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A B S T R A C T   

Industrial passive low-back exoskeletons have gained recent attention as ergonomic interventions to manual 
handling tasks. This research utilized a two-armed experimental approach (single vs dual-task paradigms) to 
quantify neural and biomechanical tradeoffs associated with short-term human-exoskeleton interaction (HEI) 
during asymmetrical lifting in twelve healthy adults balanced by gender. A dynamic, electromyography-assisted 
spine model was employed that indicated statistical, but marginal, biomechanical benefits of the tested 
exoskeleton, which diminished with the introduction of the cognitive dual-task. Using Near Infrared Spectros-
copy (fNIRS)-based brain connectivity analyses, we found that the tested exoskeleton imposed greater neuro-
cognitive and motor adaptation efforts by engaging action monitoring and error processing brain networks. 
Collectively, these findings indicate that a wearer’s biomechanical response to increased cognitive demands in 
the workplace may offset the mechanical advantages of exoskeletons. We also demonstrate the utility of 
ambulatory fNIRS to capture the neural cost of HEI without the need for elaborate dual-task manipulations.   

1. Introduction 

Approximately 40% of work-related musculoskeletal disorder 
(WMSD) cases are low back injuries that account for more than 800,000 
lost work days in 2019 and affect at least 50% of the working population 
in the United States (BLS, 2018, 2020). In the manufacturing industry, 
twisting and bending and frequent heavy lifting risks introduced by 
manual materials handling (MMH) tasks are major contributors to low 
back injuries, which costs more than $100 billion per year in US 
(Alterman et al., 2001). Robot-assisted ergonomic interventions, such as 
industrial exoskeletons, have shown promise in reducing WMSDs while 
maintaining productivity (De Looze, Bosch, Krause, Stadler, & O’Sulli-
van, 2016). However, some industrial exoskeletons may potentially 
exacerbate current WMSD risks in the workplace (NIOSH, 2018) by 
increasing muscle activity (Theurel et al., 2018), biomechanical loads on 
the lumbar spine (Weston et al., 2018), and metabolic cost (Gregorczyk 
et al., 2010), as well as introduce new risks, such as cognitive overload 
(Li et al., 2018). 

An exoskeleton is defined as a wearable device that augments, en-
ables, assists, or enhances wearer’s motion, posture, or physical activity 

(ASTM, 2020). Exoskeletons can be categorized as active (powered) and 
passive (mechanical) to assist the user’s motion and posture (Wesslén, 
2018). Passive low-back exoskeletons have become more prevalent than 
active low-back exoskeletons when assisting MMH tasks, potentially due 
to their relatively low cost and ease of use (MacDougall, 2014). How-
ever, the evidence of the biomechanical benefits of exoskeletons remain 
mired in inconsistencies. For example, passive low-back exoskeletons 
have been found to provide limited biomechanical advantage during 
asymmetric MMH tasks, in terms of both trunk muscle activity and en-
ergy expenditure, than during symmetric MMH tasks (Alemi et al., 2020; 
Madinei et al., 2020). Several of these, and other, prior studies faced 
methodological inconsistencies; for example electromyographic (EMG) 
data was sometimes not normalized or modulated for muscle length and 
velocity relationships, kinematic data was often confined to just the 
sagittal plane or static assessments, or studies that used biomechanical 
models were often unable to account for the effect of muscle coactivity 
on tissue forces (Weston et al., 2018). Thus, studies employing biome-
chanical models that can accurately predict loads on the lumbar spine 
with and without exoskeleton use under complex lifting conditions (e.g., 
asymmetrical lifting) are still warranted. An understanding of lumbar 
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spinal loads relative to widely accepted tissue tolerance limits (Gal-
lagher and Marras, 2012; Waters et al., 1993) is also expected to provide 
the most comprehensive picture of biomechanical risk for injury with 
and without an exoskeleton (Marras, 2012). 

In addition to the lack of consensus regarding the effects of exo-
skeletons on biomechanical factors, it is evident that existing industrial 
exoskeleton designs emphasize physical fit while overlooking cognitive 
fit. Extraneous psychological and cognitive loading have been shown to 
increase spinal loads during MMH tasks (Marras and Hancock, 2014; 
Marras et al., 2000), further increasing the risk for a WMSD in the low 
back. Integrating physical and cognitive considerations in ergonomic 
interventions are thus warranted (Mehta, 2016). It is important that 
exoskeletons are designed and evaluated to ensure appropriate cognitive 
fit, such that the wearer has sufficient cognitive resources available to 
properly operate the exoskeleton as they conduct their daily work tasks 
(Stirling et al., 2020; Stirling et al., 2018). However, a few studies have 
examined the cognitive burden that exoskeletons place on its wearers 
(Bequette et al., 2020; Li et al., 2018; Maurice et al., 2019), and a recent 
study that has done so reported that an active exoskeleton demanded 
greater cognitive effort when compared to manually performing the 
task, which may lead to performance degradation and reduced effec-
tiveness in preventing WMSDs (Stirling et al., 2018). 

Methods used to evaluate the Human Exoskeleton Interaction (HEI) 
tend to vary widely and are each subject to their own list of limitations. 
The majority of cognitive fit assessment tools include usability tests and 
self-report surveys. However, these subjective measures can be biased 
and may lack reproducibility (Karwowski et al., 2003). Alternatively, 
another popular research method is to compare the changes in task 
performance or task-related muscle activity due to the introduction 
exoskeletons. These studies are limited, of course, in that they do not 
directly quantify neurocognitive effort, just what happens downstream. 
One option is to employ a dual task paradigm, in which subjects perform 
two tasks simultaneously to compare performance with a single-task 
condition. While the dual task performance approach is a worthy 
alternative to quantitatively measure cognitive load and attention level 
(Mehta and Parasuraman, 2013; Stirling et al., 2020), it is intrusive and 
may fundamentally alter user experience of the primary task (Mehta and 
Parasuraman, 2013; Parasuraman, 2011). Given the wide array of 
methods used and the limitations associated with each one, it is not 
surprising that previous results about the HEI are inconsistent. For 
example, a powered lower-body exoskeleton has been shown to impair 
user’s reaction time in a dual task paradigm and increase user’s mental 
workload through a self-report survey (Bequette et al., 2020). 
Conversely, in another investigation, passive low-back exoskeletons 
showed marginal improvements in precision task performance 
compared to the control (i.e., no exoskeleton) condition, quantified via 
measures trunk muscle activity, rating of perceived exertion, and task 
performance level (Madinei et al., 2020). 

