked so that when changing conditions, the same feet posi-
tion could be maintained. The height of and distance to the platform
with the box for the dynamic lifting task were individually adjusted:
while the subject was standing upright with minimally bent knees
(ensuring the knees were not overstretched) in 70 trunk inclination, the
upper arm was orthogonal to the !oor and the elbow angle approxi-
mately 160 . The second visit lasted ~4 h and comprised the four of
vocational tasks as previously listed. Prior to the experiment, the sub-
jects were equipped with the measurement equipment after the skin was
shaved and cleaned (Skin Prep Gel, Nupre®, Aurora, USA), and per-
formed a set of reference contractions and postures for normalization of
muscle activity and correction of posture (cf. 2.6.1 Muscular activity ;
2.6.2 Posture, joint angles ; Table 1).

2.4. Dynamic lifting task

The lifting task was performed in two sets of "ve repetitions, inter-
rupted with a 35-s break. Successive experimental conditions were
interspersed with 60-s breaks. The pace of the repetitive lifting task was
set at 5s per lift and timed with an acoustic signal. One lifting repetition
included the following four movements: (1) pick up a 11.6-kg load (i.e.,
al0-kgloadplacedinal.6-kgbox[W D Hof60 40 22cm]with
handles on both sides [19 cm]) at approximately 70 trunk inclination
(stoop) coming from an upright position; (2) recapture an upright po-
sition while holding the load close to the body with !exed elbows; (3)
put the load down with the upper body in approximately 70  forward
lexion; (4) recapture an upright position without load. The 10-kg load
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Table 1
Normalization procedures for the six muscles of which muscle activity was
recorded using bipolar surface electromyography.

Muscle Normalization procedure

ES Subjects lay prone with the upper body and hips (hip bones) off the bench
and the legs "xed with straps, performing maximal hip extension against a
barrier while keeping the body horizontal and the arms crossed in front of
the chest (modi“ed Biering-S urensen test; Biering-Strensen, 1984).

BF Subjects lay prone with 90 hip and knee !exion, feet !lexed, keeping the
position while a rope with a 7-kg weight hanging over a pulley was
attached around the ankle.

RA Subjects lay supine with the upper body and hips off the bench and the legs
"xed with straps, performing 45 hip !exion while holding an additional
10-kg weight and keeping the arms crossed in front of the chest (reverse
Biering-Surensen test; Biering-Surensen, 1984).

VL Subjects lay supine with 90 hip and knee !exion, feet !exed, keeping the
position while a rope with a 10-kg weight hanging over a pulley was
attached around the ankle.

GM Subject stood upright, performing bilateral, isometric plantar lexion.

D Subject stood upright, feet hip-width apart, arms in 90  abduction but
slightly in the frontal plane, elbows extended but not overstretched, while
holding a 2-kg weight in each hand ( Mathiassen et al., 1995).

was chosen based on input we retrieved from the cooperation partners in
this project, who handle this load a common in logistics (see Ac-
knowledgements ). The lifting task was performed without and with
exoskeleton in two different lifting styles, i.e., a squat and stoop posture
(Fig. 1), and in three different lifting orientations, i.e., symmetrically
(frontal orientation) and asymmetrically (45 rotation to left and right
lateral).

2.5. Passive exoskeleton

We evaluated a passive exoskeleton (Laev® V2.56, Laevo B.V.,
Delft, the Netherlands; 2.8 kg) that supports trunk and hip extension by
two laterally arranged semi-rigid bars (torso structures) and two con-
necting springs (smart joints; see Fig. 2). The torso structures connect a
chest pad and a hip belt and are exchangeable to "t different body sizes.
The smart joins can be set to different starting support angles (0445 , 5 -
increments) or no support (off). The Laevo ® was adjusted to best "t the
subject's body composition, whereby the angle support in the smart
joints was adjusted to avoid any contact pressure with the chest pad in
upright stance. This was controlled by a built-in force sensor in the chest
pad (38 10 mm; Type KM38-1 kN, ME-Melsysteme GmbH, Hen-
ningsdorf, Germany).
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2.6. Measurements

2.6.1. Muscular activity

The electrical activity of six muscles was recorded unilaterally by
surface electromyography (EMG) by placing two pre-gelled Ag/AgCl
surface electrodes (42 24 mm, KendallTM H93SG ECG Electrodes,
Covidien, Zaltbommel, the Netherlands) in bipolar con"guration (inter-
electrode distance 25 mm) on the muscle bellies (Criswell, 2010; Her-
mens etal., 2000). The following muscles were measured: erector spinae
lumbalis (ES at lumbar vertebra L1), biceps femoris (BF), rectus
abdominis (RA), vastus lateralis (VL), gastrocnemius medialis (GM) and
trapezius descendens (TD). The ground electrode was placed over the
cervical vertebrae C7. EMG signals were continuously recorded during
the lifting task and during the normalization contractions (see Table 1;
Biering-Surensen, 1984). The procedures included single repetitions of
5-s maximal and 10-s submaximal contractions (seeLuger et al. (2021)
for an explanation of the choice for maximal or submaximal
contraction).

The collected EMG signals were differential ampli“ed, transmitted,
"Itered (high-pass, 2nd order, ! 3 dB at4Hz;low-pass, 11th order, ! 3dB
at 1,300Hz), sampled (4,096Hz), analyzed and stored (PS12-1l, THU-
MEDI® GmbH & Co. KG, Thum, Germany; physical resolution 24 bit;
overall CMRR >98 dB; overall effective sum of noise <0.5 !V RMS;
linearity typically 0.1 dB at 30! 1,200Hz). The data were real-time
transformed in the frequency domain (1024-point Fast Fourier Trans-
formation using a Bartlett-window with 50% overlap), digitally "Itered
(high-pass, 11th order, ! 3 dB at 16Hz) and powerline interferences
were removed by an average "lter (11th order, ! 3 dB at 50Hz and its
"rst seven harmonics, bandwidth of 4Hz was replaced by its spectral
neighbors). The root-mean-square (RMS) of the electrical activity [ ! V]
was real-time calculated (250-ms moving window with 50% overlap)
from the power spectrum and stored synchronously to the raw data. The
RMS-values of the BF, VL, RA, GM, and TD were normalized to the
median RMS-values of the most stable 5-s period of each submaximal
reference voluntary contraction (RVC) and expressed as percent of the
electrical activity during the RVC, i.e. reference voluntary electrical
activity (%RVE; Mathiassen et al., 1995). The RMS-values of the ES were
normalized to the 90th percentile RMS-values of the most stable 3-s
period of the maximal voluntary contraction (MVC) and expressed as
percent of the electrical activity during the MVC, i.e. maximal voluntary
electrical activity (%MVE; Mathiassen et al., 1995). The 10th percentile,
50th percentile (median) and 90th percentile (peak) normalized
RMS-values of all muscles were calculated (Jonsson, 1982 for each
experimental condition and used for further analysis. Each value relects
the mean of all ten lifts, i.e., both sets of "ve lifting actions (cf. 2.4
Dynamic lifting task ). Due to the unilateral electrode application we

Fig. 1. Simulated dynamic lifting task with exoskeleton applying a squat (left) or stoop (right) lifting technique.
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Fig. 2. The passive exoskeleton Laev® V2.56 (Laevo B.V., Delft, The Netherlands; http://www.laevo.nl/wp-content/uploads/2018/10/2018-07-16-Laevo-Instruct

ions-V2.56-EN.pdf).

refer to frontal, ipsilateral and contralateral for distinguishing between
lifting orientations.

2.6.2. Posture, joint angles

Joint inclination angles with respect to the absolute perpendicular
(gravitational axis) in the anteroposterior (lexion) and mediolateral
(lateral !exion) directions were recorded using two-dimensional gravi-
metric position sensors (PS12-Il; sample rate at 8Hz; resolution 0.1 and
125 ms in time; maximum static error 0.5 ; maximum repetition error
0.2 ) attached to the skin with double-sided adhesive tape (25 mm 5m,

3M transparent Medical Standard, Top Secret®, Gesellschaft fir
Haarasthetik mbH, Firth, Germany). Sensors were placed at thoracic
vertebrae T1 and T10, lumbar vertebrae L1 and L5, and the anterior side
of the femur and tibia. The position sensors continuously recorded the
inclination angles during the lifting task and reference posture. The
reference posture included a 5-s recording of the subject standing up-
right against a wall, while contacting the wall with his heels, back, and
buttocks and keeping his head in natural position. The median inclina-
tion angles of the most stable 1-s period of the reference posture were
subtracted from the experimental recordings. Therefore, all further
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measures represent angular deviations or differential measures between
two sensors with respect to this individual upright standing position.

We calculated "ve joint angles, i.e., knee !exion (KF), hip !exion
(HF), lumbar lordosis (LL), and thoracic kyphosis (TK) ( Table 2; Takacs
et al., 2018). Additionally, we provide results of the trunk inclination
(TI), but this was a control measure and not an outcome measure. The
minimum, median and maximum values of each joint angle were
calculated for each experimental condition and used for further analysis.
Each value relects the mean of all ten lifts, i.e., both sets of "ve lifting
actions (cf. 2.4 Dynamic lifting task ).

2.6.3. Heart rate

The activity of the heart was recorded using electrocardiography
(ECG) by two pre-gelled Ag/AgCl surface electrodes (42 24 mm,
KendallTM H93SG ECG Electrodes, Covidien, Zaltbommel, the
Netherlands) placed ~5 cm cranial and ~3 cm left-lateral from the distal
end of the sternum and over the anterior to midaxillary line at the "“fth
left rib. ECG was continuously recorded during the dynamic lifting task,
sampled at 1,000Hz and stored (PS12-11). From the ECG signals, the
median heart rate (HR) was calculated for each experimental condition
and used for further analysis.

2.7. Statistical analysis

After visual inspection of the histograms and interpretation of
skewness and kurtosis values, some parameters approached a normal
distribution. The muscle activity levels of all muscles showed positively
skewed data and were log-transformed (LOG10) prior to statistical an-
alyses, but the back-transformed summary outcomes are reported as
least squares means in tables and "gures.

We used repeated-measures analyses of variances (RM-ANOVA) to
assess the effect of the "xed factorsexoskeletonexoskeleton lifting style,
exoskeleton lifting orientation, and exoskeleton lifting style  lifting
orientation on the outcome parameters of muscle activity, posture, and
heart rate. The factor lifting orientation had three levels for all parameters
except for lumbar lordosis, thoracic kyphosis, and heart rate, where it
was reduced to two levels, i.e., frontal vs. lateral. In case of signi“cant
"xed factors with more than two levels, we applied Tukey HSD for post
hoc pairwise comparisons. For each RM-ANOVA, F-value, p-value and
effect size partial eta squared (! g) using the F ratios strategy (Bakeman,
2005) are reported. For post hoc pairwise comparisons, T-value, p-value
and effect size Coheris d using the pooled standard deviation strategy
(pooled standard deviated strategy; Cohen, 1988) are reported. Effects
sizes are interpreted according to Cohen (1988) as small (!s 0.02; d
0.2), medium (!2 0.13;d 0.5), orlarge ('3 0.26;d 0.8).

Statistical analyses were performed using JIMP® (Version 14.2.0, SAS
Inc., Carry, NC, USA) and statistical signi"cance was accepted at "
0.05. We considered muscle activity levels of the erector spinae (ES) and
biceps femoris (BF) to be the primary outcomes and all other parameters
to be secondary outcomes.
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3. Results

The normalized EMG values and statistical results of ES and BF are
summarized in Table A1 and Table A2 in Appendix A . Normalized EMG
values and statistical results of RA, VL, GM, and TD are summarized in
Table Bl and Table B2in Appendix B . The values and statistical results
of KF, HF, LL, TK, and HR are summarized inTable Clinand Table C2in
Appendix C .

3.1. Muscular activity

3.1.1. Primary outcomest erector spinae and biceps femoris

Exoskeletonhad signi"cant main and interaction effects on ES.
Wearing the Laevo® resulted in an average 8.7% increase (0.3%MVE;! S
" 0.16) in ESjo, ! 2.3% decrease ( 0.4%MVE; !g " 0.16) in ESsg
(Fig. 3), and ! 4.2% decrease ( 1.3%MVE; !g " 0.40) in ESgo. Exoskel-
eton Lifting stylehad a signi“cant effect on ESgg (! S“ 0.27; Fig. 4). In
squat posture, wearing the exoskeleton resulted in reduced ESg (d ©
1 0.21). Exoskeleton Lifting orientation had a signi“cant effect on ES 19
(137 0.14; Fig. 5) and ESso (!3” 0.18). In frontal orientation, ES 10 was
higher with exoskeleton compared to without exoskeleton ( d” 0.23). In
contralateral orientation, ES 59 was lower with exoskeleton than without
exoskeleton (d ! 0.14). Exoskeleton Lifting style Lifting orientation
had a signi“cant effect on ESgg (! S‘ 0.20). In squat posture, wearing the
exoskeleton resulted in reduced ESy for all three orientations ( ! 0.17<d
<1 0.26).

