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Abstract: The Industry 5.0 paradigm complements the well-known Industry 4.0 paradigm and aims to focus 

research and innovation on social impacts and sustainability. Industry 5.0 proposes a shift of focus from 

technology-centred to human-centred design approaches for the modern workplace to enable the workers to 

achieve physical, psychological and cognitive resilience dealing with the new concept of Operator 5.0. Passive 

exoskeletons, which represent one of the emerging technologies, are suitable for industrial deployment due to their 

simplicity and low cost. Previous investigations evaluated the physical benefits of passive exoskeleton use during 

various tasks. These studies measured and demonstrated the capability of back-support exoskeletons to reduce 

back muscular demand in order-picking tasks, which are labour-intensive and challenging to automatize. For these 

reasons, passive back-support exoskeletons could be deployed to support the operators. However, the literature 

still has not proposed models to enable the analysis of exoskeleton deployment from a time effectiveness point of 

view to support managerial decisions. Nevertheless, this gap could be reduced by investigating exoskeletons' 

effects on muscular fatigue and the related rest allowance (RA). RA represents the amount of time required to 

cover the fatigue (muscular or cardiovascular) spent in executing tasks. The higher the fatigue, the higher the rest 

allowance. Thus, by investigating exoskeletons' effects on rest allowance, we can identify the pros and cons of 

using exoskeletons while executing tasks.  For these reasons, in this paper, we propose a methodological approach 

for evaluating the time effectiveness of exoskeleton deployment for picking tasks based on its effects on picking 

times and RA. 
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I. INTRODUCTION 

In the last years, manufacturing and logistics 

(M&L) systems have been facing the transition 

from the well-known Industry 4.0 paradigm to the 

Industry 5.0 one. The new Industry 5.0 paradigm 

increases the focus on the social impact of modern 

industry and places the worker's well-being at the 

centre of the production processes [1]. On the other 

hand, over the years, Industry 4.0 has focused on 

efficiency and flexibility improvement of 

production with digitalization [2]. In such a context, 

Industry 5.0 does not replace but complement 

Industry 4.0 since it aims to drive research and 

innovation to achieve the transition to a human-

centred sustainable and resilient industry. Such a 

type of transition becomes strategic in labour-

intensive M&L systems where, despite the trend to 

automation, several tasks need to be performed 

manually due to the high flexibility, agility, 

judgment and other series of skills that cannot be 

automatised and served by robots [3,4]. In the new 

scenario in which the technology needs to be 

adapted to the workers, wearable supportive devices 

such as exoskeletons gained interest over the last 

years to support and achieve the operators’ physical 

resilience [5]. These devices could be actively 

actuated (active exoskeletons) or can be entirely 

passively powered using elastic components 

(passive exoskeletons) [6]. Nevertheless, passive 

exoskeletons have lower complexity and cost than 

active ones and are easy to use. For these reasons, 

they are most accessible for large industrial use [7]. 

Passive exoskeletons demonstrate their capability to 

reduce operators’ physical workload in industrial 

tasks by decreasing the activity of the supported 

muscular groups [5] as well as the compression of 

lumbar vertebrae [8]. 

Moreover, the passive back-support exoskeleton 

Laevo has recently been certified as a PPE (Personal 

Protective Equipment) by the European Union [9]. 

However, standardized testing and comparison 

methods are still missing [10,11]. Additionally, the 

current literature does not focus enough on their 

impact on productivity and efficiency. Finally, 

decision support models to drive deployment 

decisions are missing [12].  

For this reason, in this work, we aim to reduce this 

gap by proposing a methodological approach whose 
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goal consists of leading managers in selecting or not 

passive back support exoskeletons for picking and 

material handling tasks. We investigate time 

performances and the required RA related to 

muscular fatigue. Most of the existing studies are 

focused on investigating the effects of wearing an 

exoskeleton by measuring the muscle activity 

generally expressed as a percentage of the 

maximum voluntary contraction (MVC) [13,14] or 

RMS (Root Mean Square) amplitude of the signal 

[15]. However, as stated by El Ahrache Imbeau 

[16], the muscle activity spent in executing any task 

can be used as an input parameter to define the 

necessity to have or not a RA. 

Further, this work focuses on order picking and 

material handling tasks since they are still 

performed manually and represent some of the most 

labour-intensive activities in M&L fields [17]. 