Over the past decades, the advent of modern neuroimaging tech-
niques has allowed researchers to quantify neurocognitive effort directly 
based on brain-based metrics in human-robot applications across the 
transportation, aviation, and rehabilitation domains (Ayaz et al., 2012; 
Izzetoglu et al., 2011; Wismer et al., 2018). Different brain regions have 
their assigned roles for certain tasks or coordination of tasks, and for 
complex actions, multiple brain regions must work together to achieve 
task performance (Baker et al., 2018; Rhee and Mehta, 2018). In 
particular, HEI requires cooperative processing between and within the 
mind and motor pathways. For example, wearing a powered rehabili-
tation exoskeleton has shown to demand extra neural effort due to the 
human exoskeleton coupling, which requires greater neurocognitive 
processing and motor planning efforts (Federici et al., 2015; Meloni 
et al., 2011). Functionally meaningful correlations were first seen 
among primary motor cortex (M1), somatosensory (S1) regions during 
motor tasks (Vidoni et al., 2010). Dual tasking evoked activations in 
premotor cortex (PMC) and supplementary motor area (SMA) indicated 
active involvement of motor planning regions with increasing motor 

task complexity. On the other hand, interhemispheric functional con-
nectivity strength within the dorsolateral prefrontal cortex (DLPFC) was 
also found to be positively correlated with mental workload levels 
(Causse et al., 2017; Fishburn et al., 2014; Vassena et al., 2019). Thus, it 
is important to understand brain dynamics, such as concurrent activa-
tion patterns and task-related connectivity, which measures task-related 
correlations among spatially different cortical regions (Friston, 2011), 
during HEI. Prior studies have also reported that initial HEI disrupts 
neuromuscular coordination (Gordon et al., 2013; Gregorczyk et al., 
2010), is associated with increased motor complexity (Farris et al., 
2013), and imposes greater cognitive demands (Bequette et al., 2020). It 
is thus likely that SMA, a key player in the action monitoring system 
(Desrochers et al., 2016), and medial prefrontal cortex (mPFC), engaged 
during error detection and processing (Bonini et al., 2014), may be 
functionally engaged during HEI. Therefore, task-related directed con-
nectivity, which examines the influence that one brain region exerts 
over another (Friston, 2011), among DLPFC, PMC, and SMA may be 
useful markers in determining the nature and extent to which exo-
skeletons impact operators’ neurocognitive and motor adaptation 
processes. 

Finally, because exoskeletons have been designed primarily for 
physical fit, it is reasonable to assume that a trade-off exists between 
biomechanical and cognitive factors associated with their use. That is, a 
passive exoskeleton designed for the low back may reduce biomechan-
ical loads on the lumbar spine at the cost of greater neurocognitive de-
mands. The exact magnitude of this trade-off, however, is also important 
to quantify. If the exoskeleton increases cognitive demands so substan-
tially that changes in muscle recruitment patterns, muscle coactivity, 
and subsequent increases in spinal loading occur, the biomechanical 
benefits of the exoskeletons itself might diminish or even disappear 
altogether. To the authors’ knowledge, the biomechanical and cognitive 
impacts of HEI have yet to be investigated alongside one another in a 
formal laboratory study. 

Therefore, the objective of this study was to concurrently quantify 
lumbar spinal loads and determine the neural signatures of HEI during a 
simulated MMH lifting task. To accomplish this objective, a two-study 
experimental approach was adopted. In Study 1, we first evaluated the 
effects of a passive low-back exoskeleton (i.e., condition) on biome-
chanical outcomes and connectivity changes between multiple brain 
regions of interests (ROIs) across two phases (early and late) during a 30- 
min asymmetrical lifting/lowering task. We hypothesized that in addi-
tion to motor regions, HEI will be associated with increased engagement 
of the cognitive control centers (e.g., mPFC) due to increased error 
mitigation effort when compared to manual unassisted lifting and that 
this cognitive adjustment would result in a change in the muscle 
recruitment patterns and subsequent spine tissue force. Study 2 was 
designed to further test this hypothesis by perturbing the cognitive re-
gions of the brain via a cognitively demanding secondary dual task 
during a separate 30-min asymmetrical lifting/lowering task. 

2. Methods 

2.1. Participants 

12 healthy and active adults (6 males, 6 females) with an activity 
history (self-reported) of at least 3 h per week of moderate intensity 
exercise for more than 3 months and no history of low back injuries were 

Table 1 
Study participant demographics and anthropometrics (Mean ± SD).   

Male Female Total 

Number of Subjects 6 6 12 
Age (years) 28.8 ± 4.8 24.6 ± 4.4 26.9 ± 4.7 
Height (m) 1.790 ± 0.045 1.722 ± 0.046 1.759 ± 0.053 
Weight (kg) 74.7 ± 12.2 59.5 ± 13.0 67.8 ± 11.6  
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recruited to participate in both studies. Demographic and anthropo-
metric data (Mean ± SD) of the study participants are presented in 
Table 1. This study was approved by the Ohio State University Institu-
tional Review Board [Approval ID: 2018H0569, Approval Date: 05/23/ 
2019], and all participants signed informed consent forms before the 
experiment. 

2.2. Experimental design 

In each study, all participants were instructed to perform a simulated 
MMH task in two sessions on two separate days. One of the two sessions 
required the use of an exoskeleton, while the other did not. The sequence 
of two sessions was counterbalanced to prevent order and habituation 
effects. 

Upon arrival to the laboratory for the first session, participants 
provided informed consent, and anthropometric measurements were 
obtained (stature, mass, width/depth of the torso at the xiphoid and 
umbilicus, circumference of the torso at the umbilicus) to scale the 
biomechanical spine model relative to that individual. During both 
sessions, subjects were outfitted with the necessary sensors (EMG, ki-
nematic markers, fNIRS probe cap). The biomechanical spine model was 
calibrated to each individual according to a previously published cali-
bration procedure (Dufour et al., 2013). If an exoskeleton was to be used 
for the session, it was fit to the subject according to the manufacturer’s 
recommendations. Each participant was also given adequate time to 
familiarize themselves with the exoskeleton by bending over and 
squatting in it or practicing the experimental task for at least 5 min. 

