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Kinematic and kinetic functional requirements for industrial exoskeletons for lifting tasks

and overhead lifting

Abstract

The aim of this study was to sample human kinematics and kinetics during simulated tasks to
aid the design of industrial exoskeletons. Twelve participants performed two dynamic tasks;
a simulated lifting task and an overhead lifting task. Based on the current data, to completely
assist a worker with lifting loads up to 15kg, hip actuators would need to supply up to 111Nm
of extensor torque at speeds up to 139°/s of extension velocity and 26°/s of flexion velocity.
The actuators should allow the hip to extend to 11° and flex to 95°, and supply a power of
212W. To completely assist workers lifting a 3kg load overhead, actuators assisting shoulder
flexion would need to supply up to 20Nm of flexor torque at speeds up to 21°/s of extension
velocity and 116°/s of flexion velocity. The actuators should also allow 67° of shoulder flexion

and supply a power of 27W.
Highlights

e This study sampled joint kinematic and kinetic activity to inform design of industrial
exoskeletons.

e The study presents sample values to two types of common industrial tasks across the
major joints as are often assisted.

e We also indicate considerations on which joints should be considered to be actively
assisted.

Keywords
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Practitioner Summary

There is increasing interest in developing exoskeletons for industrial applications. This study
details relevant kinetic and kinematic exposures for common industrial production tasks,

which can be used to inform functional requirements of industrial exoskeletons.



1 Introduction

Recent European studies have provided substantial evidence indicating Work-related
Musculoskeletal Disorders (WMSDs) are still an increasing and significant health problem in
Europe, specifically WMSDs of the back, neck and upper limbs (Schneider et al. 2010). These
disorders are often associated with Manual Materials Handling (MMH) tasks that involve
frequent lifting and overhead lifting (da Costa and Vieira 2010). Work-related interventions,
such as ergonomic aids, robots, automation and mechanisation, have been implemented into
industries to prevent these disorders, however, these solutions have had limited impact

(Schneider et al. 2010, Zurada 2012).

Recent research has been focusing on reducing the external load placed on the body by using
industrial exoskeleton concepts; robotic suits that assist and augment human motions whilst
performing MMH tasks (de Looze et al. 2016, Huysamen et al. 2018a, Huysamen et al. 2018b).
In theory, an exoskeleton adds mechanical power to the human body, thereby reducing the
mechanical load, and hence WMSD risk. These devices can be defined as either passive or
active. Passive exoskeletons store and release energy during movements by means of
elastic/spring members and compensate gravity using material compliance, whereas active
exoskeletons comprise of one or more actuators that augment the human’s power and helps
in actuating the human joints (Matthew et al. 2015, de Looze et al. 2016). Moreover,
exoskeletons can be distinguished by the supported body part(s): providing power or support
to the lower limbs (lower body exoskeletons), to the upper extremities (upper body
exoskeletons), to both upper and lower extremities (full body exoskeletons), and to single
joints, e.g. trunk, knee or shoulder exoskeleton. Lastly, exoskeletons can either be
anthropomorphic or non-anthropomorphic. Anthropomorphic exoskeletons have joints
aligned with the rotational movement of the human joints, which is not the case with non-

anthropomorphic types (de Looze et al. 2016).

To date exoskeletons have mainly been developed for medical/rehabilitation purposes where
devices have been designed to support and assist physically weak, injured or disabled people
with activities of daily living and to perform prescribed rehabilitation exercises (Viteckova et
al. 2013, de Looze et al. 2016). Some exoskeletons have been designed to enhance soldiers’
muscular strength in the military (Anam and Al-Jumaily 2012, Yan et al. 2015). Regarding

industrial exoskeletons research is mainly at an experimental level, but some have entered



the market (de Looze et al. 2016). The benefits of exoskeletons in reducing physical load on
humans has been proven (Huysamen et al. 2018a, Huysamen et al. 2018b), however,
researchers and developers have encountered significant design and technical challenges,
and only once resolved can these devices be made commercially available for large-scale

implementation in workplaces.

Research on the efficacy of active industrial exoskeletons at reducing the physical load on
humans was found for two devices: the MuscleSuit upper body exoskeleton (Muramatsu et
al. 2011) and the RoboMate active trunk exoskeleton (Huysamen et al. 2018b). MuscleSuit
significantly reduced muscle activity of the upper limbs during static bending, lifting, lowering
and carrying activities, and the RoboMate active trunk exoskeleton significantly reduced
muscle activity of the lower back (28-30% reduction) and Biceps Femoris (20-30% reduction)
during dynamic lifting and lowering activities. To date active exoskeletons appear have a
greater potential of reducing the physical load on the human body (de Looze et al. 2016, Toxiri
et al. 2018). However, an issue arising in the literature is the actuation of too many joints
without a need, as not only does it require a great deal of power, but also increases the weight
of the devices unnecessarily (Zoss et al. 2006, de Looze et al. 2016). As such, only joints
requiring assistive torque should be actuated. To this end, open research questions are A.
what joints of the human body should be assisted with exoskeletons, and B. how much

assistance and range of motion should be provided to those powered joints.