Exoskeletorhad a signi“"cant main effect on BF. Wearing the Laevo ®
resulted in an average! 18.6% decrease { 1.2%RVE;! f) ~ 0.36) in BFqq,
1 17.1% decrease { 4.9%RVE; !g ~ 0.38) in BFsgg (Fig. 3), and ! 8.1%
decrease { 5.2%RVE;!2 " 0.25) in BFgp.

3.1.2. Secondary outcomes rectus abdominis, vastus lateralis,
gastrocnemius medialis and trapezius descendens

Exoskeletonhad signi“cant main and interaction effects on RA.
Wearing the exoskeleton resulted in an average ! 3.2% decrease
(! 0.04%RVE;!2 " 0.14) in RA19, ! 4.7% decrease { 0.2%RVE;!2 "
0.36) in RA5o (Fig. 3), and ! 2.9% decrease { 0.2%RVE; !g ~ 0.16) in
RAgy. Exoskeleton  Lifting style had a signi"cant effect on RA 1o
¢ g‘ 0.13); in squat posture, RA1p reduced (d ! 0.07) when wearing
the exoskeleton. Exoskeleton Lifting style  Lifting orientation had a
signi“cant effect on RA 1o (! S‘ 0.13); but the post hoc test showed no
signi“cant differences in wearing the exoskeleton.

Exoskeletorhad signi“cant interaction effects on VL. Exoskeleton
Lifting style had a signi"cant effect on VL 5o (!g‘ 0.12) and VLgg
(! gA 0.12); only for VL 5q, post hoc tests showed that in squat posture,
activity reduced (d~! 0.26) when wearing the exoskeleton. Exoskeleton

Lifting style  Lifting orientation had a signi“cant effect on VL 19
(137 0.11), VLso (!3° 0.10) and VLgo (!5” 0.13); only for VL so, post hoc

Table 2
Calculation and interpretation of the "ve joint angles.
Joint angle Calculation Interpretation
Trunk Anteroposterior inclination angle of thoracic vertebrae T10 0 relects full extension (upright stance) and 180 full !exion
inclination
Hip !exion Difference value between the anteroposterior inclination angles of lumbar 0 relects full extension (upright stance) and 180 full lexion
vertebrae L5 and femur
Knee lexion Difference value between the anteroposterior inclination angles of femur and tibia 0 relects full extension (straight legs) and 180 full !lexion
Thoracic Anteroposterior inclination angles or tangential lines (Cobb method) over the 0 relects curvature closer to upright stance and a positive value means the
kyphosis processus spinosi of thoracic vertebrae T1 and lumbar vertebrae L1 accordingtothe  upper back is curving more compared to upright stance
Cobb angle boundaries (Takacs et al., 2018)
Lumbar Anteroposterior inclination angles or tangential lines (Cobb method) over the 0 relects curvature closer to upright stance and a positive value for lumbar
lordosis processus spinosi of lumbar vertebrae L1 and lumbar vertebrae L5 according to the  lordosis means the lower back is curving (opposite of the lordosis) compared

Cobb angle boundaries (Takacs et al., 2018)

to upright stance
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Fig. 3. Exoskeleton main effect on normalized median muscle activity of the erector spinae (ES50; A), biceps femoris (BFso; B), rectus abdominis (RAsg; C), vastus
lateralis (VLsp; D), gastrocnemius medialis (GMso; E) and trapezius descendens (TRRo; F). White bars represent without exoskeleton, grey bars represent with
exoskeleton. Note that * indicates a signi“cant difference from the control condition (i.e., no exoskeleton).

Fig. 4. Exoskeleton Lifting Styleinteraction effect on normalized peak erector Fig. 5. Exoskeleton Lifting Orientation interaction effect on normalized static
spinae muscle activity (ESgp). White bars represent without exoskeleton, grey erector spinae muscle activity (ES;o). White bars represent without exoskeleton,
bars represent with exoskeleton. Note that * indicates a signi“cant post hoc grey bars represent with exoskeleton. Note that * indicates a signi“cant post

difference from the control condition (i.e., no exoskeleton). hoc difference from the control condition (i.e., no exoskeleton).
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tests showed that in squat posture with contralateral orientation, ac-
tivity decreased (d " ! 0.38) when wearing the exoskeleton.

Exoskeletonhad signi“cant main and interaction effects on GM.
Wearing the exoskeleton resulted in an average 27.0% increase (2.2%
RVE;!5" 0.61)in GM 1o, 21.1% increase (8.1%RVE;!3 " 0.51)in GM 5o
(Figs. 3), and 11.4% increase (10.5%RVE; !g " 0.52) in GMgp.
Exoskeleton  Lifting orientation had a signi"cant effect on GM 59
(137 0.21) and GMgo (!3” 0.13); in both frontal and contralateral ori-
entations, GMsp (d © 0.17+0.43) and GMgg (d = 0.12+0.29) increased
when wearing the exoskeleton. Exoskeleton Lifting style  Lifting
orientation had a signi“cant effect on GM gg (!g‘ 0.15); wearing the
exoskeleton increased GMy in squat posture with frontal and contra-
lateral orientation ( d © 0.2140.22) and in stoop posture with contra-
lateral orientation ( d~ 0.41).

Exoskeletonhad signi“cant main and interaction effects on TD.
Wearing the exoskeleton resulted in an average 12.4% increase (0.4%
RVE;!2" 0.27) in TDyo and ! 7.4% increase (1.8%RVE;!2 " 0.12) in
TDsg (Fig. 3). Exoskeleton Lifting stylehad a signi“cant effect on TD gg
¢ s” 0.14); but post hoc tests showed no signi“cant differences when
wearing the exoskeleton. Exoskeleton Lifting orientation had a signi*-
cant effect on TDsg (! S‘ 0.14); in ipsilateral orientation, TD s increased
when wearing the exoskeleton (d © 0.22). Exoskeleton Lifting style
Lifting orientationhad a signi“cant effect on TD sq (! S” 0.10); wearing the
exoskeleton increased TDQy in stoop posture with ipsilateral orientation
(d” 0.31).

3.2. Posture, joint angles

Exoskeletonhad signi“"cant main and interaction effects on knee
lexion, hip !exion, lumbar lordosis, and thoracic kyphosis. Wearing the
exoskeleton resulted in an average 3.0 increase (> 100%; !g ~ 0.59) in
KFwvin, 22.9% increase (4.9 ; !S‘ 0.61) in KF5p, and 4.6% increase (2.2 ;
! ﬁ ~ 0.18) in KF yax. Exoskeleton Lifting stylehad a signi“cant effect on
KFso (13" 0.26) and KFyax (! 2™ 0.56); wearing the exoskeleton in stoop
posture resulted in increased KFsg and KRyax (d © 0.5440.72), and in
squat posture in increased KRkso (d © 0.36; see Fig. 6). Exoskeleton
Lifting orientationhad a signi“cant effect on KF yyy (! gA 0.09) and KFyax
¢ ’2)‘ 0.10); wearing the exoskeleton decreased Kkax in contralateral
orientation (d~ 0.12) but increased KRy in all three orientations ( d°
0.41+0.59). Exoskeleton Lifting style Lifting orientation had a signi"-
cant effect on KFsp (!3° 0.12) and KFvax ('3” 0.09); wearing the
exoskeleton increased Kkyax in a stoop posture with any orientation ( d
" 0.4410.69) and increased KFsp in all but in squat posture with
contralateral orientation ( d~ 0.35+0.84).

Wearing the exoskeleton resulted in an average 3.3 increase in

Fig. 6. Exoskeleton
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HFwin (>100%; '3~ 0.73), 20.4% increase (6.3 ; !2 " 0.69) in HF s,
and 3.9% increase (2.8 ; !,2J " 0.25) in HF yax. Exoskeleton Lifting style
had a signi"cant effect on HF s (3" 0.45; Fig. 6) and HFyax (! 3" 0.52);
wearing the exoskeleton in stoop posture resulted in increased HFsq (d
~ 0.91) and HFyax (d~ 0.52) and in squat posture in increased HF5q (d
© 0.54).

Wearing the exoskeleton resulted in an average 10.0% increase (2.1;
!S " 0.27) in LLyax. Exoskeleton Lifting orientation had a signi“cant
effect on LLyax (! g” 0.13); in both frontal and ipsilateral orientations ( d
~ 0.1840.26), wearing the exoskeleton increased LLyax.

Wearing the exoskeleton resulted in an average 0.3% increase (0.02;

!‘2) "~ 0.13) in TKsp, and ! 13.3% decrease { 1.9 ; !‘2) "~ 0.37) in TK yax-

Exoskeleton Lifting style had a signi“cant effect on TK yn (! SA 0.13),
TKso (137 0.24) and TKuax ('3~ 0.31); wearing the exoskeleton resulted
in stoop posture in decreased TKgp (d”! 0.08)and TFgo (d”! 0.42) and
in squat posture in increased TKjp (d ©~ 0.18). Exoskeleton Lifting
orientation had a signi“cant effect on TK yax (!g“ 0.17); wearing the
exoskeleton resulted in decreased TKyax both in frontal and lateral

orientations (! 0.14<d < ! 0.26).

3.3. Heart rate

Exoskeletorhad a signi“cant main effect on the heart rate, with an
average reduction of I 1.5bpm (! g“ 0.40) when wearing the exoskeleton
compared to not wearing the exoskeleton.

4. Discussion
4.1. Muscle activity of trunk and hip extensor muscles

Using the exoskeleton resulted in ~9% statistically signi“cant
increased 10th percentile trunk extensor activity (i.e., ~0.3%MVE).
Reason for this increased 10th percentile level may be that the
exoskeleton does not provide a suf'cient facilitation or relaxation,
meaning that parts of the trunk extensors stay more or less activated
during the complete lifting and lowering process. Using the exoskeleton
also resulted in slightly but signi“cantly reduced median and peak trunk
extensor activity of 2% (0.4%MVE) and 4% (1.3%MVE), respectively.
These "ndings are much smaller than reported in other studies, with
magnitudes in mean activity of 8% ( von Glinski et al., 2019, 14% (3%
MVE; Baltrusch et al., 2020), and 20% (7%MVE; Yin et al., 2019) and in
peak activity of 8% (6%MVE; Koopman et al., 2020a), 10% (4%MVE;
Madinei et al., 2020a), and 24% (4%MVE; Lazzaroni et al., 2019). A
potential reason for these differences in magnitude may be the overall
posture of the participants during the lifting task; when the trunk
inclination angle increases, it is more likely that the exoskeleton reduces

Lifting Style interaction effect on median knee !exion angle (KF50; A) and median hip !exion angle (HF50; B). White bars represent without

exoskeleton, grey bars represent with exoskeleton. Note that * indicates a signi"cant post hoc difference from the control condition (i.e., no exoskeleton).
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trunk extensor activity due to a larger assistive torque provided by the
back-supporting exoskeleton (Koopman et al., 2019; Madinei et al.,
2020b). For example, Bosch et al. (2016) reported an increased trunk
inclination of 15% (~4.9 ) and a concomitant decreased mean trunk
extensor muscle activity of 38% (~3.5%MVE). On the contrary, this
study observed that lumbar lordosis increased by 10% (~0.9 ) and trunk
inclination (calculated post-hoc) increased by 7% (~1.9 ), with the
result that median trunk extensor activity reduced by only 2% (~0.4%
MVE). An additional reason may be the varying amount and mode of
support provided by the different back-supporting exoskeletons evalu-
ated in the studies, which resulted in different trunk-inclination vs.
supporting-moment relations.

Although reduced mean and peak muscular loads in the lower back
were not as pronounced as observed in other studies, the inluence of
using the exoskeleton on hip extensor activity, on the contrary, was
much larger. We observed reductions of 8+17% (5%RVE) in median and
peak hip extensor activity, which con"rms previous studies, where re-
ductions of 25% mean activity (5%MVE; Huysamen et al., 2018) and
17% peak activity (8%MVE; Ulrey and Fathallah, 2013) were reported.
The fact that the exoskeleton had a larger effect on hip extension than on
trunk extension, as was also the case in the study of Ulrey and Fathallah
(2013), may be due to both the Laevo® and Bending Non-Demand Re-
turn exoskeleton (BNDR) creating a hip extensor moment. Therefore,
both exoskeletons may support hip extensors while back extensors may
not be supported that much. Consequence, this may be a reason why the
current results show that the biceps femoris is supported but the erector
spinae not that much.

Previous studies reported that reductions of trunk extensor activity
due to using an exoskeleton are more pronounced in symmetric
compared to asymmetric lifting orientations that require some trunk
rotation ( Alemi et al., 2020 ; Madinei et al., 2020a). In the present study,
no clear effects have been found between the different symmetrical and
asymmetrical lifting orientations with respect to trunk and hip exten-
sors. Differences in lifting style, i.e., squat versus stoop, were, however,
more pronounced, albeit only signi"cant in squatting. Using the
exoskeleton in squat posture resulted in a ~7% reduced peak trunk
extensor activity, i.e., from ~33%MVE without to ~31%MVE with
exoskeleton. This agrees with previous work (Alemi et al., 2019;
Koopman et al., 2020b), within which reduced peak trunk extensor
loads of as high as 32% (17%MVE) and 19% (24%MVE) were reported
with exoskeleton, respectively. However, both studies also reported
signi“cantly reduced peak activity in stoop lifting posture of 25 +28%
(12+35%MVE), which was only 2% (0.6%MVE, i.e., from ~31.1 to
~30.5%MVE) in the current study and not statistically signi“"cant. The
current results suggest that a squat lifting style may increase the exo-
skeletons effectiveness compared to a stoop lifting style. A potential
reason could be the increased hip !exion angle, which was larger in
squatting than in stooping and resulted in a substantial lumbar EMG
reduction.