A 2 × 2 repeated measures design was implemented in this study, in 
which the effects of the exoskeleton condition (with and without the 
exoskeleton), phase (early 10 min and last 10 min work), and their 
interaction, were investigated for the Study 1 and 2 separately, detailed 
below. 

2.2.1. Study 1: asymmetrical lifting/lowering 
In this study, all participants transferred a 7.26 kg (16 lb.) medicine 

ball back and forth between an asymmetrical (45◦) lift origin/destina-
tion at knee height and a symmetrical (0◦) lift origin/destination at waist 
height without substantially moving their feet during each experimental 
task. Participants lifted and lowered using handles located on the 
opposite side of the medicine ball at a frequency of 6 lifts and lowers per 

minute for 30 min, paced by a digital metronome (Fig. 1, Matlab®, MA, 
USA). These specific conditions were selected based on our pilot work 
and previous MMH studies (Alemi et al., 2020; Antwi-Afari et al., 2017; 
Weston et al., 2020; Whitfield et al., 2014), to assure moderate physical 
demand levels and to minimize whole-body and localized muscle fa-
tigue. Each participant conducted the lifting/lowering task with and 
without the exoskeleton on two different days randomly in order to 
explore the exoskeleton condition effect. 

2.2.2. Study 2: asymmetrical lifting/lowering with a cognitive dual-task 
Mental arithmetic is known to induce substantial psychological stress 

in laboratory settings (Allen and Crowell, 1989). In particular, a serial 
arithmetic subtraction task has previously been shown successfully 
induce cognitive overload during motor tasks (Schleifer et al., 2008). 
Therefore, to induce cognitive demand during the simulated MMH task 
in Study 2, all participants were instructed to follow the same physical 
asymmetrical lifting/lowering task protocol as described for Study 1 
with a cognitively demanding secondary arithmetic subtraction task. 
Subjects were required to subtract 13 repeatedly from a random number 
between 500 and 1000 at the beginning of the task (Kase et al., 2009). 
Once the difference reached zero, participants were given a new random 
number for repeated subtraction. This process was repeated until the 
end of the 30-min physical cognitive task. 

2.3. Instrumentation and apparatus 

The tested passive exoskeleton was the Laevo™ V2.5 (Laevo, the 
Netherlands, Fig. 1). This exoskeleton consists of a chest pad and two leg 
pads that are connected by elastic beams. It harvests the kinetic energy 
during the lowering phase and restores the energy to aid user’s motion 
during the lifting phase of the lift. Before the data collection, all par-
ticipants were instrumented with the exoskeleton based on the manu-
facturer’s guidelines and their comfort level. 

Biomechanical loads in the lower back were measured using a vali-
dated EMG-assisted dynamic biomechanical spine model. This model’s 
structure (Hwang et al., 2016) and validation for lifting tasks (Hwang 
et al., 2016) have been described previously. 10 wireless EMG sensors 
(Trigno™, Delsys, MA, USA) with sampling frequency of 1925.93 Hz 
were placed bilaterally on the trunk muscles, including the latissimus 
dorsi, erector spinae, rectus abdominis, internal oblique and external 

Fig. 1. Data collection, biomechanical and neuroergonomic feature extraction process during an exoskeleton-assisted MMH task. The spatial location of the 21-chan-
nel fNIRS Probe Design is presented following the international 10–20 system format (green and red dots indicate emitters and detectors respectively). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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oblique according to standardized placement procedures (Mirka and 
Marras, 1993). Body segment kinematics were recorded via the Opti-
Track Motion Capture System (NaturalPoint, OR, USA) with a sampling 
frequency of 120 Hz and processed in a customized laboratory software 
developed in Matlab (Mathworks, MA, USA). According to a kinematic 
model prescribed in the OptiTrack Motion Capture Software, 41 
reflective optical motion capturing markers were placed over major 
body segments of each participant and 3 additional markers were fixed 
onto the force plate to track relative motion (Dufour et al., 2013). Ki-
netic force and moments data were sampled at a frequency of 1000 Hz 
using a FP6090-15 six-axial force plate (Bertec, OH, USA). Biomechan-
ical data were synchronized using a USB-6225 data acquisition board 
(National Instruments, TX, USA). 

Brain activation of each participant was monitored using a 20-chan-
nel portable continuous wave Functional near infrared spectroscopy 
(fNIRS) system, NIRSport2™ (NIRx Medical Technologies, NY, USA). 
fNIRS is an ambulatory system brain imaging technology which mea-
sures the neural activation related cerebral hemodynamic responses in 
task-related regions of the brain (Malonek and Grinvald, 1996). Its 
signal is relatively resilient to task related motion artifacts compared to 
the other commonly used brain imaging techniques, such as electroen-
cephalogram (EEG) and functional magnetic resonance imaging (fMRI; 
Zhu et al., 2020). In the domain of human-robotic interaction, fNIRS has 
been applied to assess pilots’ and surgeons’ expertise levels as well as air 
traffic controllers’ cognitive workload during simulated working tasks 
(Ayaz et al., 2012; Izzetoglu et al., 2011; Wismer et al., 2018). The 
NIRSport2 ™ system has 8 emitters and 8 detectors (Fig. 1). The 
inter-optode distance for each channel was set to be around 3 cm. During 
data collection, the sampling frequency of the device was set to 8.713 
Hz. The light signals were emitted in two wavelengths (760 and 850 
nm), and the probe was designed according to the clinically oriented 
anatomy-based Brodmann areas and their corresponding locations in the 
international 10–20 system format (Homan et al., 1987; Nolte, 1993). 
The center of the fNIRS cap was carefully aligned to the vertex (Cz) of 
each participant. In this configuration, six regions of interest (ROIs) 
were monitored, including the left, right, and medial dorsal lateral 
prefrontal cortex (lDLPFC, rDLPFC and mPFC), left/right premotor 
cortex (lPMC/rPMC), and supplementary motor area (SMA). To avoid 
signal contamination during the data collection, a black shower cap was 
worn by each participant on top of the fNIRS probe to block the infrared 
light emitted by the Motion Capture Cameras. 