Achieving anthropometric, kinematic and kinetic compliance between the exoskeleton and
user has been highlighted as a significant challenge in the literature, especially for active
anthropomorphic exoskeletons (Cenciarini and Dollar 2011). Establishing the type
(active/passive/unpowered) and magnitude of assistance has also been noted as a research
need (Cenciarini and Dollar 2011, de Looze et al. 2016). However, there are very limited data
and associated guidance for industrial exoskeletons in this respect. One such study conducted
by Huysamen et al. (2018c) found that the back segment of an exoskeleton designed to assist

manual lifting tasks should allow or permit up to 72mm of elongation.

The interaction between the human and exoskeleton is vitally important. The kinematics and

kinetics of the device must coincide with that of the human to ensure safety whilst providing



support and/or assistance (Cenciarini and Dollar 2011). According to Cenciarini and Dollar
(2011) and Farris et al. (2012), degrees of freedom (DOF), range of motion (joint angle), joint
velocity, joint torque and joint power are the most critical biomechanical factors to consider
in the design of an exoskeleton. Further, these factors must consider the task the exoskeleton
is being designed for. Thus, to design an industrial exoskeleton, detailed human kinematic

and kinetic data of manual handling activities are required.

Joint velocity is particularly important as it determines torque generation. Designers also use
these data to determine the appropriate actuation system to generate not only the required
torque, but also the necessary speed (Cenciarini and Dollar 2011). Joint torque can be used
to inform, as a first step, which joints warrant actuation, and as a second step the magnitude
of assistance (Crowell Ill et al. 2002, Cenciarini and Dollar 2011, Farris et al. 2012). Arising
from these decisions, the estimated peak power requirements can be used to determine the

power supply of the exoskeleton.

Farris et al. (2012) detailed that joint torque and power requirements are the most important
requirements in the design of an exoskeleton, as all design decisions propagate from these
considerations: joints to be actuated, actuator size and type, transmission type and size,
structural considerations, type and design of exoskeleton etc. Addressing the question as to
which joints warrant actuation, Zoss and Kazerooni (2006) proposed that only joints requiring
substantial positive power of more than 10W for desired manoeuvres should be actuated.
However, the criterion proposed by the authors was to aid the design of a lower limb
exoskeleton, which aimed at augmenting the lower limbs so that the wearer is able to carry
significant loads easily over various terrains as in the Berkeley Lower Extremity Exoskeleton
(BLEEX). No other studies have been sourced advancing this specific question or critiquing the
10W criterion. A second question relates not to average power, but peak power, and in this

respect there is also little guidance for industrial exoskeleton design.

Hence, there is a clear need for data on the human range of motion, speed, torque and power
exposures during MMH activities to help determine A. which joints warrant assistance, B.
which joints should be prioritised for assistance, and C. what levels of kinematic and kinetic
exposures are involved in MMH activities to aid the specification of actuators for the

associated joints in an industrial exoskeleton. Therefore, the purpose of this study was to



analyse and quantify human kinematics and kinetics during manual handling activities to aid
the design of an industrial exoskeleton. Specifically, the objectives were to assess joint angle,
joint velocity, joint torque, joint power and spinal loading for a two-handed lifting task and

one handed overhead lifting task.

2 Method

2.1 Participants and ethical approval

Six male and six female participants (n=12), mean age: 24 years (+3.92), weight: 67 kg (+10.94)
and height: 168cm (+£9.12), volunteered to participate in the study. All participants were
healthy, with no current or prior musculoskeletal injuries or disorders. The study was

approved by the Research Ethics Committee of the University of Limerick.

2.2 Experimental design

The purpose of this study was to assess human kinematics and kinetics during lifting and
overhead lifting. The independent variable for the lifting tasks was Load: 5kg, 10kg and 15kg,
whereas only one load was assessed for the overhead lifting task: 3kg. The dependent
variables were joint angle (°), joint velocity (°/s), joint torque (Nm) and joint power (W). For
the lifting task, these variables were assessed for four joints: shoulder, elbow, hip and knee,
whereas for the overhead lifting task these variables were assessed for only two joints:
shoulder and elbow. The hips and back, which activate to assist with repetitive overhead
lifting when the shoulder is fatigued, were not considered in this study due to only a single lift
being examined and due to the fact that an exoskeleton assisting the shoulder should mitigate
fatigue. Flexion/extension data were obtained for all joints, and abduction/adduction for the
shoulder and hip joints. In addition, compression and shear forces at L5/S1 were also assessed

per treatment (Table 1).

Table 1: The joints and DoF assessed for the lifting task and overhead task.