4.2. Muscle activity of abdominal, leg and shoulder muscles

The load-transfer-mechanism of back-supporting exoskeletons may
increase the antagonistic abdominal muscle load for increasing trunk
stiffness and stabilization (Granata and Orishimo, 2001; Stokes et al.,
2011) and make the exoskeleton effective in reducing the load on trunk
and, potentially, hip extensors (Alemi et al., 2019; Madinei et al.,
2020b). However, this strategy as observed by several studies @lemi
et al., 2019; Baltrusch et al., 2019) may be at the expense of increased
spinal compression (Gardner-Morse and Stokes, 199§ Granata et al.,
2005; Vera-Garcia et al., 2006). However, the current study as well as
some other studies actually reported slightly decreased abdominal
muscle activity ( Huysamen etal., 2018; Koopman et al., 2019; Ulrey and
Fathallah, 2013). This requires more research, investigating whether
antagonistic activity may be inluenced by using an exoskeleton
depending on the task performed and the exoskeleton's working
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mechanism.

In line with previous studies, wearing and using the exoskeleton did
not have a big inluence on both the shoulder muscles ( Alemi et al.,
2019; Frost et al., 2009; Madinei et al., 2020a) and knee extensor
muscles (Alemi et al., 2020 ; Baltrusch et al., 2019). However, median
gastrocnemius medialis muscle activity in the current study showed to
signi"cantly increase by about 21% (8%RVE). This "nding can be due to
the slightly changed working posture, particularly respect to the slightly
increased median knee and hip !exion angles (c.f. 4.3 Kinematics ).

4.3. Kinematics

Using the exoskeleton inluenced the posture to some extent. Mini-
mal, median, and maximal knee !exion increased by 3.0 (>100%), 4.9
(22.9%), and maximal knee !exion increased by 2.2 (4.6%), respec-
tively, when using the exoskeleton. This was observed with a concom-
itant increased minimal, median, and maximal hip !exion of 5.2
(>100%), 3.4 (10.9%), and 4.2 (5.8%), respectively. Changes in the
same order of magnitude were observed by studies that evaluated a
similar lifting task ( Baltrusch et al., 2020; Madinei et al., 2020a; Ulrey
and Fathallah, 2013) and may imply back-supporting exoskeletons are
more effective when both !exion angles slightly increase to better
activate the passive structures that transfer the load on the lower back to
the legs. Furthermore, with respect to the interaction Exoskeleton
Lifting style our results indicate a 11.0% increased maximal hip !exion
angle (6.7 ) with exoskeleton in a stoop lifting style. This trend agrees
with Ulrey and Fathallah (2013) , who observed it increased by 10.2%
(6.9 ). However, the different relative increases may be due to the
spring-characteristic curve and the transmission of the spring-force into
a torque by the spring-joint, implying the BNDR ( Ulrey and Fathallah,
2013) may require a stronger hip posture adaptation.

Using the exoskeleton did not lead to any impairments in spinal
posture. Although signi“cant effects of using the exoskeleton were found
on lumbar lordosis and thoracic kyphosis, these relected minor differ-
encesupto2.1 for peak spinal angles. Thisis in line with previous study
results on repetitive lifting, where differences were either not signi“cant
(Abdoli-Eramaki et al., 2006 ; Baltrusch et al., 2020; Frost et al., 2009;
Madinei et al., 2020a) or small but signi"cant ( Ulrey and Fathallah,
2013) in the range 2.2+54 . The clinical relevance of
exoskeleton-induced changes in spinal posture remains unknown yet
and should be addressed by future research.

4.4. Cardiovascular response

Using the exoskeleton in repetitive lifting resulted in a slightly
reduced heart rate response of 1.5bpm (1.6%), although this change is
notrelevant. Godwin et al. (2009) and Lotz et al. (2009) found a 3% and
10% reduced heart rate response after 45 min repetitive lifting when
using the exoskeleton, which did not reach signi"cance. With the cur-
rent results, we cannot state whether using a back-supporting exoskel-
eton during lifting may have bene"cial effects on the cardiovascular
response and physical strain of the wearer; however, we emphasize that
the tasks investigated in the current study and in the other two studies
(Godwin et al., 2009 ; Lotz et al., 2009) are of relatively short duration
not relecting a full work shift of, e.g., 8 h. Consequently, the heart rate
in none of the studies reached the so-called endurance limit of physical
exertion that ranges between 105 and 110 bpm (Sammito et al., 2016).

4.5. Clinical relevance of the Indings

The interpretation of whether exoskeleton-induced changes in
physiological parameters are clinically relevant is still dif*cult at this
stage. Although there are approaches and attempts, e.g., to interpret the
level of EMG signals (Jonsson, 1979, the postures adopted or joint
angles (Bleyer et al., 2008) or changes in heart rate (Sammito et al.,
2016), these do not yet show suf“ciently high validity. On the one hand,
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an increase in 10th percentile trunk extensor muscle activity when using
the exoskeleton could be accompanied by an increase in the risk for
musculoskeletal disorders induced by sustained muscle activation
leading to type | motor unit overloading ( Westgaard, 1999). On the
other hand, a decrease in median and peak muscle activity may be
bene"cial in preventing musculoskeletal disorders ( Jonsson, 1978).
Besides the high effort in developing and optimizing exoskeletons,
future research on how to interpret physiological parameters is a central
requirement to evaluate whether an exoskeleton induces clinically
relevant effects or not. Alternatively, long-term studies are necessary to
gather evidence whether exoskeletons may help in reducing the preva-
lence of work-related musculoskeletal disorders; however, this is
currently not possible because the various exoskeletons are still under-
going strong development and improvement.

4.6. Study limitations

Several limitations should be noted for the current study. First, the
study sample was young (range 19+38 years) and included males only.
This does not cover the full range of the working age population and
caution is required in generalizing the current results for older and fe-
male workers. Second, repetitive lifting with various lifting styles and
orientations was simulated under highly controlled laboratory condi-
tions. This does not relect the actual work environment, meaning that
feasibility studies and randomized-controlled studies are necessary to
provide more insights into the effectiveness of the current and other
back-supporting exoskeletons in the "eld. Third, we focused on the
acute effects of using the Laevo exoskeleton and restricted our evalua-
tion to physiological parameters. It remains unclear whether the here
reported results can be generalized to longer periods and how using the
Laevo exoskeleton and other exoskeletons may inluence subjective and
social parameters, e.g., discomfort and acceptability. Fourth, all par-
ticipants underwent only a brief training session on the day prior to the
experiment, which may have been a too limited familiarization period
for proper use of the exoskeleton.

5. Conclusions

Physically demanding occupations exposing workers to repetitive
lifting and working in awkward body postures are identi"ed with high
odds ratios for the prevalence of LBP. Back-supporting exoskeletons
seem to be a promising intervention to prevent (primary) or reduce
(secondary) the prevalence of LBP. We evaluated the effect of a passive
exoskeleton on muscle activity, kinematics, and heart rate during re-
petitive symmetric and asymmetric lifting in squat and stoop posture.
Hip extensor activity decreased to a larger extent (up to 28%, i.e., 15%
RVE) than trunk extensor activity (up to 6%, i.e., 2%MVE), which im-
plies the exoskeleton also induces a hip extensor moment. Changes in
other muscles were not substantial. Joint kinematics, however, showed
small changes in knee !exion and hip !exion that may imply wearers
have to adjust their working posture when wearing the exoskeleton. We
recommend future research to better determine the task speci“city of
deploying back-supporting exoskeletons and the generalizability of
exoskeletons (e.g., "eld studies) on physiological, biomechanical, and
subjective outcomes across different users (e.g., age, gender, LBP-
status).
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Abstract: Due to the load shifting mechanism of many back-support exoskeletons (BSEs), this
study evaluated possible side effects of using a BSE on knee joint loading. Twenty-nine subjects
(25.9 ( 4.4) years 179.0 ( 6.5) cm; 73.6 ( 9.4) kg) performed simulated static sorting and dynamic
lifting tasks, including stoop and squat styles and different trunk rotation postures. Ground reaction
force, body posture and the force between the chest and the BSE's contact interface were recorded us-
ing a force plate, two-dimensional gravimetric position sensors, and a built-in force sensor of the BSE,
respectively. Using these parameters and the subject's anthropometry, median and 90th percentile
horizontal (HOR 50, HORgp) and vertical (VERT 59, VERTg) tibiofemoral forces were calculated via a
self-developed inverse quasi-static biomechanical model. BSE use had a variable effect on HORyg
dependent on the working task and body posture. Generally, VERT s increased without signi cant
interaction effects with posture or task. HOR g9 and VERTgg were not affected by using the BSE. In
conclusion, utilizing the investigated exoskeleton is likely to induce side effects in terms of changed
knee joint loading. This may depend on the applied working task and the user's body posture.
The role of these changes in the context of a negative contribution to work-related cumulative knee
exposures should be addressed by future research.

Keywords: knee force; tibiofemoral force; side effects; assistive device; asymmetric lifting; load shift;
forward bent posture

1. Introduction

Musculoskeletal disorders (MSD), especially in the back, remain the most common
health problem affecting workers in the European Union [ 1] and the United States [2].
Twelve-month prevalence rates of 58% for the occurrence of general MSD [1] and of 25-43%
for the back area have been reported [1,2]. Musculoskeletal back pain has been found to
be strongly associated to physical risk factors, especially heavy lifting in the workplace
and cumulative low back load. Therefore, intervention strategies for physically demanding
work incorporating these risk factors need to remain a focus [ 2,3].

To support workers in their daily work routines, the use of exoskeletons has become
a focus area. “Exoskeletons are assistive systems worn on the body that act mechanically
on the body. In an occupational context, they aim to support functions of the skeletal and
locomotor system during physical work” [ 4] (p. 3), by transferring forces from exposed
body regions to other body sites [ 5]. Currently, one of the main debates about the use of
exoskeletons is whether or not they are effective in preventing work-related MSD [ 4].

Recently, a growing number of studies have focused on biomechanical, physiological,
and subjective stress and strain parameters for determining the impact of using exoskele-
tons on the musculoskeletal system during occupational tasks [ 6]. Passive back-support
exoskeletons (BSEs) were shown to potentially reduce physical strain in the supported
body area in experiments including dynamic tasks such as lifting [ 7-11] and in tasks with a

Int. J. Environ. Res. Public HealtR022 19, 9965. https://doi.org/10.3390/ijerph19169965

https://www.mdpi.com/journal/ijerph



Int. J. Environ. Res. Public Health022 19, 9965 2 of 25

static forward bent posture [ 12-16]. Describing the short-term in uence of exoskeletons
on physical stress and strain parameters in the supported body area is one important
step toward identifying potential strategies for relieving these speci ¢ musculoskeletal
structures in the wearer.

However, the nature of many exoskeletons is shifting the mechanical load from one
area to a different area or areas of the body [5], which raises concerns about excessive
biomechanical stresses on these other areas4,17]. In this context, potential side effects of
using BSEs have been examined using parameters such as muscle activity and perceived
discomfort outside the target region [ 10-12,18-23]. With respect to side effects, ndings for
strain parameters in the legs, i.e., mean muscle activity and perceived discomfort have been
inconsistent. Some studies report decreases 12,20-22], others report increases [10,11,18-20],
or no statistically signi cant changes [ 10-12,18,19,23,24]. The ambiguous ndings of the
available studies and the fact that only few focused extensively on possible side effects in
the leg region of using a BSE show that it is unclear whether and how using a BSE affects
the musculoskeletal system of the lower limb [ 6].

To ensure the safe application of BSEs, including the aim of promoting workers' health
in physically demanding work, it is imperative to further investigate potential side effects
(i.e., potential adverse consequences) of their use. An evaluation of biomechanical joint
loading might also give more insight into load transfers or load shifts to other (i.e., non-
supported or non-targeted) body areas caused by using a BSE [,25]. Although the back,
shoulder, and neck are much more commonly affected by MSD than the knee, Govaerts et al.
(2021) reported a 33% overall prevalence of work-related MSD in the knee among industrial
workers [26]. Moreover, there is reasonable evidence that knee disorders are related
to physical work exposures partially similar to those reported for back pain, including
awkward postures, lifting, and task repetition [ 1,27]. To the authors' knowledge, so far
there has been no published study focusing on the mechanical loading of lower limb joints,
particularly the knees, when using a BSE. Hence, the aim of this study was to evaluate
the horizontal (anteroposterior) and vertical forces acting on the tibiofemoral joints when
using a BSE (Laevd®, Delft, The Netherlands) during simulated industrial work tasks. For
this purpose, a self-developed two-dimensional inverse quasi-static biomechanical model
was used. We hypothesized that the horizontal and vertical median and 90th percentile
tibiofemoral forces increase when using the Laevo® exoskeleton.