2.4. Data processing and analysis 

2.4.1. Biomechanical analysis 
EMG signals were first notch filtered at 60 Hz and band-pass filtered 

between 30 and 450 Hz. The filtered signals were then rectified, 
smoothed, and low-pass filtered using a zero-lag secondary-order But-
terworth filter with a cut-off frequency of 1.59 Hz (selected from a time 
constant of 100 ms). Full body kinematic data were low-pass filtered 
using a fourth-order Butterworth filter with a cutoff frequency of 10 Hz. 
Based on the processed EMG signals, full body kinematic and kinetic 
data, Magnetic Resonance Imaging (MRI)-derived muscle locations and 
sizes, a multibody dynamic solver (Adams, MSC Software, Santa Ana, 
CA, USA) generated time-dependent spinal loads at the superior and 
inferior endplates of the lumbar spine extending from T12/L1 to L5/S1. 
Peak (i.e., maximum) loads along each dimension of spinal loading 
(compression at the L3/L4 Inferior endplate, anterior/posterior (A/P) 
shear at the L5/S1 Inferior endplate, lateral shear at the L5/S1 Superior 
endplate, resultant load at the L3/L4 vertebral level) were subsequently 
extracted for statistical analysis. 

2.4.2. Neuroergonomic analysis 
fNIRS signals were processed with the Homer2 software (Huppert 

et al., 2009). The light intensity signal acquired from each detector was 
first converted to optical density. The motion artifacts created by sudden 

movements from participants’ head were corrected using spline inter-
polation (p = 0.99; Scholkmann et al., 2010) then smoothed using 
wavelet algorithm (kurtosis = 3.3; Chiarelli et al., 2015). The filtered 
signal was bandpass filtered at 0.015–0.5 Hz to reduce the physiological 
noise and signal drift (Zhu et al., 2020). In the end, the oxygenated 
(ΔHbO) and deoxygenated (ΔHbR) hemoglobin were calculated using 
the modified Beer-Lambert Law (Agbangla et al., 2017). 

To identify potential phase effects, the calculated ΔHbO signals were 
separated into early (first 10 min of each experimental task) and late 
(last 10 min of each experimental task) phases. ΔHbO signal was chosen 
for further analysis, and it has previously show to better correlated with 
motor task-related brain activation compared to ΔHbR signal (Lu et al., 
2010; Malonek and Grinvald, 1996). 

Here, functional connectivity, which is computed on the basis of 
correlations among measurements of neural activation between 
different ROIs (Friston, 2011), were computed by calculating the Pear-
son correlations across all ROIs to find the correlations between ROIs. 
Pearson R values were then converted to fisher’s z-scores to determine 
the strength of correlations (Rhee and Mehta, 2018). Two ROIs are 
considered functionally connected only when the corresponding Fisher’s 
z-score equals or larger than to 0.4 (Rubinov and Sporns, 2010). 

Time-domain effective connectivity analysis, which is examined as 
the time-dependent influence of one ROI on another (Friston, 2011), was 
conducted to identify any directed causal relationship among the cere-
bral hemodynamic responses (ΔHbO) in the monitored ROIs under each 
condition using the Multivariate Granger Causality toolbox (MVGC; 
Barnett and Seth, 2014; Friston, 2011). The autoregressive model, 
MVGC, is based on the concept of granger causality, a time-series vari-
able XB “causes” another time-series variable XA if the past information 
of XB improves the prediction of XA better than only knowing the past of 
XA (Granger, 1969). Assuming XA and XB are time-series signals of two 
ROIs, and they were fitted into two autoregressive models of order p: 

XA(t) = a0 +
∑p

j = 1
ajXA(t − j) + εA(t) (1)  

XB(t) = b0 +
∑p

j = 1
bjXB(t − j) + εB(t) (2)  

Where the model order, p, represents the number of required past time- 
series values to predict the present values, and the residuals, εA(t) and 
εB(t), denote the prediction error of each model (Goebel et al., 2003). 
Each autoregressive model was then expanded to include their previous 
observations: 

XA(t) = a′
0 +

∑p

j = 1
a′

jXA(t − j)+
∑p

j = 1
b′

jXB(t − j) + εBA(t) (3)  

XB(t) = b′
0 +

∑p

j = 1
a′

jXA(t − j)+
∑p

j = 1
b′

jXB(t − j) + εAB(t) (4) 

The granger causality magnitude, can be determined by comparing 
the variance of prediction errors through log-likelihood ratio: 

F(B→A) = ln
(

COV(εBA)

COV(εA)

)

(5)  

F(A→B) = ln
(

COV(εAB)

COV(εB)

)

(6) 

In this study, the effective connectivity strength, quantified as the 
granger causality magnitude between any two ROIs, was calculated for 
each condition-phase combination across all participants. 

2.5. Statistical analysis 

Average values of the first 10 min (i.e., early phase) and the last 10 
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min (i.e., late phase) were computed for the biomechanical dependent 
variables, namely peak compression load at the L3/L4 Inferior endplate, 
peak A/P shear at the L5/S1 Inferior endplate, peak lateral shear at the 
L5/S1 Superior endplate, and resultant spinal load at the L3/L4 verte-
bral level. Additionally, functional and effective connectivity levels 
across ROIs were computed for the early and the late phases. All 
dependent variables were log-normalized where appropriate to meet 
parametric model assumptions. Separate two-way repeated measure 
analyses of variance (RANOVAs) were conducted to test the main effect 
of condition (control vs. exoskeleton), phase (early vs. late), and their 
interaction on the biomechanical performance parameters, namely peak 
spinal compression, A/P shear, lateral shear, and resultant spinal loads, 
as well as on functional and effective connectivity levels among ROIs. 
We conducted separate analyses for Study 1 and 2 to maximize results 
interpretability based on the study hypotheses. Results were analyzed 
using IBM SPSS Statistics (Version 23, Armonk, NY, USA). Statistical 
significance was tested relative to an alpha level of 0.05, and post-hoc 
analyses were conducted as needed using Bonferroni corrections. To 
reduce the likelihood of false positives caused by multiple comparisons 
for functional and effective connectivity analysis, the acquired p-values 
in each comparison were corrected using false discovery rate (FDR; with 
desired significance level of q = 0.050; Benjamini and Hochberg, 1995). 
Partial eta squared values were obtained as a measure of effect size. 

3. Results 

3.1. Study 1: asymmetrical lifting/lowering 

3.1.1. Biomechanical analysis 
No significant condition or condition × phase interaction effects 

were observed for L3/L4 Inferior Compression, L5/S1 Inferior Anterior 
Posterior Shear, or L3/L4 Resultant. However, peak lateral shear was 
found to be significantly higher in the control condition compared to the 
exoskeleton condition [F(1,11) = 7.435, p = 0.021, ηp

2 = 0.426; Table 2]. 