Lifting Task ‘ Overhead Task | DoF Assessed per Joint
Flexion-Extension
Abduction-Adduction
Elbow Joint Flexion-Extension
Flexion-Extension
Abduction-Adduction
Flexion-Extension

Shoulder Joint

Hip Joint

Knee Joint




The lifting task comprised three treatments (Load x 3) in a full factorial design, whereas the
overhead lifting task comprised of only one. The lifting treatments and Task (lifting/overhead)
were performed by each participant in a randomised order. For analysis purposes, the lifting
task was divided into three phases (1: Initial lift, 2: Mid-lift, 3: Placing load), whereas the

overhead lifting task was divided into two phases (1: Initial lift, 2: Placing load).

2.3 Procedure

On entering the laboratory, participants were informed of the testing procedure,
requirements and equipment. After signing of the informed consent sheet, anthropometric
measurements were obtained and thirty CODA™ light-emitting diodes (LEDs) were placed on
the surface of the skin by a physiotherapist trained in 3D motion analysis (V.P.). This was
followed by a detailed explanation and demonstration of the tasks by the lead investigator.
Testing commenced once participants had practiced the tasks and were proficient and

comfortable with the testing procedure and requirements.

For both tasks, participants were informed to select a speed and lifting technique which they
felt they could perform for an 8-hour work day (self-selected) (Huysamen et al. 2018c). For
the lifting task, participants lifted a box from mid-shin height to table height (1075mm),
comprising one lifting cycle. Once a steady rhythm was achieved, three lifting cycles were
recorded. For the overhead lifting task, participants lifted the 3kg load from table height
(1075mm) to a target overhead (10cm above stature), comprising one overhead cycle. This
was repeated three times. There was a break of a minimum of two minutes between
treatments to avoid fatigue (1S0:11228-1 2003). For each participant, the single cycle with the

best marker visibility was used for the analysis.

2.4 Equipment

2.4.1 Testing equipment
A box, four loads (3kg, 5kg, 10kg, 15kg) and a table were used during this study. The box

dimensions were W:40cm x D:30cm x H:19cm with hand holes situated 18cm from the base.
The loads were chosen to reflect variability of loads handled in industry (Huysamen et al.
2018c), whilst falling within lifting and lowering guidelines suggested by Pheasant and

Haslegrave (2006) to ensure safety of participants. Similarly, the origin and destination for the



lift was based on guidelines by Pheasant and Haslegrave (2006) and ISO standards (I1SO:14738
2008).

2.4.2 Motion and ground reaction force measurements
3D motion data were captured using a CODA™ mpx64 motion analysis system (Sample rate:

100Hz; Charwood Dynamics, Rothley, Leics, UK), with ground reaction forces measured by an
AMTI AccuGait™ force plate (Advanced Mechanical Technology, Inc., Watertown, MA, USA).
Whilst standing upright in a neutral posture, thirty CODA™ light emitting diodes (LEDs) were
attached to each participant in accordance with the Vicon Plug-in Gait marker setup (Foot:
4/foot, Leg: 3/leg, Pelvis: 4, Arm: 3/arm, Hand: 3/hand; Vicon Motion Systems Ltd., Oxford
Metrics, Oxford, UK). Both motion data and ground reaction force were processed in ODIN

software and exported into C3D file format for analysis purposes in AnyBody™ software.

Figure 1: Photograph of a participant standing on the AMTI force plate whilst performing one
lifting (Figure 1a and 1b) and one overhead cycle (Figure 1c and 1d) with the CODA™ LEDs
attached

2.4.4 AnyBody™ Technology Modelling Software
The Mocap model located within the AnyBody™ software system was used to study the

human body kinetics and kinematics from the motion capture and force plate data. In order
to simulate a task, the model requires the participants’ anthropometrics, modelling of the
external load, starting position, the motion capture data and the ground reaction forces. The
inverse dynamics were computed for each treatment for each participant. In total, four

MoCap models (3xLifting; 1xOverhead) were run per participant. Internal and external



rotation of the hip and shoulder was not assessed in this study due to visual limitations of the

motion capture system.

2.4.5 Data extracted and analysed from the biomechanical models
The kinematic data extracted from each model were joint angle (°) and joint velocity (°/s), and

the kinetic data extracted from each model was joint torque (Nm), joint power (W),
compression forces at L5/S1 (N) and shear forces at L5/S1 (N). For the lifting task, joint angle,
joint velocity, joint torque and joint power was extracted for four joints, whereas for the
overhead lifting task, this was only done for two joints. The DoF extracted per joint can be
found in Error! Reference source not found.. For power, both negative and positive power
was determined for each DoF assessed, where positive power is the rate at which energy is
created and negative power is the rate at which energy is absorbed (Zoss and Kazerooni,

2006).

For each dependent variable, the 95™ percentile data were determined in place of maximal
values to control for artefact effects. For torque and power, both the absolute and relative
values (to body mass) are reported. In addition to the 95 percentile power data, the average

power, which is the average over all positive and negative power values, was also computed.