2. Materials and Methods
2.1. Sample Size and Study Design

This manuscript comprises one section of a broader, exploratory laboratory experi-
ment, evaluating the effects of the Laevo® V2.56 exoskeleton on physiological and biome-
chanical parameters using a within-subject-design [ 28] (registered at ClinicalTrials.gov,
NCTO03725982). A Single Williams Latin Square design [29] for six conditions ((1) Exoskele-
ton: Laevo® exoskeleton (EXO) vs. Control, (2) Task Staticvs. Dynamic, (3) Lifting style:
Stoopvs. Squa) was used to determine the sample size of 36 and to randomize the order
of the main experimental tasks in this study. In addition, a Double Williams Latin Square
design [29] was applied to randomize three Trunk orientationconditions for the tasks. The
order of randomization resulted from drawing lots.

2.2. Participants

Thirty-nine male subjects were recruited to participate in the study, of which three
subjects had to be excluded due to time restrictions (N = 1) or not meeting the BMI
criterion (N = 2). Thirty-six healthy males completed the experiment, of which data
from 29 subjects (mean age 25.9 ( 4.4) years, mean body height 179.0 ( 6.5) cm, mean
body weight 73.6 9.4 kg) were used for the outcome measures described here. The
force plate data from seven subjects could not be used due to technical issues. Inclusion
criteria were: male gender, age (18—40 years), BMI (18.5-30 kg/n?f), and absence of any
acute or cardiovascular diseases, physical disabilities, systemic diseases, or neurological



Int. J. Environ. Res. Public Health022 19, 9965

30f25

impairments that would not allow subjects to perform the tasks or wear the exoskeleton.
BMI was calculated by measuring body height and weight, while the other inclusion
criteria were assessed according to subjects' self-report. These restrictions in our study
sample were chosen to avoid possible moderating in uences of sex/gender, age, or even
body composition, which have not previously been studied. Furthermore, male subjects
were chosen due to the domination of males in the manufacturing industries. The Laevo ®
exoskeleton is only adjustable to a restricted extent and might therefore not t to all body
dimensions (e.g., female body composition, BMI > 30 kg/m 2) We chose a rather young
age group to ensure that all subjects were able to perform the tasks without an early
onset of fatigue.

The study was designed according to the Declaration of Helsinki and approved by the
Ethics Committee of the University and University Hospital of Tubingen (617/2018B0O2).

2.3. Exoskeleton

We evaluated the passive exoskeleton Laevd® (V2.56, Laevo B.V., Delft, The Nether-
lands; 2.8 kg), which supports the back during work tasks such as lifting a load and
tasks requiring forward bending postures. Torque generation is provided by two two-
dimensional joints (“smart joints”) with gas pressure springs that are attached to a hip belt
located close to the pivot point of the hip joints. Two rigid bars connect the joints to a chest
pad placed over the upper part of the sternum and to two leg pads placed over the thighs.
The smart joints can be turned on and off, and the joint exion angle at which the support
should begin can be set (range 0-45, increments of 5 ). The exoskeleton was adjusted to t
the subject's physique in two ways: First, by varying the size of the exchangeable rigid bars
connecting the chest pad and the smatrt joints resulting in a chest-to-smart joint distance of
405 mm (S-size) or 435 mm (L-size). Secondly, by adjusting the smart joint support angle to
avoid contact forces while standing upright (depending on the subject's torso composition).
The force was measured and controlled using an integrated force sensor in the chest pad
(38 10 mm; Type KM38-1kN, ME-Messsysteme GmbH, Henningsdorf, Germany). The
leg-pad-to-smart joint distance could not be adjusted and was always 200 mm.

2.4. Experimental Procedure and Tasks

A 1.5-h visit to our laboratory was mandatory 1-5 days prior to participating in the
experiment. This visit included information about the study procedure and signing an
informed consent form. Inclusion and exclusion criteria were clari ed, anthropometric mea-
surements were collected, and subjects were familiarized with the exoskeleton and tasks.
On the day of the experiment, which lasted 4 h, the subject was prepared with the measure-
ment equipment required for the outcome measures and performed a series of experimental
tasks [11,19,24]. This manuscript considers six experimental task conditions ( Static-EXO;

Static-Control; Dynamic-EXO-Stoop; Dynamic-Control-Stoop; Dynamic-EXO-Squat; Dynamic-

Control-Squat cf. Figure 1) and focusses on the outcome measures related to knee forces
(i.e., tibiofemoral forces).
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Figure 1. (a) shows the sequence of the six experimental conditions; two static and four dynamic:

Static-EXO; Static-Control; Dynamic-EXO-Stoop; Dynamic-Control-Stoop; Dynamic-EXO-Squat; Dynamic-

Control-Squat.The six conditions were performed in randomized order, and each was performed in a
set of three Trunk orientations.Each set of static sorting tasks lasted 330 s, and each set of dynamic
lifting tasks lasted 375 s. (b) shows one set of one experimental task. Trunk orientationg(left/frontal/right)
were performed in randomized order. Figure modi ed after Bar et al. (2022) [ 16].
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The experimental tasks were performed while standing on a force plate in front of a
table that was adjustable according to the subject's height. The feet position was de ned
prior to the experiment and kept constant during each task by using markings on the
force plate (Figure 2). The feet position was de ned while the subjects were instructed to
stand comfortably upright with their feet positioned evenly and facing straight ahead. The
distance to and height of the table was adjusted to allow the subject to perform the sorting
or lifting task in the required body postures (explanation below). The six experimental
conditions were performed in sets of three trials, with each trial performed in one of the
three trunk orientations. Therefore, the sorting or the lifting box was placed to the front, in
a 45 rotation to the left, orin a 45 rotation to the right from the sagittal plane. Reported
results in the frontal direction include both knees when the work tasks were performed
without trunk rotation. The reported ipsilateral results refer to both trunk orientations (left
and right), including the knee belonging to the body side that coincides with the direction
of trunk orientation. The reported contralateral results refer to both trunk orientations (left
and right), including the knee belonging to the side of the body opposite to the direction of
trunk orientation.

Figure 2. Force plate prepared with a coordinate system and with the individually pre-adjusted and
pre-marked foot positions for the different tasks (static and dynamic). Marked landmarks were the
heel in line with the Achilles tendon, medial and lateral malleolus, medial and lateral sesamoid, and
the forefoot. Tape was placed on the subjects' shoes and on the force plate, and a connecting line was
drawn between each pair of foot-to- oor tape markings considering the above outlined landmark
positions. The malleolus markers were later used to determine the x and y coordinates of the ankle
joint centers for both feet; by calculating the midpoints of the lateral and the medial malleoli.

The simulated static work task included sorting screws and pins while keeping the
trunk in a 40 forward bent posture in the sagittal plane, following the tangent line of a
two-dimensional gravimetric position sensor (PS12-11; Thumedi GmbH & Co. KG, Thum,
Germany) that was placed on the skin over the spinous process of the 10th thoracic vertebrae
(T10). The examiner monitored the signal on a screen. Additionally, the subjects were
instructed to almost completely extend but never overstretch their knees (stoop knee
posture) and to keep their feet in the pre-marked position. The height of the table was
adjusted and the y-position of the feet was set while the subjects remained in the forward
bent posture, comfortably reaching the sorting material with their hands while their elbows
were exed at approximately 135 . The sorting task lasted 90 s without moving the feet,
legs or trunk, and was performed in the two following conditions: with or without the
exoskeleton (Static-EXOvs. Static-Contro). The subjects rested for 30 s between each trunk
orientation and for 120 s after each static experimental condition. (Figure 3a—c).
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Figure 3. Subjects performing the experimental work tasks using the exoskeleton. (a—) [16] show
the static sorting task in three Trunk orientationconditions: (a) frontal, (b) right orientation, ( c) left
orientation. (d,e) show the dynamic lifting task to the front, performing ( d) the squat style and (e) the
stoop style.

The simulated dynamic work task included lifting and lowering an 11.6 kg load (i.e., a
10 kg load placed into a 1.6-kgbox [W D Hof60 40 22 cm]with handles on both
sides [19 cm]). The pre-de ned body posture for adjusting the table included bending the
upper body ata 70 exion-angle in the sagittal plane, controlled similarly to the static task,
with the legs almost completely extended but not overstretched. The upper arms hung
perpendicular to the platform with an elbow exion of approximately 160 while holding
the handles of the box. Each dynamic experimental condition consisted of two sets of ve
consecutive lifts, keeping a pace of 5 s per lift, timed by an acoustic signal. The subjects
rested for 35 s between both sets. Each lifting repetition included the following movements:
(1) starting in an upright standing position, bending the trunk forward and picking up the
load; (2) resuming the upright position while holding the load close to the body in front
of the pelvis with exed elbows; (3) lowering the load by bending the trunk forward and
returning the load to its original position; (4) resuming the initial upright standing position
without the load. The lifting task was performed in the following four conditions: with or
without the exoskeleton, and holding the knees almost extended (stoop style) or bending
the knees (squat style) while lifting ( Dynamic-EXO-Stoopvs. Dynamic-Control-Stooprs.
Dynamic-EXO-Squatvs. Dynamic-Control-Squat The subjects rested for 60 s between each
trunk orientation and for 180 s after each dynamic experimental condition (Figure 3d,e).

All tasks were approved for their work-related relevance by consulting seven industrial
companies who were already testing or had interest in testing BSEs in their companies. The
applied tasks and their executions, i.e., body postures, lifting frequency, working height,
have best represented the real work situations of these consulted companies.
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2.5. Measurement and Data Analysis

The outcome parameters to assess the forces acting on the tibiofemoral joints during
the dynamic work task were 50th and 90th percentile horizontal (anteroposterior) forces
(HOR50, HORgg), and 50th and 90th percentile vertical forces (VERTgg, VERTgg). They were
considered as median and peak knee loads during the lifting tasks. During the static work
task, only HOR 5 and VERTs were estimated, since the static body posture over the 90-s
sorting task period would induce 90th percentile forces which do not differ much from
the median forces. To estimate the forces acting on the knee joints, an inverse quasi-static
model was developed, since no established model incorporating the Laevo ® exoskeleton
that could be applied was available (see Appendix A for a detailed explanation of the
model). Quasi-static models have been used previously to detect the risk of injury in
industrial workers [ 30]. For the model, subjects' anthropometrics, including body height,
segment lengths, and segment weights [31-33], distances between the devices' contact
points, lower limb posture, ground reaction forces below the feet, and the force between
the chest and the exoskeleton's contact surface, were recorded.

To measure the lower limb posture, we used gravimetric inclination sensors connected
to a sampling and storage device (PS12-11 with 2.5D-gravimetrical sensors; THUMEDI
GmbH & Co. KG, resolution 0.1 and 125 ms in time; maximum static error 0.5 ; maxi-
mum repetition error 0.2 ) attached to the skin over the anterior tibia and femur using
double-sided adhesive tape (25 20 mm, 3M transparent Medical Standard, Top Secret®,
Gesellschaft fir Haarasthetik mbH, Firth, Germany). The measurement system con-
tinuously recorded the anteroposterior and lateral inclination angles respective to the
gravitational axis. Possible angular offsets caused by individual placement of the sensors
at the tibia and femur were neutralized using the measurement values of a 5-s upright
standing period recorded prior to the experiment.

Ground reaction forces were continuously recorded using a three-dimensional force
plate that was linked to a signal conditioner and digitizer (FP9090-15-1000; Analog and
Digital Ampli er AM6800; resulting resolution 0.5 N and 125 ms in time; overall maximum
error 6 N; Bertec Corporation, Columbus, OH, USA). The resulting digital force signals
were continuously recorded by self-developed software (University Hospital Tubingen)
using the Bertec “Device interface Library for NET”, which allows recoded data to be
synchronized with data captured by the inclination sensors placed on the lower limbs.

The force plate's platform was prepared with a coordinate system to determine the
subject's standing position, which was kept constant for the static and dynamic tasks (see
2.4 Experimental procedure and tasks; Figure 2). The points forming the tangent between
the lateral and medial malleoli were marked on the coordinate system and used for further
calculations. Prior to each measurement session, a self-calibration procedure was executed
to remove possible offsets, for example, caused by temperature variations. The position
measurement accuracy was regularly checked by placing a 2 kg weight on ve prede ned
locations on the force plate (at the center and close to the four corners); accuracy was
accepted with measured location errors < 10 mm.

The support moment of the exoskeleton was estimated by measuring the contact force
between the Laevo® exoskeleton and the chest using a @38 mm 10 mm thick force sensor
(Type KM38-1kN, ME-Melsysteme GmbH, Henningsdorf, Germany; resolution 0.1 N;
maximum error 1% = 10 N, shown to be <2.5 N in this study setting) that was manually
integrated in the chest pad of the exoskeleton and connected to the previously described
sampling and storage device (PS12-1, 24 Bit physical resolution, 4096 Hz sampling rate).