3.1.2. Functional connectivity analysis 
A significant condition main effect was found on functional con-

nectivity strengths between the following ROIs: left dorsal lateral pre-
frontal cortex (lDLPFC) - right premotor cortex (rPMC) [F(1,11) =
7.891, p = 0.021, ηp

2 = 0.356], medial prefrontal cortex (mPFC) - sup-
plementary motor area (SMA) [F(1,11) = 12.881, p = 0.005, ηp

2 =

0.563], left premotor cortex (lPMC) - rPMC [F(1,11) = 8.331, p = 0.016, 
ηp

2 = 0.454], lPMC - SMA [F(1,11) = 6.081, p = 0.033, ηp
2 = 0.378], and 

rPMC - SMA [F(1,11) = 7.733, p = 0.019, ηp
2 = 0.436]. These identified 

connectivity strengths were all significantly higher in the exoskeleton 
condition than control (Fig. 2 top). Connectivity strength between 
lDLPFC and lPMC was significantly higher in the late phase compared to 
the early phase [F(1,11) = 8.232, p = 0.017, ηp

2 = 0.452] (Fig. 2 bottom). 
A marginally significant increase in connectivity strength between 
lDLPFC and rPMC was also found from early to late phase [F(1,11) =
4.597, p = 0.058, ηp

2 = 0.223]. Functional connectivity between rDLPFC 
and mPFC showed significant condition × phase interaction effect [F 
(1,11) = 18.090, p = 0.020, ηp

2 = 0.644]. Post hoc analysis showed the 
connectivity strength was significantly decreased in the late than the 
early phase in control but not in the exoskeleton condition (p = 0.008, 
Fig. 3). 

3.1.3. Effective connectivity analysis 
In order to further interpret the significant effects on functional 

connectivity changes, visual representations of significant effective 
connectivity among ROIs are shown in Fig. 4. In the early phase of the 
study, significant unidirectional effective connections from SMA to 
bilateral PMCs (F = 0.012, p = 0.031) and mPFC (F = 0.011, p = 0.001) 
regions were formed in the exoskeleton condition. Additionally, bidi-
rectional effective connections between mPFC and lPMC (F > 0.010; p <
0.001) was also established. In the late phase of the study, unidirectional 

Table 2 
Biomechanical performance parameters (Mean SE) across the main and inter-
active effects of condition (control vs exoskeleton) and phase (early vs late) 
across study 1 and 2. * indicated statistical significance at p < 0.05.  

Biomechanical Performance 
Parameters 

Condition 
Main Effects 

Phase 
Main 
Effect 

Condition x 
Phase Effect 

Study 1 
(Physical 
Only 
Task) 

L3/L4 Inferior 
Compression 

Control: 
2198.41 ±
133.49 N 
Exoskeleton: 
2020.50 ±
134.15 N 

Early: 
2095.31 
± 120.73 
N 
Late: 
2123.60 
± 146.91 
N 

Control Early: 
2133.52 ±
123.76 N 
Control Late: 
2264.30 ±
143.23 N 
Exoskeleton 
Early: 2057.10 
± 117.71 N 
Exoskeleton 
Late: 1983.91 
± 150.58 N 

L5/S1 Inferior 
Anterior 
Posterior Shear 

Control: 
355.07 ±
22.91 N 
Exoskeleton: 
320.50 ±
31.92 N 

Early: 
332.32 ±
22.43 N 
Late: 
343.25 ±
32.39 N 

Control Early: 
343.29 ±
19.30 N 
Control Late: 
366.85 ±
26.51 N 
Exoskeleton 
Early: 321.35 
± 25.57 N 
Exoskeleton 
Late: 319.66 ±
132.59 N 

L5/S1 Superior 
Lateral Shear 

Control: 
182.02 ±
51.08 N* 
Exoskeleton: 
126.89 ±
42.70 N* 

Early: 
162.20 ±
42.79 N 
Late: 
146.71 ±
47.78 N 

Control Early: 
189.11 ±
42.51 N 
Control Late: 
174.92 ±
55.99 N 
Exoskeleton 
Early: 135.28 
± 43.08 N 
Exoskeleton 
Late: 118.49 ±
39.56 N 

L3/L4 
Resultant 

Control: 
2203.41 ±
133.12 N 
Exoskeleton: 
2025.14 ±
134.04 N 

Early: 
2100.21 
± 120.36 
N 
Late: 
2128.35 
± 146.80 
N 

Control Early: 
2138.82 ±
123.25 N 
Control Late: 
2268.00 ±
142.98 N 
Exoskeleton 
Early: 2061.59 
± 117.478 N 
Exoskeleton 
Late: 1988.70 
± 150.61 N 

Study 2 
(Physical 
Cognitive 
Dual- 
Task) 

L3/L4 Inferior 
Compression 

Control: 
2217.18 ±
124.14 N 
Exoskeleton: 
2255.05 ±
93.47 N 

Early: 
2191.25 
± 105.38 
N* 
Late: 
2289.98 
± 106.30 
N* 

Control Early: 
2138.52 ±
127.29 N* 
Control Late: 
2295.84 ±
134.12 N* 
Exoskeleton 
Early: 2243.98 
± 97.55 N 
Exoskeleton 
Late: 2266.11 
± 97.69 N 

L5/S1 Inferior 
Anterior 
Posterior Shear 

Control: 
386.35 ±
30.39 N 
Exoskeleton: 
395.08 ±
39.85 N 

Early: 
387.34 ±
35.24 N 
Late: 
394.10 ±
35.00 N 

Control Early: 
387.38 ±
27.24 N 
Control Late: 
394.32 ±
33.54 N 
Exoskeleton 
Early: 396.29 
± 43.23 N 
Exoskeleton 

(continued on next page) 
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effective connections from SMA to bilateral PMCs (F > 0.019, p < 0.032) 
and lDLPFC (F = 0.019, p = 0.031) were observed in the exoskeleton 
condition. In general, SMA related causal density increased in the 
exoskeleton condition, when compared to the control condition, in both 
the early (Fcontrol = 0.005; Fexoskeleton = 0.010) and late (Fcontrol = 0.005; 

Fexoskeleton = 0.011) phases. mPFC related causal density was also higher 
in the exoskeleton condition compared to the control condition in both 
phases (early: Fcontrol = 0.006; Fexoskeleton = 0.007; late: Fcontrol = 0.006; 
Fexoskeleton = 0.010). 