Figure 2: Examples of the biomechanical simulation of the lifting task for one participant using
the AnyBody™ software



3 Results

3.1 Kinematic data

The joint angle and joint velocity data for the joints examined are presented in Error!
Reference source not found.. For the lifting task, the elbow flexion angle (102°) was highest
for the upper limbs, followed by the shoulder flexion angle (73°). Elbow flexion (133-139°/s)
and shoulder extension (124-136°/s) velocities peaked at approximately one-third of the
lifting cycle, whereas elbow extension (140-155°/s) and shoulder flexion (107-116°/s)
velocities peaked at approximately two-thirds of the lifting cycle. For the lower limbs, hip (95°)
and knee (62°) flexion angles were highest and hip extension (14°) and abduction (7°) angles
were lowest. Hip (139-154°/s) and knee (89-104°/s) extension velocities were greatest,

peaking approximately one-third into the lifting cycle (between mid-lift and being upright).

For the overhead lifting task, the highest joint angle was for shoulder abduction (88°),
followed by elbow flexion (79°), with the lowest for shoulder flexion (67°). Shoulder flexion
(116°/s) and abduction (157°/s) velocity peaked at the middle of the lift. Elbow flexion (96°/s)
and extension (80°/s) velocity peaked at the middle of the initial lift phase and placing load

phase respectively.

Table 2: 95th percentile joint angle and velocity data for both tasks

Lifting Task Overhead Task
Joint Angle (°) Velocity (°/s) Joint .
Velocity
Angle .
S5kg | 10kg | 15kg | 5kg | 10kg | 15kg ) (°/s)
Flex | 73.1 | 73.3 | 73.6 | 116.1 | 1149 | 106.9 66.5 115.8
Ext 135.9 | 130.9 | 123.9 20.5
Shoulder
Abd | 29.8 | 32.8 | 31.8 | 61.2 | 67.4 | 623 | 88.0 | 1566
Add 52.7 47.7 51.7 4.2
Elb Flex | 102.5 ’ 102.4 ’ 102.2 | 139.3 | 134.8 | 133.3 79.2 95,5
ow
Ext 154.7 | 143.2 | 1404 79.6
Flex | 91.8 | 93.7 | 945 | 24.8 27.4 25.6
Hi Ext | 14.1 | 11.1 | 10.2 | 153.6 | 145.8 | 139.0
i
P Abd | 5.5 6.6 6.9 5.8 4.8 6.6
Add 10.8 11.5 12.6
Knee Flex | 59.0 | 60.1 | 61.5 4.6 6.5 9.1




Ext

89.0

Blank cells: the extremity did not enter the joints’ range of motion.

3.2 Kinetic data

3.2.1 Joint torque
For the lifting task, the shoulder flexors (19-44Nm) produced the largest torque for the upper

limbs, followed by the elbow flexors (12-30Nm) and then shoulder abductors (7-15Nm). The
data indicate that the torque peaked at the end of the lift, when the arms were extended
forward to place the load on the table. The highest torque for the lower limbs was for hip
extension, with values peaking at the start of the lift (85-111Nm). This was followed by knee
flexion torque peaking during the first third of the lifting cycle (27-41Nm), and then by knee
extension torque (10-20Nm), which peaked during the first half of the lifting cycle. Most of
the joint torques increased with the increase in load, as is to be expected. An opposing effect
was noted for knee extension and there was no noticeable pattern for shoulder extension and

adduction torque (Table 3: 95th percentile absolute and relative (Rel.) torque data of several

joints for both tasks

Lifting Task

Overhead Task

Torque (Nm)

Rel. Torque (Nm/kg)

Torque Rel.

(Nm) | Torque
S5kg | 10kg | 15kg | 5kg 10kg | 15kg
(Nm/kg)
Flex | 18.7 | 31.7 | 443 | 03 05 | 0.7 19.7 0.3
Ext
Shoulder
Abd | 6.6 | 11.0 \ 152 | 01 | 0.2 ] 0.2
Add
Flex 11.6| 19.9 \ 304 | 02 | 03 | 0.5
Elbow
Ext
Flex
" Ext | 84.6 | 99.0 | 110.7 | 1.3 1.5 1.6
|
P Iabd| 120 152 | 168 | 02 02 | 03
Add | 9.7 | 125 | 13.8 | 0.1 02 | 02
Flex | 27.0 | 342 | 414 | 04 | 05 | 06
Knee
Ext | 19.9] 11.0 | 9.7 | 0.3 02 | 0.2

Blank cells: torque was not produced for the joints’ direction of movement



Table 3: 95th percentile absolute and relative (Rel.) torque data of several joints for both tasks