Several of the subjects' anthropometrics (i.e., body height, body weight), segment
lengths, and distances (i.e., shank and thigh lengths, distances between sesamoid and
malleolus) and segment distances of the exoskeleton (i.e., distance between joints and
contact points) were included in the model for the force calculations (Cf. Appendix A).
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2.6. Statistical Aanalysis

The normal distribution of the histograms of the outcome par ameters was inspected
visually and the absolute z-values of the skewness and kurtosis of the data were judged
to be valid for statistical evaluation [ 34]. We used repeated-measures analyses of variance
(RM-ANOVA) with fixed factors Exoskeleton (E), Trunk orientation (TQynd (E  TO) to
analyze differences between the experimental conditions (1) Static-EXO vs. Static-Control
for the outcome parameters HOR5y and VERTgg. We used RM-ANOVA with fixed fac-
tors E, TO, Lifting Style (LS), E TO,E LF,TO LS,andE TO LSto analyze dif-
ferences between the experimental conditions (2) Dynamic-EXO-Squatvs. Dynamic-Control-
Squat and (3) Dynamic-EXO-Stoopvs. Dynamic-Control-Stoogdor the outcome parameters
HOR5, HORgg, VERTso, VERTgy. However, only the findings including the  Exoskeleton
condition are presented in the results section. To evaluate the static sorting task, we in-
cluded the full 90-s periods. To evaluate the dynamic liftin g task, we included only the two
phases including the weight: (2) resuming the upright posit ion while holding the load and
(3) lowering the load by bending the trunk forward and return ing the load to its original
position. If statistically significant interaction effec ts occurred, Student's t-tests were used for
post-hoc pairwise comparisons. Further interpretations o nly considered the relevant compar-
isons (i.e.,EXO vs. Control within each Trunk orientation ipsilateral frontal, contralateral within
eachLifting style: Stoop, Squatnd within the combination of Trunk orientationand Lifting style).
For fixed effects, F-values, p-values, and effect size partial eta squared (hFZJ) were calculated
using the F-ratios strategy [35], and for the post-hoc pairwise comparison, T-value, p-value,
and effect size Cohen'sd were calculated using the pooled standard deviation strate gy [36]. In
agreement with Cohen [ 36] and F-ratios strategy [35], effect sizes were interpreted as small
(hg 0.02;d 0.2), medium (h 0.13-0.259d 0.5-0.79), or large b3  0.26;d  0.8). For
pairwise comparisons, we accepted significance levels of 0.05 for fixed effects, and of

0.00333forE  TO, 0.00833forE LS, and 0.00076 forE TO LS(Bonferroni
correction for 15, 6, and 66 possible comparisons, respectvely). JMP® (Version 14.2.0, SAS
Inc., Carry, NC, USA) was used for statistical evaluations.

3. Results

Median values with corresponding interquartile ranges (IQR) and differences between
EXO and Controlare provided in Table 1 for the main comparisons of the static and dynamic
work tasks, in Table 2forthe E  TOandthe E LScomparisons for the static and dynamic
work tasks, and in Table 3forthe E  TO LS comparisons of the dynamic work task.
The related statistics for the main effects of the Exoskeletormondition ( EXO vs. Control) and
the interaction effectsfor E  TO,E LS,andE TO LSare provided in Appendix B
(Table A5) for all examined work tasks. All relevant pairwise comparisons for variables
with signi cant interaction effects are provided in Appendix B (Table A6) for static and
dynamic work tasks.

Table 1. Median knee force values and corresponding interquartile ranges (IQR), absolute and relative
differences showing EXO compared to Control for static and dynamic work tasks (main interactions).

Knee Force Control Knee Force EXO Difference
Work Task Parameter (N] (N] (EXO-Control )
Median (IQR) Median (IQR) [N] %
Stati HORs5g 49.69 (57.28) 46.45 (97.75) 3.24 6.5%
atic VERTs5o 693.05 (527.15) 700.09 (478.77) 7.04 1.0%
HORs5g 52.71 (78.66) 36.56 (96.11) 16.15 30.6%
HORgg 251.91 (279.74) 246.99 (314.22) 4.92 2.0%
Dynamic
VERTs0 596.91 (376.75) 635.64 (375.45) 38.74 6.5%
VERTgg 1010.14 (604.72) 1041.61 (599.21) 31.47 3.1%
Signi cant differences are shown in bold ( p-value 0.05). Effect sizes ( large effect size (hﬁ 0.26); medium

effect size (h% 0.13)) are shown for the signi cant differences. Detailed statistics are displayed in Appendix B.
N = newton; HOR 5q = 50th percentile of the horizontal force; HOR gg = 90th percentile of the horizontal force;
VERTj5q = 50th percentile of the vertical force; VERT g9 = 90th percentile of the vertical force.



Int. J. Environ. Res. Public Health022 19, 9965

8 0of 25

Table 2. Median knee force values and corresponding interquartile ranges (IQR), absolute and
relative differences showing EXO compared to Control for static and dynamic work tasks (two-fold

interactions (a) EXO  Trunk orientationand (b) EXO  Lifting style).
@ Knee Force Control Knee Force EXO Difference
[N] [N] (EXO-Control )
Work Task Parameter Trunk Orient Median (IQR) Median (IQR) [N] %
ipsi 57.63 (67.71) 60.11 (122.75) 2.48 4.3%
HOR5o front 73.32 (44.90) 88.02 (70.05) 14.69 20.0%
Stat cont 20.73 (23.37) 5.47 (48.34) 26.19 126.4%
atic
ipsi 896.48 (423.04) 904.65 (433.03) 8.17 0.9%
VERTso front 765.16 (202.38) 839.40 (232.69) 74.24 9.7%
cont 307.59 (168.52) 349.64 (173.52) 42.05 13.7%
ipsi 67.12 (96.00) 56.41 (109.21) 10.70 15.9%
HOR5o front 69.63 (84.01) 59.84 (105.20) 9.78 14.1%
cont 29.84 (41.02) 3.53 (53.79) 26.30 88.2%
ipsi 365.43 (326.53) 371.04 (346.22) 5.62 1.5%
HORgo front 287.50 (178.97) 309.12 (224.50) 21.62 7.5%
. cont 95.25 (115.99) 78.93 (110.65) 16.32 17.1%
Dynamic
ipsi 767.35 (418.68) 806.37 (413.84) 39.03 5.1%
VERTsg front 652.35 (313.27) 696.94 (300.28) 44.59 6.8%
cont 409.13 (243.75) 421.87 (233.23) 12.74 3.1%
ipsi 1406.16 (745.10) 1439.82 (723.97) 33.66 2.4%
VERTgo front 1009.79 (529.94) 1057.44 (499.05) 47.65 4.7%
cont 798.45 (306.43) 809.17 (306.52) 10.72 1.3%
() Knee force Control Knee force EXO Difference
[N] [N] (EXO-Control )
Work Task Parameter Lifting Style Median (IQR) Median (IQR) [N] %
HOR Squat 90.30 (107.91) 61.75 (112.25) 28.55 31.6%
50 Stoop 71.15 (102.42) 75.53 (149.61) 4.39 6.2%
HOR Squat 301.63 (338.34) 261.76 (358.53) 39.87 13.2%
) 90 Stoop 274.26 (286.83) 303.18 (349.62) 28.91 10.5%
Dynamic
VERT. Squat 613.48 (354.58) 653.30 (376.70) 39.82 6.5%
50 Stoop 822.45 (681.98) 840.92 (658.81) 18.47 2.2%
VERT. Squat 1006.89 (451.76) 1054.35 (481.07) 47.45 4.7%
90 Stoop 1343.11 (823.42) 1322.57 (771.82) 20.53 1.5%
Signi cant differences for the post hoc analyses are shown in bold ( p-values 0.00333 forE  TO and
0.00833 forE  LS). Effect sizes ( large effect size d 0.8); small effect size (d 0.2)) are shown for
the signi cant differences. Detailed statistics are displayed in Appendix B. N = newton; Trunk Orient = Trunk
orientation; HOR 5 = 50th percentile of the horizontal force; HOR go = 90th percentile of the horizontal force;
VERTSs5 = 50th percentile of the vertical force; VERT 9o = 90th percentile of the vertical force; ipsi = ipsilateral
front = frontal; cont = contralateral
Table 3. Median knee force values and corresponding interquartile ranges (IQR), absolute and relative
differences showing EXO compared to Control for the dynamic work task (three-fold interactions
EXO Trunk orientation Lifting style).
Knee Force Control Knee Force EXO Difference
Parameter  Lifting Style  Trunk Orient [N] [N] (EXO-Control )
Median (IQR) Median (IQR) [N] %
ipsi 126.78 (142.73) 101.62 (146.48) 25.15 19.8%
Squat front 101.04 (91.74) 74.35 (92.33) 26.69 26.4%
o cont 50.36 (65.39) 19.57 (69.46) 30.79 61.1%
HOR50 —
ipsi 94.59 (117.18) 107.05 (159.15) 12.46 13.2%
Stoop front 118.36 (90.48) 142.74 (124.94) 24.39 20.6%
cont 29.43 (33.49) 4.26 (58.56) 25.17 85.5%
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Table 3. Cont.
Knee Force Control Knee Force EXO Difference
Parameter  Lifting Style Trunk Orient [N] [N] (EXO-Control )
Median (IQR) Median (IQR) [N] %

ipsi 509.26 (462.72) 481.07 (404.54) 28.19 5.5%

Squat front 284.71 (173.79) 258.84 (238.40) 25.87 9.1%

HOR cont 151.54 (232.13) 109.48 (160.99) 42.06 27.8%
%0 ipsi 361.67 (233.48) 406.50 (313.69) 44.83 12.4%
Stoop front 346.07 (133.70) 392.77 (169.43) 46.70 13.5%

cont 70.81 (67.34) 60.19 (88.21) 10.61 15.0%
ipsi 833.72 (360.54) 891.83 (325.38) 58.10 7.0%
Squat front 623.58 (225.56) 667.24 (236.27) 43.66 7.0%

VERT. cont 393.07 (290.35) 387.06 (261.02) 6.00 1.5%
>0 ipsi 1125.73 (771.99) 1142.44 (708.87) 16.72 1.5%
Stoop front 1006.42 (431.70) 1022.66 (423.27) 16.24 1.6%
cont 413.25 (324.03) 439.88 (323.31) 26.63 6.4%
ipsi 1319.08 (557.25) 1387.66 (541.02) 68.58 5.2%
Squat front 933.70 (363.33) 976.06 (373.88) 42.36 4.5%
VERT cont 864.42 (365.11) 868.97 (335.23) 4.56 0.5%

%0 ipsi 1912.96 (760.15) 1858.51 (796.44) 54.45 2.8%
Stoop front 1396.92 (510.29) 1399.91 (467.59) 2.99 0.2%
cont 856.06 (364.26) 868.64 (359.74) 12.58 1.5%

Signi cant differences of the post hoc analyses are shown in bold ( p-value 0.00076 forE TO LS). Effect
sizes ( medium effectsize (d 0.5); small effectsize (d 0.2)) are shown for the signi cant differences. Detailed
statistics are displayed in Appendix B. N = newton; Trunk Orient = Trunk orientation;HOR 5o = 50th percentile of
the horizontal force; HOR g¢ = 90th percentile of the horizontal force; VERT sg = 50th percentile of the vertical force;
VERTyo = 90th percentile of the vertical force; ipsi = ipsilateral front = frontal, cont = contralateral

3.1. Static Task

In the static work task, Exoskeletomad no signi cant main effect on HOR 5. However,
there was a signi cant interaction effect for E ~ TO (p < 0.00l;h% = 0.496), including a
signi cant pairwise comparison for the contralateralside (p < 0.001;d = 0.912), which
showed a reduction when using the EXO ( 126.4%) (Cf. Appendix B).

The main effect of Exoskeletomvas signi cant for VERT 5q (p = 0.0ll;h% =0.209); the
acting force increased (1%) when using the EXO. There was no signi cant interaction effect
for E  TO on VERTgq (Cf. Table 1 and Appendix B).

3.2. Dynamic Task

Performing the dynamic work task, Exoskeletomad a signi cant main effect on HOR gq
(p= 0.0lZ;h% = 0.205) with signi cant interaction effectsfor E  TO (p< 0.00l;h% = 0.455),
E LS (p < 0.001; h% = 0.471), andE TO LS (p = 0.002; h% = 0.201). Pairwise
comparisons for E  TO were signi cant only for contralateral(p < 0.001;d=0.493.
Pairwise comparisons for E LS was signi cant only for Squat(p < 0.001;d = 0.261).
Pairwise comparisonsfor E  TO LSwere signicantfor E ipsilateral Squat(p < 0.001;
d= 0.195), forE frontal Stoop(p < 0.001;d=0.597), forE contralateral Squat
(p<0.001;d = 0.487), and forE  contralateral Stoop(p < 0.001;d = 0.717). (Cf.
Appendix B) EXO decreased HORsg when performing the task in  Squat stylen all directions
( 61.1— 19.8%), and increased HORy when performing the Stoop stylen ipsilateraland
frontal (+13.2; +20.6%) and decreased HORy when performing the Stoop styleén contralateral
( 85.5%) (Cf. Table3).