3.2. Study 2: asymmetrical lifting/lowering with a cognitive dual-task 

3.2.1. Biomechanical analysis 
No significant main effect of condition was observed for L5/S1 

Inferior Anterior Posterior Shear (Mean = 390.72 N; SE = 35.12 N), and 
L5/S1 Superior Lateral Shear (Mean = 200.62 N; SE = 55.79 N) with all 
p-values greater than 0.459. A significant main effect of phase [F(1,11) 
= 6.224, p = 0.032, ηp

2 = 0.384] and a condition × phase interaction 
effect [F(1,11) = 8.375, p = 0.016, ηp

2 = 0.446] were found for peak L3/ 
L4 Inferior compression (Table 2). Compressive forces were significantly 
higher in the late than the early phase (Table 2). Post hoc analysis 
revealed that this phase effect was only observed in the control condi-
tion and not the exoskeleton condition. 

3.2.2. Functional connectivity analysis 
Connectivity strength between rDLPFC and mPFC was significantly 

higher in the exoskeleton condition compared to the control condition 
(Fig. 5) [condition main effect: F(1,11) = 16.871, p = 0.002, ηp

2 =

0.628]. A significant condition × phase interaction effect was also 
observed [F(1,11) = 6.726, p = 0.027, ηp

2 = 0.402]. Connectivity 
strength between lDLPFC and SMA was found to be significantly higher 
in the exoskeleton condition than the control condition, however this 
was only observed in the late phase of the lifting/lowering task (Fig. 6). 

3.2.3. Effective connectivity analysis 
Significant effective connectivity paths are illustrated in Fig. 7. In the 

early phase, a unidirectional effective connection from SMA to mPFC 

Table 2 (continued ) 

Biomechanical Performance 
Parameters 

Condition 
Main Effects 

Phase 
Main 
Effect 

Condition x 
Phase Effect 

Late: 393.88 ±
36.46 N 

L5/S1 Superior 
Lateral Shear 

Control: 
192.48 ±
56.27 N 
Exoskeleton: 
208.76 ±
55.31 N 

Early: 
194.58 ±
52.63 N 
Late: 
206.66 ±
58.94 N 

Control Early: 
190.33 ±
51.66 N 
Control Late: 
194.63 ±
60.87 N 
Exoskeleton 
Early: 198.84 
± 53.61 N 
Exoskeleton 
Late: 218.69 ±
57.01 N 

L3/L4 
Resultant 

Control: 
2223.13 ±
125.10 N 
Exoskeleton: 
2263.07 ±
93.46 N 

Early: 
2198.01 
± 107.54 
N 
Late: 
2289.19 
± 111.03 
N 

Control Early: 
2144.30 ±
121.86 N 
Control Late: 
2301.97 ±
128.34 N 
Exoskeleton 
Early: 2251.72 
± 93.21 N 
Exoskeleton 
Late: 2274.43 
± 93.71 N  

Fig. 2. Functional connectivity maps of study 1. Asterisk indicates functional connectivity strengths with significant condition main effect and significant phase main 
effect are shown in the top and bottom rows separately. The color of each line indicates the strength of functional connectivity based on the color scale on the right. 
Intra-hemispheric connections are represented by solid lines and inter-hemispheric connections are represented by dashed lines. Middle column shows significant 
changes between conditions and phases. All the lines in the middle column are in dark red (positive changes) which indicates significant stronger connectivity for the 
Exoskeleton condition than for the Control condition (top) and for the late than for the early phase (bottom). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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region was formed in the exoskeleton condition (F = 0.065, p < 0.001). 
Additionally, mPFC was found to establish significant connections with 
all the other ROIs in the early phase exoskeleton condition (p < 0.001). 
In the late phase, both mPFC (F > 0.013, p < 0.001) and SMA (F > 0.031, 
p < 0.001) regions connected with rPMC region bidirectionally in the 
exoskeleton condition. Generally, SMA related causal density was 
greater in the exoskeleton condition in both the early (Fcontrol = 0.018; 
Fexoskeleton = 0.025) and late (Fcontrol = 0.017; Fexoskeleton = 0.020) 
phases compared to those in the control condition. Greater mPFC related 
causal density was also identified in the exoskeleton condition in both 
phases (early: Fcontrol = 0.013; Fexoskeleton = 0.022; late: Fcontrol = 0.009; 
Fexoskeleton = 0.012) than the control condition. 

4. Discussion 

To quantify the tradeoff that might exist between biomechanical 
measures (i.e., spinal loading) and neurocognitive effort with the use of 
a passive low-back assist exoskeleton, a two-armed experiment was 
conducted. In study 1, participants performed an asymmetrical lifting/ 
lowering task with and without the exoskeleton. Wearing the exoskel-
eton reduced peak lateral shear forces acting on the lumbar spine but 
engaged operators’ action monitoring system, as evidenced by increased 
fNIRS based functional connectivity and effective connectivity between 
supplementary motor area (SMA) and medial prefrontal cortex (mPFC) 
regions. In study 2, participants performed the same asymmetrical 

Fig. 3. Functional connectivity significant mixed effect of study 1. A significant condition × phase interaction effect between right dorsal lateral prefrontal cortex 
(rDLPFC) and medial prefrontal cortex (mPFC) functional connectivity strength (Mean ± SE) was observed; asterisk indicates significant decreases in functional 
connectivity over time in control condition but no such difference was seen in the exoskeleton condition. 

Fig. 4. Effective connectivity map of study 1. All 
effective connections shown are significant (p <
0.05). The color of each line indicates the strength 
of effective connectivity (granger causality) based 
on the color scale on the right. Solid lines indicate 
intra-hemispheric connections and dashed lines 
indicate inter-hemispheric connections. Multiple 
significant information flow paths were observed 
from supplementary motor area to premotor cortex 
(Early: F = 0.012, p = 0.031; Late F < 0.019, p <
0.032) and dorsolateral prefrontal cortex (Early: F 
> 0.011, p < 0.012; Late: F = 0.019, p = 0.031) 
regions in the exoskeleton condition. (For inter-
pretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Y. Zhu et al.                                                                                                                                                                                                                                     



Applied Ergonomics 96 (2021) 103494

8

lifting/lowering task with the addition of a cognitively demanding 
secondary task. The biomechanical benefits of the exoskeleton were 
diminished, and greater cognitive control requirements of the lifting 
motion were observed, as evidenced by the engagement of the frontal 
lobe. Finally, an exoskeleton related motor adaptation process was 
captured through the neural connectivity patterns across both studies. 