Lifting Task Overhead Task
Torque (Nm) Rel. Torque (Nm/kg) | Torque Rel.
(Nm) | Torque
Skg | 10kg | 15kg | 5kg | 10kg | 15kg
(Nm/kg)
Flex | 18.7 | 31.7 | 44.3 0.3 0.5 0.7 19.7 0.3
Ext
Shoulder
Abd | 6.6 | 11.0 | 15.2 0.1 0.2 0.2 9,8 0.2
Add
Flex | 11.6 | 19.9 | 304 0.2 0.3 0.5 15.9 0.2
Elbow
Ext
Flex
i Ext | 84.6 | 99.0 | 110.7 | 1.3 1.5 1.6
i
P Abd | 12.0 | 15.2 | 16.8 0.2 0.2 0.3
Add | 9.7 | 12.5 | 13.8 0.1 0.2 0.2
Flex | 27.0 | 34.2 | 414 0.4 0.5 0.6
Knee
Ext | 19.9 | 11.0 | 9.7 0.3 0.2 0.2

Blank cells: torque was not produced for the joints’ direction of movement

For the overhead lifting task, shoulder and elbow flexion torque peaked during the initial lift
phase, where shoulder flexion torque (20Nm) was greater than elbow flexion torque (16Nm).
The shoulder abductors (10Nm) produced the least amount of torque, which peaked at the

end of the lifting cycle.
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Figure 3 and Figure 4 display sample torque data for the lifting and overhead lifting tasks for
the largest participant (male, 81kg, 183cm). For the lifting task, the torque data are presented
for shoulder flexion and abduction, elbow flexion, knee flexion, and hip flexion and abduction,
whereas for the overhead lifting task, shoulder flexion and abduction, and elbow flexion

torque data is presented.
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Figure 3: Torque data of the shoulder, elbow, hip and knee joints for the largest participant
(weight: 81kg; height: 183cm) performing lifting with the 15kg load. Left: Phase 1 - Initial lift,
Middle: Phase 2 - Mid-lift and Right: Phase 3 - Placing load. Positive values: flexion/abduction;
Negative values: extension/adduction. Note the participant in the photographs is of a
researcher and not a study participant for confidentiality requirements.
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Figure 4: Shoulder flexion and abduction torque, and elbow flexion torque for the largest
participant (weight: 81kg; height: 183cm) performing the overhead lifting task holding the 3kg
load. Left: Phase 1 - Initial lift, Right: Phase 2 - Placing load. Note the participant in the
photographs is of a researcher and not a study participant for confidentiality requirements.

3.2.2 Joint power
The joint power data are presented in



Table 4. For the lifting task, the shoulder flexion joint had the largest positive power for the
upper limbs (56W), followed by the elbow flexion joint (50W). Conversely, the elbow flexion
joint had the largest negative power (-54W), followed by the shoulder flexion joint (-27W).
With regards to positive joint power of the lower limbs, hip flexion power was greatest
(211W), followed by knee flexion power (52W). The hip and knee joints had the greatest
negative power results, but the values were relatively low (>-30W). Joint power increased

with the heavier load for most of the joints, again as is to be expected.

For the overhead lifting task, the highest power data were noted for the shoulder flexion and
elbow flexion joints. Both had a positive power of 27W and a negative power of -7W. The

smallest power was for the shoulder abduction joint (11W and -1W).

For the lifting task, the hip and shoulder flexion joints had on average greater positive than

negative power (



Table 4), where the average power increased with the higher load. For the lifting of 15kg, the
hip and shoulder flexion joints had a maximum average of 62W and 10W respectively. For the

lifting of 5kg, positive knee joint power was greater than negative knee power (10W). The

average joint power for the remaining joints was close to zero (



Table 4). The average joint power for the overhead lifting task revealed all three joints to have
greater positive power than negative power. The maximum average power was for the

shoulder flexion joint (10W), whereas the shoulder abduction (5W) and elbow flexion (4W)

joints generated the least.



Table 4: The absolute and relative 95™ percentile power data, and the average power data of

several joints for both tasks.

Lifting Task Overhead Task
Rel. Peak Power | Ave. Power (W) Rel. | Ave.
Peak Power (W)
(W/kg) Peak | Peak | Powe
Pow | Powe | r (W)
10k | 15k 10k | 15k er r
S5kg | 10kg | 15kg | 5kg Skg
g | 8 g g | (W) | (W/K
g)
246 | 39.6 | 559 | 0.3 | 0.6 | 0.8 269 | 0.4
9 5 4 8 0 4
Flex
Ext - - - - - - 54 | 7.8 | 95 -6.6 | <-0.1 | 10.0
-Ex
106 | 179 | 26.7 | 0.1 | 0.2 | 0.4
Shoul 8 7 5 6 7 0
der Ab 00| 01|01 11.3 | 0.2
q 3.79 | 8.68 | 9.33 6 4 4
Ad - - - - 02|05 |06 | -10 | <01 4.6
q 103 | 0.0 [ 0.1 | 0.1
-4.82 | -8.37 1 7 3 6
20.3 | 3651499 | 03 | 05 | 0.7 26.7 0.4
1 2 0 1 6 5
Elbo | Flex
- - - - - - -0.2 |1 09 |14 | -66 | -0.1 4.2
w -Ext
23.8 | 375 | 541 | 03 | 05 | 0.8
5 2 6 6 6 1
146. | 187. | 211. | 2.1 | 28 | 3.1
17 69 42 9 0 6
Flex
Ext - - - - - - 140.2 551|619
-Ex
232 | 25.1 | 251 | 03 | 03 | 0.3
_ 1 2 2 5 | 6 | 6
Hip
0.0 | 0.0 | 0.1
Ab
q 456 | 3.72 | 9.14 | 7 6 4
- - - - -09 | -1.2 | -0.6
Ad
q 130 |1 0.1 | 0.1 | 0.2
-8.42 | -9.79 0 2 4 0
51.5 | 30.0 | 348 | 0.8 | 0.4 | 0.5
4 6 3 1 8 4
Flex
Knee Ext - - - - - - |100]| 23 | -04
-Ex
132 | 183 | 275 | 0.2 | 0.2 | 04
8 7 6 0 8 5