The paper is structured as follows. Section 2 reports 

the current state of the art. Section 3 describes the 

methodological approach. Section 4 presents a 

numerical application. Finally, Section 5 reports 

conclusions. 

II. STATE OF THE ART 

Several works studied the effects of passive 

exoskeletons in material handling and order-picking 

tasks [5]. Further, in this field, back-support 

exoskeletons were the most deployed [12].  

Ogunseiju et al. [18] investigated the efficacy of two 

StrongArm exoskeletons, the V22 and Flx, in 

material handling tasks using an EMG-driven 

biomechanical model of the spine. They found that 

both exoskeletons resulted in similar stress on the 

L5/S1 joint, with the Flx limiting the range of 

motion and increasing task performance time by 

20%. In the case of spring powered passive back-

support exoskeletons, the Laevo was majorly 

deployed and tested in simulated and real tasks. 

Motmans et al. [19] studied the effect of the Laevo 

exoskeleton on order-picking activities in a dairy 

company. They found that it reduced erector spinae 

activity by 9-12% and improved workers' perceived 

physical workload, although more energy was 

required for downward movements. Cardoso et al. 

[20] and Kinne et al. [21] also reported positive 

feedback for the Laevo exoskeleton in order picking 

tasks, with a decrease in NASA TLX 

subdimensions except for mental workload. Users 

perceived the task as easier when using the 

exoskeleton but reported interference, movement 

limitations, and discomfort in various body regions. 

Flor et al. [22] concluded that the Laevo was best 

suited for workstations with heavy lifting and low 

diversity of mobility. Giustetto et al. [23] and dos 

Anjos et al. [24] found that the Laevo resulted in 

lower discomfort, doubled endurance times, and a 

10% decrease in back muscle activity in static tasks. 

Luger et al. [25,26] and Iranzo et al. [27] 

investigated the performance of the Laevo in 

dynamic tasks. They found decreased heart rate, 

increased hip and knee flexion, decreased trunk 

activity up to 28%, and a slight reduction in range 

of motion due to the constriction provided by the 

exoskeleton. 

Moreover, the time to complete lifting and fastening 

increased between 2% and 8%. Schmalz et al. [8] 

assessed the Paexo Back, a newly introduced back-

support exoskeleton. They found that it resulted in a 

9% reduced oxygen consumption, reduced muscle 

activity in the back and thighs by up to 18%, and 

reduced peak and mean compression forces at 

L4/L5 (21%) and L5/S1 (20%). Qu et al. [28] 

investigated an IPAE exoskeleton allowing load-

carrying bypassing the arms. They found reduced 

erector spinae activity in isolated lifting and 

effective relief of the arms in dynamic lifting. 

However, users reported pressure on the shoulders, 

wrists, and thighs and no oxygen consumption 

differences. Lastly, Yandell et al. [29] investigated 

the Hero Wear Apex, a modular soft suit, in a 

distribution centre for various activities. They found 

reduced back muscle activity by around 10% and 

that workers were satisfied with the soft suit, 

reporting comfort and natural movement.  

Nevertheless, the main focus of the studies is the 

evaluation of exoskeletons through their effect on 

muscle activity measured with electromyography 

(EMG). The trend to use EMG for the assessments 

is maintained, extending literature to other M&L 

tasks [30]. Investigating the current state-of-the-art 

methods to support managerial deployment 

decisions of passive back-support exoskeletons in 

M&L systems. In particular, their impact on 

productivity remains very few investigated. As 

reported below, the effect of passive back support 

exoskeletons was investigated twice for material 

handling and picking. 

Moreover, passive exoskeletons are claimed to 

reduce fatigue [13] and physical workload [6] but 

models translating these biomechanical and 

ergonomic parameters into the time domain are still 

absent. However, operators’ fatigue can be 

evaluated as an additional time through RA [16,31]. 

Further, they can convert the fatigue reduction 

effect of exoskeletons in the time domain. 

Several models for RA evaluation have been 

proposed over the years. RA is defined as a 
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percentage of the holding time required to perform 

the task without interruption. According to [16] RA 

can be computed by considering local fatigue (e.g., 

muscle fatigue) or global fatigue (e.g., 

cardiovascular fatigue) according to the type of task 

the worker is asked to perform. 