Several previous studies evaluating the effectiveness of exoskeleton 
use (particularly the one that was tested herein) have reported beneficial 
results, including decreased truck muscle activity and net joint moments 
for the exoskeleton relative to a control condition for both manual 
precision, static holding, and symmetric MMH tasks (Koopman et al., 
2019; Koopman et al., 2020; Madinei et al., 2020). Contrary to the re-
sults of these prior studies, peak spinal compression was comparable 
across both control and exoskeleton conditions in the present experi-
ment. This discrepancy may at least partially be explained by the nature 
of the lifting/lowering task performed, namely its asymmetry. Multiple 
studies have reported that passive low-back exoskeletons are less 
effective in reducing trunk muscle activity for asymmetrical MMH tasks 
(Alemi et al., 2019; Alemi et al., 2020; Madinei et al., 2020). For 
example, Alemi et al. (2020) observed a smaller reduction (13–15%) in 
peak trunk muscle activities during asymmetric MMH tasks with an 
exoskeleton as compared to symmetric MMH tasks with an exoskeleton 
(17–24%), which is likely attributable to poor physical 

human-exoskeleton coupling and the hazardous nature of the asym-
metrical tasks. 

Nonetheless, although the lateral shear forces observed for both the 
control and exoskeleton conditions were well below biomechanical 
damage thresholds (3400 N for compression and 700 N for shear load-
ings during repetitive tasks; Gallagher and Marras, 2012), a minor yet 
statistically significant reduction in the magnitude of peak lumbar 
lateral shear forces (55 N or about 12 lbs.) was observed for the 
exoskeleton condition in study 1. These results suggest that the tested 
exoskeleton may offer marginal biomechanical benefit relative to the 
control condition, at least when cognitive demand is low. However, an 
important takeaway should also be that changes in cognitive loading 
(discussed further below) may alter the biomechanical results and 
therefore, alter the effectiveness of exoskeleton use. In particular, the 
small biomechanical benefit of the exoskeleton that was observed in 
study 1 (i.e., reduction in lateral shear) was eliminated altogether as 
cognitive demands were increased in study 2. Indeed, previous literature 
suggests that cognitive or psychological stressors can exacerbate inter-
nal biomechanical loading (Mehta et al., 2011; Mehta and Agnew, 
2012), particularly during MMH tasks (Marras et al., 2000). It is ex-
pected that the mechanism responsible for changes in internal biome-
chanical loading was increased torso muscle coactivity, which 
subsequently also increased spinal loading. Our muscle force data 
(Fig. 8) confirms that more muscle coactivity was present during lif-
ting/lowering with the cognitive dual-task (study 2) than during the 
simple lifting/lowering task (study 1), particularly in the internal and 
external obliques. 

It should also be noted that the increases in muscle coactivity and 
spinal loading resulting from increased cognitive loading were both 
more drastic and more immediate for the exoskeleton condition than the 
control condition. For example, differences in peak spinal compression 
between study 1 and study 2 for the control condition were just 0.23% 
and 1.39% for early and late phases respectively, whereas differences in 
spinal compression between study 1 and study 2 for the exoskeleton 
condition were 9.1% and 14.2% for early and late phases (Table 2). 
Likewise, regarding timing, the effects of increased cognitive loading 
may have taken some time to “set in” for the control condition, whereas 
the effects were apparent immediately for the exoskeleton condition. 
This could help to explain why the cognitive dual-task paradigm resulted 
in a statistically significant effect of phase (early vs. late) on L3/L4 
Inferior compression in the control condition but not the exoskeleton 
condition. 

The scientific literature points to other instances in which active and 
passive exoskeletons have both previously been shown to impair user’s 

Fig. 5. Functional connectivity maps of study 2. 
Asterisk indicates a significant condition effect on 
the functional connectivity strength between right 
dorsal lateral prefrontal cortex (rDLPFC) and 
medial prefrontal cortex (mPFC). Six blue nodes in 
each graph indicate six regions of interest. The color 
of each line indicates the strength of functional 
connectivity based on the color scale on the right. 
Middle column shows significant changes between 
two conditions. The dark line (positive changes) in 
the middle column indicates significant stronger 
connectivity for the Exoskeleton Condition than for 
the Control Condition. (For interpretation of the 
references to color in this figure legend, the reader 
is referred to the Web version of this article.)   

Fig. 6. Functional connectivity significant mixed effect of study 2. Study 2 
yielded a significant condition × phase interaction effect between left dorsal 
lateral prefrontal cortex (lDLPFC) and supplementary motor area (SMA) func-
tional connectivity strength (Mean ± SE); asterisk indicates significant differ-
ence in functional connectivity between Control and Exoskeleton condition in 
late phase but no such difference was seen in early phase (p = 0.027). 
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dual task performance and alter their working strategies (Bequette et al., 
2018; Bequette et al., 2020; Federici et al., 2015; Meloni et al., 2011). 
However, while these studies support the notion that exoskeletons de-
mand greater cognitive control of the physical task, they offer very little 
insight as to the mechanisms responsible for these findings. Moreover, 
by employing invasive cognitive dual-tasks, there is a risk associated 
with altering the very nature of the HEI. In the present study, we 
captured, for the first time, direct neural signatures of HEI during a 
movement-intensive MMH task. In general, compared to the no 
exoskeleton condition, lifting while wearing an exoskeleton required 
greater neural connectivity among the frontal (i.e., prefrontal cortex) 

and motor (i.e., premotor cortex, and supplementary motor area) re-
gions (Fig. 2, top). Increased activation in the PFC is known to be 
positively correlated with working memory and complex cognitive 
processing (Harrison et al., 2014; McKendrick et al., 2017; Sibi et al., 
2016). During complex motor tasks, the medial prefrontal cortex has 
shown to co-engage with supplementary motor area/premotor cortex 
regions and function as the central executive system to support motor 
planning and execution (D’Esposito, 2007; Nee & D’Esposito, 2016). As 
such, our results suggest that participants required greater cognitive 
control to regulate motor behavior during the MMH task in the 
exoskeleton condition (Tanaka and Kirino, 2017). We also observed that 

Fig. 7. Effective connectivity map of study 2. All 
effective connections shown are significant (p <
0.001). The color of each line indicates the strength 
of effective connectivity (granger causality) based 
on the color scale on the right. Solid lines indicate 
intra-hemispheric connections and dashed lines 
indicate inter-hemispheric connections. Significant 
information flow from supplementary motor area 
(SMA) to medial prefrontal cortex (mPFC) was 
observed only in the exoskeleton condition early 
phase (F = 0.065, p < 0.001) and diminished in the 
late phase. (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the Web version of this article.)   