3.2.3 L5/S1 compression and shear
Compression and shear at L5/S1 95 percentile forces are presented in

. The maximal compression was 3489N and shear was 658N for lifting of the 15kg load. For
the overhead lifting task, compression and shear forces in L5/S1 were 774N and 110N

respectively.

Table 5: 95th percentile spinal loading data for a lifting task (5kg, 10kg, 15kg) and overhead
task (3kg).

Lifting Task Overhead
S5kg | 10kg | 15kg Task
Compression Forces (N) | 2537 | 2964 | 3489 774
Shear Forces (N) 456 538 658 110

4 Discussion

4.1 Kinematic and kinetic considerations

The kinematics and kinetics of industrial exoskeletons must coincide with that of the human
to ensure safety, whilst providing support and/or assistance (Cenciarini and Dollar 2011). As
such the interaction between the two must be optimized. This is done by establishing

kinematic and kinetic compliance between the exoskeleton mechanics and the user’s limbs.

The joint angle and velocity data presented in Table 2 form preliminary functional
requirements for actuators assisting these joints with manual lifting and dynamic overhead
lifting. To ensure kinematic compliance between an exoskeleton’s mechanics and the user’s
limbs, the peak joint angles and velocities must be presented or accommodated by the device
at the appropriate point during the movement. If not, the exoskeleton may cause injury
instead of preventing them. It should be noted that these are the maximal values recorded
for the current cohort and for the tasks as tested. Practically, the range of motion of an
exoskeleton should exceed these values in order to provide for other possible postures and

populations.



With regards to kinetic compliance, an active exoskeleton designed to assist with manual
lifting and dynamic overhead lifting should provide assistance (full or partial) torque as per
the maximal values displayed in Table 3: 95th percentile absolute and relative (Rel.) torque

data of several joints for both tasks

Lifting Task Overhead Task
Torque (Nm) Rel. Torque (Nm/kg) | Torque Rel.
(Nm) | Torque
Skg | 10kg | 15kg | 5kg | 10kg | 15kg
(Nm/kg)
Flex | 18.7 | 31.7 | 44.3 0.3 0.5 0.7 19.7 0.3
Ext
Shoulder
Abd | 6.6 | 11.0 | 152 [ 0.1 | 02 | 0.2
Add
Flex | 116 | 199 [ 304 | 02 | 03 | 05
Elbow
Ext
Flex
i Ext | 84.6 | 99.0 | 110.7 1.3 1.5 1.6
i
P Abd | 12.0 | 15.2 | 16.8 0.2 0.2 0.3
Add | 9.7 | 12.5 | 13.8 0.1 0.2 0.2
Flex | 27.0 | 34.2 | 41.4 0.4 0.5 0.6
Knee
Ext | 19.9 | 11.0 9.7 0.3 0.2 0.2

Blank cells: torque was not produced for the joints’ direction of movement



. Further, the kinetic timing specifications noted in the Results (3.2.1 Joint torque) and
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presented in

Figure 3 and Figure 4 also need to be considered. Depending on the actuated joints, peak
power presented in Table 4 can assist designers in determining the necessary power supply
needed for the exoskeleton. If the power supply does not meet the peak requirements, then
the exoskeleton may, in contrast to its goal, decrease the worker’s speed, strength and
endurance (Crowell lll et al. 2002). Once the torque and power requirements are determined,
other design considerations such as actuator size and type, power system type and size,

transmission size and type, structural considerations, can be established (Farris et al. 2012).