Exoskeletomad no signi cant main effect on HOR ¢o. However, there was a signi cant
interaction effectfor E TO (p<0.001;hZ =0.292) andE LS (p = 0.006;h3 = 0.236), but
without reaching statistical signi cance in the relevant pairwise comparisons and without
interaction effects for the threefold interaction E  TO LS (Cf. Appendix B).
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Exoskeletomad a statistically signi cant main effect on VERT 5q (p < 0.001;hfJ =0.376)
without any signi cant interaction effects (Cf. Appendix B). VERT5q slightly increased
when using the EXO ( 7%) (Cf. Table3).

Using the EXO had no signi cant effect on VERT g (Cf. Appendix B).

3.3. Support Moment

Descriptive information about the 50th and 90th percentile support moment of the
exoskeleton while performing the work tasks is provided in Table 4.

Table 4. Median values and corresponding interquartile ranges (IQR) showing the support moment
provided by the exoskeleton.

) Static Task Squat Lifting Stoop Lifting
Support Moment [Nm] Trunk Orient
Median (IQR) Median (IQR) Median (IQR)
ipsi 22.72 (7.26) 19.94 (13.21) 19.05 (16.21)
50th Percentile front 23.24 (4.81) 20.79 (15.19) 20.93 (16.90)
cont 22.72 (7.26) 19.94 (13.21) 19.05 (16.21)
ipsi NA NA 29.15 (11.97) 30.25 (10.43)
90th Percentile front NA NA 32.04 (10.61) 32.23 (11.09)
cont NA NA 29.15 (11.97) 30.25 (10.43)

Trunk Orient = Trunk orientation Nm = Newtonmeter; ipsi = ipsilateral front = frontal; cont = contralateral

4, Discussion

Numerous studies have evaluated the use of occupational BSEs on short-term changes
in physical stress and strain parameters in the body region supported by the exoskeleton.
Only a few studies also investigated potential side effects of using occupational BSEs [6].
Therefore, the present study includes the evaluation of biomechanical knee joint loading
when using a BSE. Using the Laevd® exoskeleton had a variable in uence on the antero-
posterior acting horizontal forces, which seems to depend on the work task execution
(e.g., lifting style) or posture (e.g., trunk orientation). Yet it remains unclear, whether the
occurring changes are relevant in terms of knee joint health. Furthermore, vertical acting
forces slightly increased due to the exoskeleton's weight itself.

When performing the static sorting task in a forward bent static upper body posture
with lateral trunk orientation, the ipsilateral knee was heavily loaded and the contralateral
knee was almost unloaded. With respect to the horizontally acting forces on the femoral
part of the knee joint, only the contralateral knee was signi cantly in uenced by wearing
the EXO. Without the EXO, the force mainly acted in anterior direction ( Static-Control-
contralateral:20.7 23.4 N), and with the EXO in a more posterior direction ( Static-EXO-
contralateral 5.5 48.3 N). The mechanical principle of transmitting load from the back
to the leg pads via smart joints induced a translation force directed backwards onto the
thighs [12], causing a posteriorly directed knee force.

Performing the dynamic work task using the EXO had an overall in uence on HOR s,
The major effect for work direction was observed on the contralaterakide, reducing the ante-
riorly directed HOR 5q for both Lifting styles(Squat-contralateral 61.1%;Stoop-contralateral

85.5%), while still being anteriorly directed ( Squat-EXO-contralaterali9.6 69.5 N; Stoop-
EXO-contralateral 4.3 58.6 N). Withinthe E  LSinteraction, only the Squat stylehad a
signi cant effect, reducing the anteriorly directed HOR 5g even during frontally directed
work and on the ipsilateral side during lateral work. In contrast, HOR 5gtended to increase
when performing Stoop styldifts during frontally directed work and during laterally di-
rected work on the ipsilateral side, similar to our ndings for the static work task. Both
tasks were performed while maintaining almost extended knee postures compared to the
Squat style(median exion in Static 19.7 ; median and peak exion in Dynamic_Stoop
17.7 , 31.8 ; median and peak exion in Dynamic_Squat39.2 ,73.7 (0 exion referring
to fully extended knees)). Therefore, it is most likely that the effects of using the Laevo ®
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exoskeleton on horizontal knee forces depend on the wearer's body posture (i.e., the knee
exion angle).

Shear force magnitudes and directions (anteriorly vs. posteriorly directed) have been
shown to vary depending on knee exion angles in isokinetic knee extension tasks [ 37,38].
As described in two associated publications [ 11,16], using the EXO led to more exed knee
joints in the static and dynamic tasks. The changes were most prominent in those tasks that
included stoop postures ( Staticc Dynamic_Stooj particularly contralateral+95% in Static;
+78.8% in Dynamic_Stoopwhere we also detected most HOR5o changes when using the
EXO. Accompanying the knee joint angle changes, the hip joints were also more exed
by the subjects when using the EXO, particularly in those tasks including stoop postures
and observing the contralateralside [11,16]. Further, the support moment of the Laevo © has
been shown to depend strongly on the exion angle of the smatrt joints which are located
close by the hip pivot points [ 13]. Therefore, the leg pad pressure acting on the thighs must
depend on the hip exion angle, further in uencing the horizontally acting knee forces.

Using the EXO had no effect on HORgg. It is likely that the EXO does not substantially
alter peak horizontal forces when lifting and lowering a load in  Stoopand Squat Lifting
styles Therefore, the Laevo® presumably does not induce high peak horizontal loads on
the knee joint. However, substantial time spent on knee straining work tasks, including
those tasks without substantial force peaks (e.g., holding a posture), has been reported
to be an important risk factor for musculoskeletal disorders in the knee [ 39,40]. Whether
exoskeleton-induced changes in HOR5g can increase the risk for MSD is beyond the ndings
of the present study.

To our knowledge, there is no evidence on quantitatively reported knee forces in
industrial work tasks and on potential changes induced by workplace interventions. Fur-
ther, existing evaluations of knee forces, e.g., during daily activities, have been evaluated
using different methods (i.e., in vivo measurements via telemetry, different biomechanical
models) [41], which makes comparisons dif cult. However, in previous studies, anteri-
orly directed knee forces evaluated during activities of daily living (i.e., walking, ascend-
ing and descending stairs, rising from or sitting down in a chair, single or two-legged
stance) were reported to range from 0.04—1.6 times body weight (  BW) (peak) [37,42—46]
and 0.09-0.18 BW (mean) [43], and during squatting from 0.11-0.15 BW (peak) and
0.02 BW (mean) [42,43]. Posteriorly directed horizontal forces were reported to range
from 0.23-1.7 BW (peak) and 0.12-0.34 BW (mean) [37,43,44] during daily activities,
and from 0.2-3.6 BW (peak) [37,47] during squatting. Neglecting bias due to insuf cient
comparability between methods and roughly approximating our data into a multiple body
weight ( BW) metric (by dividing each measured force value [N] by the mean body weight
of all included subjects (722.02 N)), we obtained the following forces when using the EXO:
Anteriorly directed horizontal knee forces of 0.12 BW (median) for static work tasks
and 0.20 BW (median),and 0.67 BW (peak) for dynamic work tasks. Posteriorly
directed horizontal knee forces of <0.01 BW (median) only for the static task. This is
within the force ranges reported for the common activities of daily living, although we
included straining postures and additional loads. Therefore, it is possible that using the
Laevo® does not exert horizontal forces on the knee joints exceeding typical loads. How-
ever, the risk of developing degenerative MSD, such as osteoarthritis in the knee joint, has
been shown to be related to cumulative loading over prolonged durations [ 40,48-50]. In
Germany, osteoarthritis of the knee and meniscal lesions are listed as occupational diseases
for which cumulative knee exposure is an important factor for their recognition [ 51]. In
this context, future research should address a possible negative contribution of BSE use on
cumulative loading of the knee joint.

Using the EXO had medium to large signi cant effects on VERT s5q. The force increased
in the static work task by 0.9-13.7% (8.2—74.2 N) and up to 7.0% (58.1N) in the dynamic
work task, without being in uenced by  Trunk orientationor Lifting style. EXO had no effect
on VERTgq. It can be assumed that the increases in VERTEgy were mainly caused by the
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exoskeleton's own weight (39 N; including the inbuilt force sensor), but probably not by
any additional load transfer from the back to the legs.

Vertical acting knee forces have been reported to range between 1.0-10.0 BW (peak)
for activities of daily living [ 37,44,46,52-55], and to range between 0.3-5.6 BW (peak) for
squat tasks [37,47,54-5€]. In the present study, when approximating the data into BW
metrics, the vertical forces with using the EXO resulted in 0.48-1.25 BW (median) for
the static task, with 0.54-1.58 BW (median), and 1.2-2.57 BW (peak) for the dynamic
work tasks. Similar to HOR, this lies within the range of the reported vertical forces when
neglecting bias due to insuf cient comparability between methods. However, in terms of
cumulative knee loading as a risk factor for MSD of the knee, the weight of a BSE may
represent a relevant additional load on the musculoskeletal system of the lower limbs.
While the weight with 2.8 kg of the Laevo ® exoskeleton is rather light, other commercially
available BSEs weigh up to 7 kg [57].

Until now, mainly muscle activity has been observed to estimate possible side effects of
using BSEs p]. The loading of the knee joints is highly in uenced by forces exerted by the
knee extensor and exor muscles [58]. Therefore, it is likely that changes in occurring knee
forces are accompanied by a changed activity of these muscle groups. Previous studies have
reported that the knee extensor muscles are only slightly in uenced by the use of the Laevo ©
exoskeleton [9,11,16,1859]. However, the activity of the gastrocnemius medialis muscle
(GM) increased in all dynamic contralaterakonditions, possibly due to postural changes [ 11],
and the activity of the biceps femoris muscle (BF) decreased across all conditions as reported
in two associated publications [ 11,16], possibly due to the supporting nature of the EXO for
hip extension [11,12,1€]. It has been reported that antagonistic coactivation of the hamstring
is one important knee joint stabilizing factor which also in uences forces acting on the knee
joint [ 58]. Both GM and BF contribute to the antagonistic muscle activity with respect to
the knee joint during the tasks observed here. Although a BSE may provoke changes in
musculoskeletal strain (e.g., muscle activity) by addressing a speci ¢ joint (e.g., supporting
hip extension), these changes also affect adjacent joints, such as the knee joint. In the present
study, changing the activity of BF and GM by using the EXO may have produced secondary
effects, such as changes of the knee joint forces. This is consistent with the assumptions of
Park et al. (2022), who evaluated a BSE during walking and discussed an accompanying
reduction in knee exion torque along with a reduction in hip extension torque due to the
hip extension support of the BSE, which may be caused by reduced BF muscle activity [ 60].

Although this was not explored further in the presented experiment, it is most likely
that possible side effects are nearly proportional to the support provided by the device,
which is caused by the load-transferring character of the BSE. According to our associated
papers, the Laeva® exoskeleton seems to provide a rather low back-relieving effect [ 11,16].
Consequently, side effects may also occur only slightly. Subsequently, using a BSE that
provides a greater amount of support to the user may also cause more accompanying side ef-
fects. Further, mechanical differences of different devices may lead to different (side) effects
due to the respective mechanical load transfer. For example, Alabdulkarim et al. (2019)
compared three exoskeleton designs of upper body support exoskeletons during simulated
overhead drilling. The ndings demonstrated signi cant differences between the three
exoskeleton designs in muscle activation of the supported area but also different muscle ac-
tivation in non-target region which can be considered as side effects [ 61]. Therefore, before
implementing a BSE, it is crucial to assess side effects that may occur for each individual
device in its current version.

4.1. Limitations

Several limitations need to be address for the current study. First, the study popu-
lation consisted of healthy male subjects aged 19 to 38 years, which does not re ect the
general working population, also including female, aging, and physically impaired persons.
Therefore, our results cannot be generalized. Second, seven out of originally 36 included
subjects had to be excluded for the knee force calculations, resulting in a sample size of
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29. Data had to be excluded due to technical issues while synchronizing the data for the
rst seven subjects. However, the body side that was prepared with the measurement
equipment was still counterbalanced (in 14 subjects on the left, in 15 subjects on the right).