Fig. 8. External Oblique Muscle Forces (Mean ± SE). Greater muscle force was found during the physical cognitive dual-task (study 2) than the physical only task 
(study 1). 
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the frontal brain regions remained functionally connected over time in 
the exoskeleton condition, while this connection disengaged in the 
control condition (Fig. 3). Because biomechanical benefits of the passive 
exoskeleton did not change over time (particularly in study 1), the tested 
exoskeleton required sustained engagement of the frontal regions. 
Additionally, stronger neural connectivity within the motor regions (i.e., 
supplementary motor area/premotor cortex) found in our study indi-
cated that the HEI also required high-level motor control and planning 
than the control condition for the same physical task, thereby funda-
mentally changing the key characteristics (e.g., task complexity) of 
operator experiences as they performed the MMH tasks (Kim et al., 
2018). Therefore, as hypothesized, our results highlighted that the 
tested passive low-back exoskeleton imposed greater cognitive pro-
cessing, and motor planning demands to the operator during the simu-
lated MMH task. 

The hypothesis that HEI will involve the engagement of the frontal 
lobe, which is demonstrated by our study 1 findings, was further 
examined by perturbing the prefrontal cortex via a dual-task paradigm 
in study 2, similar to those adopted in prior studies (Beach et al., 2006; 
Davis et al., 2002; W. S. W. Marras et al., 2000). Here, we observed that 
the exoskeleton condition exhibited significantly greater connectivity 
strength between right dorsal lateral prefrontal cortex and medial pre-
frontal cortex regions (Fig. 5) than the control condition, suggesting that 
the cognitive dual-task had a greater impact on the frontal regions 
during HEI than during control, i.e., no exoskeleton, condition. This 
finding further validates our overarching hypothesis that HEI is associ-
ated with increased cognitive demands, evidenced by increased con-
nectivity within prefrontal cortex regions (Causse et al., 2017; 
McKendrick et al., 2017; Vassena et al., 2019), and that the presence of 
any additional cognitive stressors (environmental or situational) will 
further neurocognitively burden operators wearing exoskeletons. More 
importantly, this effect was retained over time, thereby suggesting that 
HEI impact on neurocognitive effort during cognitively and physically 
demanding conditions remain elevated over time. Future longitudinal 
work is warranted that further investigates potential cognitive adapta-
tion with HEI. We expected that similar to the neural patterns found in 
study 1, frontal and motor planning regions would remain engaged in 
the exoskeleton condition under dual-task in study 2, however, that was 
not the case here. It is likely that the connectivity strengths within the 
prefrontal cortex were much stronger than between prefrontal cortex 
and other motor regions, and thus these results dominated the statistical 
outcomes. This is supported by the magnitude of effect sizes observed 
here (greater than 0.6 for within prefrontal cortex and between 0.4 and 
0.2 for between prefrontal cortex and supplementary motor area/-
premotor cortex). Functional connectivity between the left dorsal lateral 
prefrontal cortex and supplementary motor area, however, increased 
significantly in the exoskeleton and decreased in the control condition 
over time (Fig. 6). It is likely that the added cognitive perturbation in the 
exoskeleton condition not only engaged more ROIs within the PFC than 
the physical MMH task, but over time expanded to co-engage supple-
mentary motor area activation (i.e., the region regulating complex 
motor planning) to preserve task performance. Collectively, these results 
suggest that passive low-back exoskeletons may potentially reduce op-
erators’ cognitive resource availability and makes them vulnerable to 
extraneous and/or sudden cognitive perturbations (Stirling et al., 2018, 
2020). 

In general, HEI was also found to engage the action monitoring 
system in the cortex, which is typically responsible of action evaluation 
and error processing (Bonini et al., 2014). Featured by the causal 
connection from the supplementary motor area to the medial prefrontal 
cortex region, effective connectivity analyses revealed the recruitment 
of the SMA region to monitor the task performance, followed by the 
activation of the medial prefrontal cortex likely to process and correct 
motor coordination errors (Bonini et al., 2014; Seidler et al., 2013). For 
both study 1 and 2, such effective connectivity was observed only in the 
exoskeleton early phase which indicated that HEI was uncoordinated at 

the beginning of the MMH task. However, the effective connection from 
the supplementary motor area to the medial prefrontal cortex dimin-
ished in the late phases, implicating motor adaptation with HEI over 
time (Figs. 4 and 7). 

There are some limitations that need to be acknowledged here. While 
the sample size is relatively small, it is comparable to existing ergonomic 
investigations on HEIs and include a balanced pool of men and women 
participants. More importantly, we observed large effect sizes (ranging 
from 0.2 to 0.6) and our major study hypothesis was confirmed. Second, 
limitations on the type of participants recruited (age group, sex, occu-
pation) can impact the generalizability of the study findings and thus 
future work should expand to a broader range of participant de-
mographics. In particular, formal evaluations of exoskeleton impacts on 
physical and cognitive demands in men and women are warranted. 
Third, our study inferences are limited to short-term evaluations of HEI 
that may be influenced by the intensity and pace of the simulated MMH 
tasks, which are on the lower end of physical demands when compared 
to other occupational biomechanics studies (Alemi et al., 2020; Madinei 
et al., 2020) or widely accepted lumbar biomechanical load limits 
(3400–6400 N compression, 700–1000 N shear; Gallagher and Marras, 
2012; Waters et al., 1993). It is likely that the impact of HEI on physical 
or cognitive demand processing is a function of physical intensity levels 
(Mehta and Agnew, 2012), and thus future work that investigates how 
neural signatures change with more common physically demanding 
tasks under cognitive load (Grobe et al., 2017; Mehta, 2016) are war-
ranted. In a similar vein, it is likely that different types of exoskeleton 
devices or models may impact operator cognitive-physical processing 
differently. As such, systematic neuroergonomic investigations that 
compare multiple exoskeleton devices and/or designs are needed that 
can set the foundation for evaluating different device features on their 
cognitive and motor processing requirements during various manual 
handling tasks. 
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