Fluidity of movement is one of the most vital aspects in the design of an exoskeleton, but also
one of the greatest challenges (Toxiri et al. 2018). Alignment with anatomy, kinematic and
kinetics must be established. From a technical standpoint, the device needs to perform
accurately without failures such as unintended, unexpected and non-synchronised
movement, loss of exoskeleton support, stability and control, or unequal distribution of force
(van der Vorm et al. 2015). These factors must be addressed through both mechanical and
sensor design as well as in the system software controls. Also, depending on the type and

purpose of the exoskeleton, researchers and designers must ensure a suitable assistive



control strategy is implemented into the design (Toxiri et al. 2018). According to Toxiri et al.
(2018), this is the key to versatility and therefore a crucial component in the exoskeleton’s

effectiveness.

4.2 Functional requirements
As detailed above, a first question is whether a joint should be assisted, and secondly, if
assisted, how much torque should be provided to provide a meaningful reduction in risk of

WMSDs.

4.2.1 Criterion for whether to assist a joint
To date there is little guidance available on control strategies for industrial exoskeletons, and

as such, deciding on the powered and unpowered DoF is a challenge. Besides the
recommendation suggested by Zoss and Kazerooni (2006) on active actuators, no other
recommendations were found in the literature. Moreover, Zoss and Kazerooni (2006) did not
substantiate their basis for the >10W criterion. Designers and engineers have struggled in

determining which joints require actuation and by how much.

The benefits of an exoskeleton in reducing the risk of developing WMSDs has been proven.
One could suggest that if a MMH task is associated with WMSDs such as manual lifting and
overhead lifting, the task may benefit from the assistance of an exoskeleton. This does not
mean actuating every joint, but the joint/joints which require substantial torque and which

are associated with a particular risk of WMSDs.

According to NIOSH (1981), a compression force above 3433N is potentially dangerous, which
was noted for the lifting of the 15kg load (95™ percentile: 3489N; Maximum: 3779N) in this
study. Moreover, the University of Waterloo ergonomic research group has suggested 500N
as a safe limit for shear forces at L5/S1 (McGill et al. 1998). Similar to the compression forces,
the shear forces at L5/S1 whilst lifting the 15kg load (95 percentile: 658N; Maximum: 716N)
exceeded this safe limit, along with the lifting of the 10kg load (95™ percentile: 538N;
Maximum: 567N). These findings are similar to the maximum compression and shear forces
(approximately 4000N and 700N respectively) presented by Marras et al. (1999) for lifting an

18.2 kg load from a storage bin to a mobile pallet.

The data from this study substantiates the opportunity in using an industrial exoskeleton to

reduce the risk of back injury during manual lifting, which has been well established as an



occupational risk factor for back WMSDs (Zurada 2012). The hip flexion joint required
substantial torque to perform the lifting task (85-111Nm), and thus, if actuated, could reduce
loading on the lower back, as indicated by Huysamen et al. (2018b), and hence, possibly
reduce the risk of developing WMSDs of the back. This is further supported by the fact that
the average power of the hip flexion joint was above the 10W criterion suggested by Zoss and
Kazerooni (2006). The maximum joint angle, velocity, torque and power for full hip flexion

actuation for lifting of loads up to 15kg are displayed in Table 6.

The data presented in Table 6 is supported by the work conducted by Hwang et al. (2009)
who investigated lower extremity kinetics and lumbar curvature during squat and stoop lifting
in twenty-six participants (5kg, 10kg, 15kg). The kinematic and kinetic data presented in the
paper for the hip flexion joint (joint angle, velocity, torque and power) corresponds to the
findings in this paper. Furthermore, the kinematic data for the hip flexion joint is similar to
that presented in Pavlova et al. (2018) (Squat vs. stoop lifting: 6kg to 15kg) and Burgess-
Limerick et al. (1995) (self-selected lifting technique: 2.5kg to 10kg), whereas the kinetic data,
specifically torque, for the hip flexion joint is similar to the findings presented by Faber et al.

(2010) (Stoop vs. semi-squat vs. squat lifting: 10kg).

The shoulder flexion joint produced the second largest torque when lifting the 15kg load
(44Nm). This joint may benefit from active actuation to reduce the load on the upper limbs
whilst lifting heavy loads, especially as WMSDs of these joints are the second highest in
industry (Luttmann et al. 2003). Maximum shoulder flexion joint values from this study, as

could be used to inform actuator design, are also presented in Table 6.

Evidence suggests that disorders of the shoulder and neck are increasing in industry
(Schneider et al. 2010). These disorders have been highly associated with overhead lifting
(Shin et al. 2012, Phelan and O’Sullivan 2014). In this study, shoulder flexion had the greatest
torque for the overhead lifting task. As such, actuating the shoulder flexion joint during
overhead lifting may reduce the risk of developing these disorders. Moreover, this may
potentially add additional protection to the back and hips, as the assistance may prevent the
engagement of the back and hips, which occurs during repetitive overhead lifting when the
shoulder in fatigued. The maximum joint angle, velocity, torque and power for full shoulder

flexion actuation for lifting of loads of 3kg overhead are displayed in Table 7.



Table 6: Kinematic and kinetic functional requirements for a hip flexion and shoulder flexion
actuator for lifting of loads up to 15kg (flexion and abduction: positive values, extension and

adduction: negative values).