Third, the Laevo® exoskeleton is only partially adaptable to its wearer's proportions. The
distance between the hip joint and the chest was chosen between two available sizes
(S, L), resulting in a lever arm of 405 mm or 435 mm. Only one of the 29 subjects used the
S-sized model. The distance between the hip joint and the leg pad was not adjustable for
the Laevo®, so the leg pads were not always placed exactly as speci ed by the manufacturer
(i.e., lower than instructed for shorter subjects). Variations in exoskeleton placement on
the body of the wearer can easily occur when such devices are applied in the eld and
must be minimized. Similarly, the exoskeleton cannot always be prevented from shifting
during all movements. However, in our experiments, the t of the Laevo ® was highly
controlled by the examiners. Fourth, all subjects underwent a one-hour familiarization
session, which might be too short to fully adapt to a routine exoskeleton use. Fifth, this
experiment included three highly controlled simulated work tasks (e.g., on working pos-
ture). A real working environment, therefore, was not re ected, and possible variations
of the exoskeletons' effects are not known. Therefore, eld studies under randomized,
controlled conditions are needed to complement laboratory studies, which only provide
initial insights into the acute possible effects of using an exoskeleton. Sixth, this study
focused on acute effects of wearing an exoskeleton. Effects induced by regular long-term
and full-shift use remain unclear and need to be investigated by long-term studies. Seventh,
we used a self-developed biomechanical inverse quasi-static model for calculating moments
and forces acting on the joints. The model includes some simpli cations that might cause
deviations from the actual occurring knee joint forces. Generally, in quasi-static models the
dynamic movements are neglected [30] which could have biased the calculated forces in the
dynamic lifting task. A comparison of a quasi-static vs. a dynamic model by Hariri et al.,
(2021) showed an underestimation of peak (19.7%) and cumulative spinal moments (3.6%)
when not including the dynamic movements into the model in manual material handling
tasks [30]. In particular, the 90th percentile knee forces could have been underestimated
in this experiment. Further, only the vertical but not the horizontal components of the
ground reaction force were included into the model. Some simpli cations regarding the
joint mechanics were adopted (i.e., neglecting torsional forces, assuming the pivot point
being central and without shifting, treating joints like pure hinge joints, neglecting forces
induced by antagonist muscles). The length of some body segments which were used
for the model was estimated in relation to the respective body length. Only one leg was
prepared with the measurement equipment (i.e., position sensors). Therefore, the force
which was generated by the exoskeleton and acted onto the thighs was distributed onto
both legs to be 50% loaded each. (Cf. Appendix A for detailed information about the model
and its limitations.) Eighth, possible speci c effects on the patellofemoral joint could not be
assessed by our analysis. Those effects may be induced by the pressure of the exoskeleton's
pad onto the anterior upper leg muscles.

4.2. Key Points

The changes detected for HOR and VERT seem rather small and may not exceed typical
ranges. However, it remains unclear what additional effect even small increases in
acting knee joint forces have on musculoskeletal knee joint health, considering the
contribution of cumulative loads to MSD of the knee.

This evaluation shows that the side effects of using an exoskeleton depend on the work
task executed (i.e., knee and trunk postures). Therefore, the decision to implement a
BSE or not needs to depend on the individual work tasks.

Back-support exoskeletons should be as light as possible, as their own weight seems
to directly increase the vertical forces acting on the knee joint.

Potential side effects, such as changes in knee joint forces, should be considered early
in the development of a BSE.
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5. Conclusions

When developing, evaluating, and applying a BSE, it is crucial to also focus on
potential side effects that might occur when using the device during occupational tasks.
We found task and posture-related changes in the loading characteristics of the knee joints
when using the Laevo® exoskeleton using our biomechanical model. Conclusions regarding
the impact on musculoskeletal health risk for the knee would be beyond the present study.
However, due to the cumulative nature of MSD, potential negative effects on the knee joints
when using BSEs should be considered by future research.
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Appendix A. Inverse Quasi-Static Model Used for the Knee Force Calculations

Table Al. Selection of variables used for the model (forces, coordinates, angles, anthropometrics and
segment measures of the subjects).

Ground reaction force (GRF) in three directions [N]: Force plate system linked to a signal conditioner and digitizer
Horizontal mediolateral (x direction) (Frjoorx) (FP9090-15-1000; Analog and Digital Ampli er AM6800; resulting
Horizontal anteroposterior (y  direction) (Frigory) resolution 0.5 N and 125 ms in time; Overall maximum error 6 N*
vertical (z direction) (Frioorz) Bertec Corporation, Columbus, OH, USA)

Ground reaction force vector coordinates (X, y) [mm] XFoor = Myl R

(XFFIoor.z)’ (yFFloor.z) yFFIoor_z = MX/ FZ
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Table Al. Cont.

Distribution of the vertical ground reaction force
(Frioorz) ONto both feet [N]

The vertical ground reaction force vector on the force plate was recorded
continuously, and the x and y coordinates of both ankle joints were kept
constant during the experiments (see explanation above). The total
ground reaction force was distributed over both feet using an equation
estimating the proportion to the ground reaction force of each foot.

FFloorAz.LeftLeg FFloar.z.RightLeg

FFloor.z.(RightLeg+LeftLeg)

Z | >
|

Frioorz(RightLegr LeftLeg 0L
(dR+ dL)

— FFIooltz(RightLeg+- LeftLeg dR
I:Floor.z.LeftLeg— (dr+dy)

Following, both legs (left and right ) being considered separately in the

model. To simplify, the terms  Frigorz LeftLeg@Nd Frioorz RightLeg
will be omitted and only the formula  Fgjgorz Will be used.

FrioorzRightLeg =

Coordinates (x, y) of both ankle joint centers of the

subjects during the experiments standing on the force

plate [mm]
(XFAnkIe) ! (yFAnkle)

The position of both feet was measured and marked prior to the
experiments and controlled to always stay in the preset position (Cf.
manuscript Section 2.4 Experimental procedure and tasks and Figure 2).
The y-position of both, the left and right forefoot was assured to be equal.
The x- and y- coordinates of the lateral and medial malleolus were
marked on the force plate and the midpoint of the tie line connecting
these two points was calculated and used to estimate the x- and y-
coordinates of the ankle joints.

Force of the Laevo® chest pad against the subject's
sternum [ V]

(FExo.Thorax)

Measured by a force sensor manually integrated in the chest pad
(diameter 38 thickness 10 mm; Type KM38-1 kN, ME-Messsysteme
GmbH, Henningsdorf, Germany), connected to a sampling and storage
device (PS12-11; Resolution: 0.1 N; estimated typical error: 0.5 N;
maximum error: 1 N)

An occurring measurement error depends mainly on undesirable shear
forces and undesirable moments acting on the sensor. Estimated typical
and maximum measurement errors were determined using known
applied forces, shear forces and moments. The shear forces and moments
that actually occur during the test were estimated in a quali ed manner.

Inclination angles of femur and tibia relative to the
perpendicular [ ]
(J Femur.yz): (J Tibiayz)

Measured by gravimetric inclination sensors connected to a sampling
and storage device (PS12-11 with 2.5D-gravimetrical sensors; THUMEDI
GmbH & Co. KG, resolution 0.1 and 125 ms in time; maximum static
error 0.5 ; maximum repetition error 0.2 )

Body mass [kg]

Measured with a scale prior to the experiment at the subjects' rst visitin
our lab; similar clothing was worn as in the experiment.

Body height [mm]

Measured during an upright stance with the back straight against a wall,
feet hip width apart, facing straight ahead.

Partial foot length (distance of the medial sesamoid
and malleolus) [mm] **

Measured between the most prominent points over the medial sesamoid
and malleolus.

Shank length [mm]
(lshank) *

Measured on the lateral outside of the shank between the knee joint gap
and the malleolus.

Thigh length [mm]

IThigh) **

Measured on the lateral outside of the thigh between the knee joint gap
and the trochanter major.
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Table Al. Cont.

Foot mass [kg]

Foot mass= body mass 0.000069+ 0.47 [33]

(Mfoo0d)
Five different sports shoes of different owners were weighed and
their relative weight to the foot mass of the owners was calculated.
Foot + shoe mass [Kg] (Moot shod The average relative shoe mass was 0.3229. To estimate the total mass
of foot plus shoe, the previously estimated foot mass was multiplied
by factor 1.3229.
Foot + shoe weight [N] (Fg Footshod Fo.Footshoe= (Foot mass shoe mags 9.81

Shank weight [N] (Fg shank

Fc.shank= (body mass 0.0375+ 0.3 9.81[33]

Distance between the ankle joint center and
the mass center of the shank[mm] (I yasscentesshank

IMassCenteshank= lshank 0-56 [32]

Distance between the ankle joint and the center of
mass (COM) of the foot (including the shoe) [mm] I MassCenteirootshoe= Partial foot |e“9”&maneo|us sesamoiy  0-5 [32]

(l MassCentelFootSho):

Radius ankle center to Achilles tendon [mm]

(r achilles)

Iachiles = body height 0.0271

The factor 0.0271 was estimated by taking measurements of ten
male subjects: measuring the distance of the virtual tangent lines of
the front- and backside of the ankle joint (on malleolus level). The
distance was divided by 2 and relatively related to the individual
subjects' body height. The average of the relative factor of the

10 subjects was calculated and used as factor.

Ipatella= body height 0.0358

The factor 0.0358 was estimated by taking measurements of ten
male subjects: measuring the distance of a virtual tangent line of the

Radius knee center to Patella[mm] (rpatelra) Patella to a virtual tangent line of knee back side. The distance was

divided by 2 and relatively related to the individual subjects' body
height. The average of the relative factor of the 10 subjects was
calculated and used as factor.

Relevant measures of the Laevd® exoskeleton

Distance smart joint to leg pad: 200 mm
Distance smatrt joint to chest pad: 405 mm (S-size)/435 mm (L-size)

M = moment; F = force/ground reaction force; r = radius; | = length; d = distance; L = left; R = right. * The overall
maximum error of GRF was estimated to be 6 N. Multiple tests were carried out during the measurement
periods and always showed an error below 4 N. ** For all measurements of one individual segment (lower limbs),
we measured either the left or the right body side, which was randomized to be evaluated and therefore prepared
with the measurement equipment, i.e., inclination sensors, in each individual.

Appendix A.1. Description of the Model
Appendix A.1.1. Ankle Joint Forces

Forces and moments acting on the ankle joint are calculated, including the vertical and
horizontal forces acting on the ankle joint ( Fankez and Fankiey , respectively) and on the
Achilles tendon ( Fachilles) - Therefore, the y-coordinates of the vertical ground reaction force
(YFe00r)» the y-coordinates of both ankle joints (yg, ) the perpendicular distance between
the pivot point of the ankle joint and the force vector of the Achilles tendon (  r achilles) Were
used. The dead weight of the feet, including shoes (Fg rootshod, Was considered to not
contributing to the load on the ankle joint. To simplify the model, it is assumed that  Fachilies
acts parallel to the shank.
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Table A2. Symbols with description and Equations as used for the model displayed in Figure Al.
Symbol Description
i Tibiayz Angle between tibia and the perpendicular (in y/ z-direction).
I shank Shank length.
Fachilles Forces acting on the Achilles tendon.
I Achilles Radius of ankle joint center to Achilles tendon.
Fanklez Force acting on the ankle joint in z-direction.
Fankiey Force acting on the ankle joint in y-direction.
Fc.EFootshoe Segment weight of foot + shoe.
FeloorVirt. Ankle.z Virtual ground reaction force in  z-direction, excluding foot + shoe mass.
Frioorz Ground reaction force in z-direction.
YFane Y-position of the ankle joint.
YFe rootshoe Y-position of the force vector of the foot + shoe center of mass.
Y Frtoorvirt Anklez Y-position of the virtual ground reaction force vector, excluding foot + shoe mass.
YFi0002 Y-position of the total ground reaction force vector.
I MassCenteiFootShoe Distance between the ankle joint and the mass center of foot + shoe.
Symbol Equation
Frioorvirt.Ankle.z = Fricorz  Fo.Footshoe
Yoo — Frioorz YFei0or,  FG.FootShoeY Fg Footshoe
loorVirt.Anklez FF\oorV\rt.Ankle.z
YFe Footshoe = YFawe T IMassCenteFootShoe
) - Yi i YF,
Fachilles = Frigorvirt.Anklez FFluorvmr'iz::ﬁ':s Ankle
= oorVirt.Ankle.z | Tibiayz FAchilles
Fri klez + COS ] Tip Fachil
Fankiez = Frioorz  Fo.Footshoe" €OS | Tibiayz Fachilles
= i YR YF
- FFIoor.z FG.FootShoe+ Cos | Tibiayz (FFIoor.z FG.FootShol Flomvmr'f\::iﬁ‘; Ankle
= sin j Tibiayz Fachilles
FAnkIe.y Ve, W Veanm
= i i Fi Virt. Al ¥ Al
= sin j tiviayz (Frioorz  Fo.Footshop —HoeripAmkez ——Ankie
= SiN | Tibiayz Fachilles
FAnkIe.y in i YFeioovirt. AnklezYFanki
= SIN ] Tibjayz (Frioorz  Fo.Footshop = mr'A:hlﬁ:S e
g ———
— 2 2
Fankieyz = Fankiez T FAnkIe.y
; F,
F = Ankley
J _Fankleyz arctan ¢ ==
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Figure Al. Calculation of ankle joint forces.

Appendix A.1.2. Knee Joint Forces

The ratio of the weight of the shanks contributing to its segment weight (Fg.shan®
and the coordinates of these force vectors(yg,..J iS calculated using the y-coordinates
of the ankle joints (yg, ). the inclination angles of the tibia (' tipiay,), the shanks' weight
and the distance between ankle and shanks' center of gravity (Iyasscenteshand- These
force components should be considered because they act on the body below the knees and
therefore do not contribute to the force acting on the knee joints.