Since the effects of wearing an exoskeleton are 

related to a specific body part, we focus on local 

fatigue. In such a context, four models are widely 

used in the literature to compute RA: [32], [33], 

[34], [35].  In Rohmert’s [32] and Milner’s [33] 

models, holding time is expressed as a fraction of 

the maximum holding (or endurance) time (MHT or 

MET). The Rose et al. [34] model uses MHT 

directly. Finally, Byström and Fransson-Hall [35] 

use the %MVC value to define the proper RA. 

Further, in [32] and [35],  no fatigue, thus RA, arise 

if %MVC is lower than 15%.  

MHT is linked to the %MVC as defined by Ma et 

al. [36]. Different models have been developed and 

validated over the years, specific for the lower or 

upper body part or more generic, aiming to consider 

the whole body.  Further, the MHT models are 

constructed using different mathematical models, 

mainly power and negative exponential functions. 

Moving on the %MVC is measured through 

electromyography (EMG) signals collected by 

applying sensors in the muscle mainly involved 

while performing tasks.  

III. METHODOLOGICAL APPROACH 

According to the literature review section, there is a 

lack of models translating in the time domain the 

physiological relieving effect of passive 

exoskeletons when performing manual M&L tasks. 

For this reason, we propose a methodological 

approach by combining time performances and 

muscular activity effects on RA while wearing or 

not an exoskeleton.  

According to [37,38] the positive effects of wearing 

an exoskeleton are task-dependent. Thus, this study 

is focused on order picking and material handling 

activities. This approach (see Fig. 1) aims to assess 

if a back-support passive exoskeleton is suitable for 

a given order-picking activity in terms of time 

efficiency. To do this, it is necessary to:  

I. Evaluate how exoskeletons affect the time 

performances of operators in order picking 

sub-tasks like picking, moving, placing and 

walking. 

II. Evaluate the effects of exoskeletons by 

measuring the effects on muscle activity for 

each task (e.g., %MVC)  

III. Evaluate the effects of muscle activity on 

RA according to the models proposed by 

the literature [16]. 

The methodological approach is illustrated in Fig.1. 

It consists of four parallel phases that evaluate the 

two scenarios with and without the exoskeleton 

deployment. In the first phase, in common with the 

two scenarios, is necessary to collect all the data of 

the picking process, such as the items’ positions, the 

average weight o items to pick, the average speed of 

the worker involved in the picking process and the 

average distance between items to pick. Further, in 

the second phase of the approach, a picking times 

analysis has to be done experimentally with the 

worker to evaluate his time performances in 

picking, moving, placing and walking with and 

without the exoskeleton worn to consider 

improvements or penalizations given by the 

wearing of the exoskeleton. In phase 3, the RA 

values are computed for conditions without the 

exoskeleton (3a) and with the exoskeleton (3b) by 

considering the muscle activity and local fatigue. In 

phases 4a (without exoskeleton) and 4b (with 

exoskeleton), the total picking times can be 

computed by combining the experimental data from 

phase 2 with the RAs calculated in phases 3a and 

3b.  

For the evaluation of the RA, The model proposed 

by Rose et al. [34] has been chosen for this 

application. It considers the %MVC and computes 

RA for %MVC lower than 15%. By considering 

[34], the RA is defined as follows: 

(1)           𝑅𝐴 = 3 ⋅ 𝑀𝐻𝑇−1.52 ⋅ 100 

Where MHT could be computed using the model of 

Mannenica (1986) for back muscles: 

 (2)         𝑀𝐻𝑇 = 32.7859𝑒−4.9⋅𝑓𝑀𝑉𝐶 

And 𝑓𝑀𝑉𝐶 = %𝑀𝑉𝐶/100 

%MVC values were measured by different studies 

in the literature showing significant decreases when 

material handling was performed with exoskeleton 

support [6]. Reductions of the %MVC were up to 

35% measured in assembly and static forward 

bending [3]. Moreover, for lifting tasks, the %MVC 

reduced from 32%MVC to 25%MVC in 5kg lifting 

using the ergonomic squat movement [39] while it 

reduced from 35%MVC to 8%MVC when lifting 

was performed in stoop posture [14] and had a 22% 

reduction when lifting 10kg in free lifting technique. 

In particular, this paper considers the %MVC values 

measured by Antwi-Afari et al. [14] since many 

workers prefer the stoop lifting style due to its easier 

operation [40]. They measured an 8%MVC needed 

to the Lumbar Erector Spinae (LES) for lifting a 5kg 
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weight with the support of a passive exoskeleton 

and 35%MVC without its support. 