Shoulder Flexion
Hip Flexion Joint Joint
Flexion-Extension Joint Angle (°) -10.2 94.5 No ext. 73.6
Abduction-Adduction Joint Angle (°) | No add. 6.9 No add. 31.8
Flexion - Extension Velocity (°/s) -139 25.6 -123.9 106.9
Flexion-Extension Torque (Nm) -110.7 | Noflex. | No ext. 44.3
Flexion-Extension Power (W) 211.42 55.9




Table 7: Kinematic and kinetic functional requirements for a shoulder flexion actuator for
overhead work (flexion and abduction: positive values, extension and adduction: negative
values).

Shoulder Flexion Joint
Flexion-Extension Joint Angle (°) No ext. 66.5
Abduction-Adduction Joint Angle (°) No add. 88.0
Flexion - Extension Velocity (°/s) -20.5 115.8
Flexion-Extension Torque (Nm) No ext. 19.7
Flexion-Extension Power (W) 26.9

4.2.2 Magnitude of torque/power
Provided that users are able-bodied, full assistance is not entirely necessary, especially as full

assistance would result in a heavy and cumbersome design to accommodate larger sized
motors. Another question arising is the level of support required by an actuator to reduce the

risk of WMSDs to acceptable levels.

Whilst lifting a 15kg load, the RoboMate active trunk exoskeleton, which supplied 20Nm for
each hip, reduced erector spinae muscle activity by 30% (Huysamen et al. 2018b). The data
from the current study revealed that hip flexion torque peaked at 113Nm when lifting the
15kg load. This suggests the RoboMate active trunk exoskeleton provided approximately a

modest 17% assistive peak torque.

One would consider that the greater the assistance, the greater the reduction in risk. This was
proven in principle by a study conducted by Sylla et al. (2014). The study investigated the
effect of the ABLE upper-limb exoskeleton on the sum of the joint torques during overhead
lifting. Participants were required to lift a 950g screw gun overhead. Four assistive torques
were examined: 10.14Nm, 13.09Nm, 16.03Nm and 18.98Nm. The greatest torque reduction
was noted for the 13.09Nm of assistive torque (38% reduction), whereas torque increased

significantly with the larger assistive torque of 19.98Nm.

To reduce WMSD risk and ensure user safety, it is imperative to determine the optimal
assistive torque of an exoskeleton. This can be achieved by testing various levels of assistive
torques as done by Sylla et al. (2014). It can also be determined by means of biomechanical
modelling software such as AnyBody Technology Modelling System™ and OpenSim (de Kruif

et al. 2018). In both systems an exoskeleton and the interaction with the human can be



simulated, where the effect of various levels of assistive torque can be estimated based on
human kinematic and kinetic parameters. There are various groups developing exoskeleton
interaction models using such software platforms which will aid the suite of simulation tools

in this respect.

4.3.2 Exoskeleton type

This study revealed that an exoskeleton designed to aid lifting might primarily benefit from a
trunk type concept with actuation to support hip flexion. However, in some instances,
shoulder flexion actuation might also be warranted. With regards to exoskeleton
classification, an exoskeleton actuating support about the hip and for shoulder flexion for
lifting would be classified as an active trunk exoskeleton and an active shoulder exoskeleton

respectively (single-joint exoskeletons).

An exoskeleton designed to assist with overhead lifting might primarily benefit from an upper
arm type concept with actuation to support the shoulder flexion joint. An exoskeleton
actuating support about this joint during overhead lifting would be classified as an active

shoulder exoskeleton (single-joint exoskeleton).

4.4 Limitations

A larger sample size would be preferable to enable broader generalisability of the results. In
addition, it would be preferable if the participants were manual handling workers, so as to
develop a data set more representative of the working population body sizes and their lifting
techniques. This study investigated a lifting task and overhead lifting task. However, there are
many more manual handling tasks, which could benefit from an industrial exoskeleton such
as load carriage, lowering tasks, pushing/pulling tasks etc., and should be investigated in

future studies.

Due to visual limitations of the motion capture system, the DOF of the back, wrist and ankle,
and internal-external rotation of the hip and shoulder were not investigated in this study.
Moreover, this limitation also resulted in the lifting task being performed only in the sagittal
plane. However, in industry, such tasks generally include asymmetric rotation. Further studies

should attempt to include a broader set of movements, loads, and pace of work.



5 Conclusions

The key outcomes of this study were that the hip and shoulder flexion joints were identified
as the priority joints for active assistance to prevent back and shoulder injuries in lifting and
overhead lifting respectively. However, shoulder flexion might also benefit from assistance
when lifting heavy loads. This study indicates that an exoskeleton design to assist with lifting
might firstly focus on an active trunk exoskeleton, whereas an exoskeleton design to assist

with overhead lifting might firstly focus on an active shoulder exoskeleton.
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