A resulting “virtual ground reaction force vector”, excluding shank, foot and shoe
(Feioorvirt kneez ), is of importance for the calculation of the forces and moments acting on
the knee joints.

In a next step, the force acting on the quadriceps tendon (Fqa4) is calculated. For
this purpose, the coordinates of the knee joints (yg,.), which were estimated using the
shank's inclination angle in the sagittal plane ( j Tiiay,) and the shank's length (Ispang,
the Frjoorvirt. kneez » @nd the distance between the patella and the rotation axis; of the knee

joint (rpatena Were used for the model. To simplify the model, we assume 'FQuad to act
parallel to the shank. Further, the knee joint moments and the vertical ( Fxneez ), horizontal
(Fkneey) and resulting total forces acting on the knee joints are calculated using the Fqyad,
Friorvirt kneez» @nd the inclination angle of the femur ( j Femuryz)-
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Table A3. Symbols with description and Equations as used for the model displayed in Figure A2.

Symbol Description
i Femuryz = Angle between femur and the perpendicular ( y/ z-direction)
Fouad = Force acting at the Quadriceps tendon
IPatella = Radius of knee joint center to patella
Fcneez = Force at the knee joint in z-direction (without exoskeleton)
Fcneey = Force at the knee joint in y-direction (without exoskeleton)
i Tibiayz = Angle between tibia and the perpendicular (in y/ z-direction)
Ishank = Shank length
I MassCentesshank = Distance between the ankle joint and the mass center of the shank
Fc.shank = Segment weight of the shank

I:FloorVirt.Kneez

= Virtual ground reaction force in  z-direction, excluding foot + shoe + shank mass

FG.FootShoe

= Segment weight of foot + shoe

Frioorz = Ground reaction force in z-direction
YFnee = Y-position of the knee joint
YFe shank = Y-position of the force vector of the shank center of mass
YEane = Y-position of the ankle joint
YFa Footshoe = Y-position of the force vector of the foot + shoe center of mass
Y Frto0rvirt Knecs = Y-position of the virtual ground reaction force vector, excluding foot + shoe and shank mass
YFrio0rz = Y-position of the total ground reaction force vector
I MassCenteiFootShoe = Distance between the ankle joint and the mass center of foot + shoe
Symbol Equation

FFIoorVirt.Kneez

FFIoorVirt.AnkIe.z

Fe.shank= Frioorz

Fe.Footshoe Fa.shank

yFF\oorVirt.Kneez

Frioorz yFFIuor.z FG.ShankyFG_Shank ':G.FomshoeyFG_Fomshue

FFIoorVirl.Kneez

yFKnee

= YFanke T sin j Tibiayz Ishank

yFG,Shank

= YEae T SIN Tibiayz I MassCenteshank

yFG.FootShoe

= YFame T IM.slss(.‘,enteJFootShoe

= Frioorvirt Kneez

y’:Knee yFFIoorVirt,Kneez
Patella

F = (Frioorz  Fo.Footshoe Fe.shank - - -
Quad A
ive +sin(j Tibia ) lshank Frloorz YFg o0rz FG.Slwank(yFAnk|e+Si”(J Tibiayz) IMassCenteJShank) FG.FootShoe(yFAnk|e+IMassCenteJFootSthj
Ankle tblayz FrioorzFG.Footshoe FG.shank
IPatella
= i + cosj F
Fx Frioorvirt.Kneez Femuryz TQuad
neez — ;
= Fricorz  Fo.Footshoe Fa.shankt €COS] Femuryz Fouad
Fcneey = Sin j Femuryz Fouad
t————
— 2 2
Pneeyz = Rheert FKneey
i — H(neey
J _Fneeyz = arctan P

ez

Force acting on the knee joint is induced by the thigh muscles pulling on the anterior and posterior sides

(simpli ed in this model); therefore, we calculated the absolute value of the “

yFKnee

yFFIoorVin.Kneez

" within

the “ Fouad’-calculation. Essential is that the most of the force is acting on the front side of the knee joint,
being transmitted from the quadriceps muscle to the quadriceps tendon. Therefore, the designation * Fgyad”

was chosen.
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Figure A2. Calculation of knee joint forces.

Appendix A.1.3. Contribution of the Laevo®Exoskeleton

The Laevo® (Laevo®, Delft, The Netherlands) exoskeleton generates a moment about
its rotation axis (“smatrt joint”) passing through the hip joints, assuming the rotating axis
of the exoskeleton equals the axis which is passing through the rotation points of the hip
joints. Therefore, the exoskeleton is loading the exoskeletons' contact points, e.g., the chest
at sternum level, the upper legs and the pelvis. The amount of force is determined by (1) the
inclination angle of the exoskeletons “smart joint”, i.e., the angle between the trunk and the
thighs, and by (2) the movement direction (e.g., upwards or downwards). The exoskeleton's
support moment ( M g4o) and the force acting on the thighs ( FexgFemursum) Were recorded
using the measurements of the force sensor that was integrated in the exoskeletons' chest
pad (FexaThorax @nd the geometric dimensions of the exoskeleton's structures (IgxoThorax
and IExchhigh)-

The forces related to the exoskeleton additionally act on the knee joints, being reduced
by the thigh that acts as the lever arm. These exoskeleton-related forces were considered in
the model as additively overlaying horizontal and vertical components of the forces acting
on the knee joints.

Table A4. Symbols with description and Equations as used for the model displayed in Figure AS3.

Symbol Description
|ExoThorax = Distance between the smart joints and the chest pad
IThigh = Thigh length
|ExaThigh = Distance between the smart joints and the leg pads
J Femuryz = Angle between femur and the perpendicular (y/ z-direction)
FexoThorax = Force acting on the chest pad

I:ExaThigh.s.um

= Force acting on the leg pads

Fexoknee = Force acting on the knee induced by the exoskeleton

FexoKneez = Force acting on the knee induced by the exoskeletonin z  direction
FexoKneey = Force acting on the knee induced by the exoskeleton in y-direction
FcneewithExa = Total force at the knee joint in z-direction (exoskeleton included)

FKneeWIthExcy

= Total force at the knee joint in y-direction (exoskeleton included)
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Table A4. Cont.

Symbol Equation
MExo = FExo.Thorax IE><c1Thora><
FE Thigh. = FexaThorax |ExaThorax = MExo
xo.Thighsum ExoThigh IEquh\gh

_  Fexathigh
FEXO.Thigh = [ExoThghsum
FEXO.KFIEE — FExoThigh.lr IExo.ngh — FExoThoraxIExoThoraxlExoThighz FexoThorax | ExaThorax — Mexo
IThigh IExaThigh IThigh IThigh IThigh
_ | L _ L
Fexokneez = FW%;XQTW Sin | Femuryz = FexokneeSiN | Femuryz
Fexokneey = Fw%;xﬂm COS| Femuryz = FExokneeCOS| Femuryz
Feneewithe = Frioorz  Fo.Footshoe F'(__BE.Shank";
neeWithExaz . - _
COSj Femuryz Frhigh-- -t 7”'“[’{::“;”“[’[“ SiN | Femuryz = Fkneez t FExaKneez
) i | . _
FcneewithExay = sin | Femuryz Frnigh FW%;XMW COS ] Femuryz = Fkneey + FExokneey
H 2 2
PeneewithExoyz = Rheewithexae * FKneeWithExcy
J _FneewithExoyz = arctan W
neeWithExaz

Figure A3. Calculations of knee joint forces including the contribution of the exoskeleton.
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Appendix A.1.4. Limitations
Neglecting the dynamic movements

Cf. Section4.1 Limitations (manuscript)

Neglecting the horizontal ground reaction forces in this model:

In this model, solely the vertical component ( z-direction) of the ground reaction force
is integrated; both horizontal acting components (x- and y-direction) of the ground
reaction force are presumed to be extremely low in the here presented work tasks due
to the experimental design. (No horizontal movements of the lower limbs and no fast
movements have been included. Horizontal forces may only occur for short moments
and to a small extent, due to the mass inertia during movement.)

Distribution of the exoskeleton's force acting onto the thighs

The calculated sum of the force generated by the exoskeleton and acting on the subject's
thighs was distributed onto both legs to be loaded by 50% each. This simpli cation
of the model was applied instead of considering the individual angles between each
upper leg and the trunk, because only one leg was prepared with the measurement
equipment. Assuming that the subjects bent their trunk relative to their upper limbs
similar between both body sides, the resulting division of the forces were exact.
The expected error according to this simpli cation may be minimal since the main
contribution to the knee joint loading is caused by the subjects’ body weight and not
by the exoskeleton.

Calculation of r achilles @nd rpatella

We did not nd any standard terms for calculating or estimating the  r achilles@nd 'patelia
in the available literature; therefore, we used own measurements for calculating an
average ratio of the radius r achijles @nd r'pateliain relation to body size. Errors might
result from this simpli cation in our model since the real individual distances were
not considered. However, we used a within-subject-design, comparing the different
conditions within each subject. Therefore, the relative changes between conditions can
be used for comparison.

Joints and joint forces

The ankle and knee joints were treated like a simple hinge joints; other aspects of the
joint functions and movement variances were neglected.

Torsional forces were neglected. However, the Laevo® is not designed to support
torsional forces and is unable to absorb those. Therefore, the exoskeleton should not
have any impact on torsional forces at the knee joints.

The pivot point of a joint is not necessarily central which is assumed in this model.
Further, when a body is moving the pivot point of a joint is shifting. The virtual pivot
point of the joints is neglected in the model.

The model includes forces which are produced by muscles responsible for the main
movement in the work task (agonists). Forces which are induced by the antagonistic
muscles (e.g., the biceps femoris) are not considered. Kellis and Baltzopoulos [58]
showed an in uence of including the antagonistic (hamstrings) muscle force into
a two-dimensional tibiofemoral joint force model which increased the posteriorly
directed shear and compression forces. In our force estimating model the antagonistic
muscle force has only been partly included (calf muscle forces but not hamstrings),
which could have biased the calculated knee forces.

Gravimetric position sensors

Gravimetric positions sensors provide a very high precision in static postures and
slower movements (standard error 0.5 ). In fast movements including high accel-
erations (which were not included in this experiments) these sensors are less precise;
other techniques (i.e., motion capture systems) should then be applied.
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Appendix B.

Table A5. F-values and p-values of the repeated measures ANOVAs with corresponding effect sizes
(partial eta squared (hg)). Main effects of the Exoskeletorondition ( E) and the interaction effects for E

with Trunk orientation(E  TO), E with Lifting style(E LS)and Ewith TOandLS(E TO LS)for
static and dynamic work tasks.
HOR 5o HOR g9 VERT 50 VERT g0
Task Effect
F p h2 F p h2 F p h3 F p h3
) E 0.16 0.696 0.006 741 0011 0.209 - -
Static E TO 2760 <0.001*  0.496 1.19 0313  0.041
E 7.24 0.012*  0.205 0.02 0.888 0.001 16.85 <0.001*  0.376 1.64 0.211  0.054
b ) E TO 2334  <0.001* 0.455 11.90 <0.001*  0.292 1.02 0.368  0.035 0.16 0.852 0.005
ynamic E LS 2496  <0.001* 0.471 8.84  0006*  0.236 1.52 0.227  0.052 4.06 0.053 0.121
E TO LS 7.04 0.002*  0.201 1.52 0.227  0.049 2.96 0.060  0.096 2.60 0.083  0.086
* Signi cant p-values ( 0.05); large effect size (h,2) 0.26); medium effect size (hﬁ 0.13); small effect
size (h,% 0.02); HORso = 50th percentile of the horizontal force; HOR g = 90th percentile of the horizontal force;
VERTj5q = 50th percentile of the vertical force; VERT g9 = 90th percentile of the vertical force.
Table A6. Pairwise comparisons (p-values and Cohens'd (d)) for the relevant interactions between
E TO,E LS,andE TO LSfor variables with signi cant interaction effects for static and
dynamic work tasks.
Trunk  Lifting HOR 50 HOR 90
Task Effect :
Orient Style p d p d
ipsi 0.372 0.083 n.a. n.a.
Stat E TO front 0.091 0.269 n.a. n.a.
cont <0.001 * 0.912 n.a. n.a.
ipsi 0.311 0.045 0.981 0.024
E TO front 0.834 0.018 0.028 0.230
cont <0.001* 0.493 0.013 0.244
E LS Squat <0.001* 0.261 0.033 0.139
Stoop 0.276 0.072 0.050 0.145
Dyn
y ipsi Squat <0.001* 0.195
Stoop 0.024 0.166
Squat 0.001 0.335
E TO LS front Stoop ~ <0.001*  0.597
cont Squat <0.001* 0.487
Stoop <0.001* 0.717
* Signi cant p-values ( 0.00333) forE  TO; ( 0.00833) forE  LS; ( 0.00076) forE TO LS; large
effectsize d 0.8); medium effectsize (d 0.5); small effectsize (d 0.2); Trunk Orient = Trunk orientatiorn
HORS5p = 50th percentile of the horizontal force; HOR oo = 90th percentile of the horizontal force; VERT 50 = 50th
percentile of the vertical force; VERT oo = 90th percentile of the vertical force.
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