Finally, the picking times can be compared to drive 

the final decision based on production efficiency. If 

the picking time without an exoskeleton is lower 

than that with an exoskeleton, the exoskeleton will 

not be indicated for deployment. Otherwise, its 

deployment will be convenient if the picking time is 

lower when using the exoskeleton.  

 
Fig. 1 Methodological approach 

In phase 4a the total picking time without 

exoskeleton can be computed as follows with T(x) 

values retrieved in Table 1: 

(3) 𝑇𝑛𝑜𝐸𝑥𝑜 = ∑ 𝑄(𝑖){[𝑇𝑝𝑖𝑐𝑘(𝑥(𝑖))
𝑛

𝑖=1

+ 𝑇𝑝𝑙𝑎𝑐𝑒(𝑥(𝑖))](1 + 𝑅𝐴𝑛𝑜𝐸𝑥𝑜)

+ 𝑇𝑚𝑜𝑣𝑒(𝑥(𝑖))} + 𝑇𝑤𝑎𝑙𝑘 

Where: 

𝑥(𝑖) = (𝑛𝑜𝐸𝑥𝑜, 𝑝𝑖𝑐𝑘 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛, 𝑝𝑖𝑐𝑘 ℎ𝑒𝑖𝑔ℎ𝑡) 

Determines the correct location to retrieve the data 

in Table 1 entering in the “no Exo” line with the 

position and height of the pick. 

While in phase 4b, with the exoskeleton, the total 

picking time is computed differently. Since the 

exoskeleton gives support in bent positions such as 

picking and placing [8] its effect on RA will be 

charged only with picking and placing times, 

resulting: 

(4) 𝑇𝐸𝑥𝑜 = ∑ 𝑄(𝑖) ⋅ {[𝑇𝑝𝑖𝑐𝑘(𝑥(𝑖)) +

𝑛

𝑖=1

𝑇𝑝𝑙𝑎𝑐𝑒]

⋅ (1 + 𝑅𝐴𝐸𝑥𝑜) + 𝑇𝑚𝑜𝑣𝑒(𝑥(𝑖)))}

+ 𝑇𝑤𝑎𝑙𝑘 

Where: 

𝑥(𝑖) = (𝐸𝑥𝑜, 𝑝𝑖𝑐𝑘 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛, 𝑝𝑖𝑐𝑘 ℎ𝑒𝑖𝑔ℎ𝑡) 

IV. NUMERICAL APPLICATION 

In this Section, we apply the methodological 

approach proposed in Section III to a numerical 

application.  

Phase 1:data collection for the picking process 

We simulate the picking process for two picking 

lists. In both cases, the average weight of the item 

to pick is 5 kg. The pallets where pick and place 

items are subdivided into two equivalent areas 

named “near” and “far” positions. In the “near” 

position, the picking and placing positions are very 

close to the worker’s area. On the other hand, in the 

“far” position, the worker assumes a not ergonomic 

position while performing picking due to the higher 

distance to pick and place the items (see Fig.2). In 

this numerical application, we assume to have an 

empty pallet where to place items so the picked 

items must be placed at ground level in far position. 

The picking list consists of one item to pick 5 times 

and another item to pick 2 times. For item 1 the 

picking location is near to the working position and 

at 0.5 m height. Item 2 is picked in a near position 

but at ground level (height 0 m). The total distance 

to complete the picking process is 50m. 

Phase 2: Picking time analysis 

For the picking time analysis is necessary to collect 

picking, moving, placing and walking values with 

and without the exoskeleton. The walking time can 

be set by considering the average speed of the 

worker with and without the exoskeleton. It is 

necessary to collect data with and without the 

exoskeleton for the pick and place activities since 

their deployment are subject specific [41]. For this 

reason, for this numerical application, we simulate 

Phase 1: Data collection for the picking 

process

Phase 2: Picking Time Analysis (walking, pick, 

move, place time)

Phase 3a: Rest

allowance analysis

without exoskeleton

Phase 3b: Rest

allowance analysis

with exoskeleton

TnoExo>TExo

Phase 4a: Total

picking time 

computation without

the exoskeleton

Phase 4b: Total

picking time 

computation with the 

exoskeleton

NO EXOSKELETON 

PRODUCTIVITY 

EFFICIENCY

EXOSKELETON 

PRODUCTIVITY 

EFFICIENCY

No Yes
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the pick and place activities on a 27 years old 

healthy male 175cm tall and 72kg of weight. The 

Paexo Back exoskeleton developed by Ottobock has 

been deployed for this laboratory test. The motion 

data necessary to assess time performances in each 

sub-tasks was recorded with a Xsens inertial motion 

capture system as described in Battini et al., (2022).  

In particular, the pick and place activity consisted of 

moving a box 395x295x275mm carrying a load of 

5kg from a 1200x800mm picking pallet to an 

800x600mm placing pallet positioned 1000mm far. 

Additionally, two picking heights were simulated: 

ground level and 500mm. The top view of the 

experimental setup is shown in Fig. 2. The volunteer 

(Fig. 3) was asked to perform a pick and place 

moving the box from the near pick position to the 

far place position and from the distant pick position 

to the close place position repeated for a total of 4 

times (8 total objects picked and placed). The pick 

and place activities were repeated for the two 

picking heights described below with and without 

the exoskeleton for 4 runs. 

 
 

 
Fig. 3 The volunteer performing the tests 

Additionally, the walking activity consisted of a 

walk in an indoor environment, and the walking 

speeds were directly took in output of the motion 

capture system. The deambulatory speeds resulted: 

vnoExo=1.41 m/s and vExo=1.35 m/s. 

In Fig. 3 is reported a frame from the experiment 

showing the volunteer wearing both the Xsens 

motion capture system and Ottobock Paexo Back 

exoskeleton during the pick and place activity. 

Phases 3a and 3b: rest allowance analysis without 

and with exoskeleton 

 

In this phase, the RA is computed for conditions 

without (3a) and with the exoskeleton (3b). In 3a the 

%MVC in input to the models is 35%MVC and, 

using (1) and (2): 

𝑅𝐴𝑛𝑜𝐸𝑥𝑜 = 20.20% 

While, in 3b, with a %MVC of 8% the RA results: 

𝑅𝐴𝐸𝑥𝑜 = 2.70% 

In both cases, the RA is computed for pick and place 

activities since they represent the two activities 

which are influenced by the exoskeleton as defined 

in [8]. As we can see, the exoskeleton provides a 

significant relief on the back muscles since RA is 

significantly lower compared to the case without the 

exoskeleton. 

 

Phases 4a and 4b: total picking time computation 

without and with exoskeleton 

According to the collected data and the computed 

RA is now possible to evaluate the total picking 

time with and without exoskeleton. Without the 

exoskeleton using (3) according to phase 4a, the 

total time results: 

𝑇𝑛𝑜𝐸𝑥𝑜 = 72.83s 

While with exoskeleton, using (4) according to 

phase 4b, the total picking time results: 

  𝑇𝐸𝑥𝑜 = 70.81𝑠 

In this example, the exoskeleton is preferable for 

deployment since it guarantees a reduced process 

time. Its relieving effect on %MVC ensures a much 

lower RA impacting in the picking and placing 

times when the support is given despite the higher 

RA charged to the moving time where the 

exoskeleton does not provide support. Despite that, 

a different picking list with the items positioned in 

the “far” halves of the pallets where the exoskeleton 

penalized most of the time performances (Table 1) 

could have resulted in  the convenience to not 

deploy it. For example, by reducing to 1 the 

quantities to pick for each item we obtain  

Texo=46.76s (resp.  TnoExo=45.95s). In this scenario, 

the picking time with the exoskeleton results 

Fig. 2 Top view of the experimental layout 
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slightly higher than that one without the 

exoskeleton. Thus, the exoskeleton is not 

convenient for improving picking performances.  

V. CONCLUSIONS 

In this paper, we present a methodological approach 

to evaluate the impacts of a passive back support 

exoskeleton on time performance by combining its 

direct impacts on sub-tasks and indirect effects on 

time performance through the RA which allows to 

convert into the time domain the relieving effect of 

the exoskeleton on back muscles. Moreover, the 

results of this approach can be used by managers as 

a decision support tool for evaluating when to 

deploy or not a passive back support exoskeleton in 

pick and place activities. As a future development 

of this approach, more scenarios and weight values 

could be considered as well as other %MVC values 

according to the operator features. 
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