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2 Ergonomic risk assessments can be considered a direct approach when direct sensing technologies (either wearables, simulation or camera-based systems) are used to generate risk scores. 
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3 Endurance limit is the relative force that can be produced without fatigue 
4 Endurance models can be considered a direct approach when direct sensing technologies (either wearables, simulation or camera-based systems) are used to generate predictions. This has only been done in human 

machine interface research in unloaded conditions, not for manual handling tasks under dynamic, loaded conditions. 
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5 These tools are recommended by the H&S governing bodies in Ireland and the UK that align with the EU directive for occupational H&S 
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6 The specific directive for minimum safety and health requirements for the manual handling of loads where 

there is a risk of back injury to workers, 90/269/EEC, was drafted in 1990 and consolidated in 2007 and 2019, 
meaning it is still in place but with additional amendments added to the bottom of the directive, amendments from 
those years relate to how directives are developed and changed. 
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�6�K�N�M�Q�A�à�Ô�ë was calculated using MVC forces and Equation 3.1.1 in the previous section while 

�6�K�N�M�Q�A�æ�Û�â�è�ß�×�Ø�å is the sum of the torques acting on the frontal axis of the shoulder joint, 

calculated for each frame based on the IMU-derived joint angles (relative orientation between 

quaternions of adjacent body segments) and the CoM position, using Equation 3.2.2 in static 

conditions and Equation 3.2.3 in dynamic conditions [37]. The torque was calculated for each 

frame based on the joint angles and the CoM position. 

�.�6�,�&�æ�Û�â�è�ß�×�Ø�å�. 
L �!�N�&
H�I �C�&�! (Equation 3.2.2) 

�.�6�,�&�æ�Û�â�è�ß�×�Ø�å�á�ç�. 
L �!�N�&
H�=�?�?�,�,�,�,�,�,�&�ç
H�I 
F �:�N�&
H�I �C�&
E�+�ç�Ù�&�ç�;�! (Equation 3.2.3) 

Where �I  is the mass of the arm and weight, �=�?�?�,�,�,�,�,�,�& is the acceleration of the CoM, found by double 

differentiation of the distance CoM from the shoulder, �N�&, found with Equation 3.2.4 and 

Equation 3.2.5. �=�?�?�,�,�,�,�,�,�& is the acceleration of the CoM and angular acceleration �Ù was found using 

�Ô�Ö�Ö�,�,�,�,�,�,�,�&

�!�å�&�!
 [37]. The mass of the weight was halved for the Two-handed task [208]. 
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E�9�N�*�=�9�A�à�Ô�æ�æ
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(Equation 3.2.4) 
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(Equation 3.2.5) 
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L �I �é�4�6 
E�I�T�6 (Equation 3.2.6) 

Where���I  is the mass of the segment, �é�4 is the radius of gyration around the centre of gravity 

and �T is the distance from the shoulder joint.  
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Table 10 shows the experimental and predicted ETs and the ET error. Measured ETs for 

Dynamic Task were slightly longer than those of the Static Task, likely due to the reduced torque 

as the shoulder angle decreased throughout the repetitive movement, however, this was not 

reflected in the mean predicted ET with the model in Equation 3.2.1. The Dynamic Task showed 

the highest errors, regardless of task order and gender, and the ET was consistently 

overestimated. 

Sex affected measured ET, with the average measured ET greater for males in Static and Two-

handed tasks and only slightly less than females for the Dynamic task, however, greater 

variability was observed for females in this task. Predicted ETs for males and females were all 

relatively close, indicating the model did not take the greater variability and generally lower 

MVC forces (Table 9) of females into account. These results indicate that the relative torques 
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for males and females were the same, i.e. the lower �6�K�N�M�Q�A�à�Ô�ë values were balanced with 

lower torque generated during the tasks, likely due to anthropometrics as tasks were performed 

identically by all subjects. However, the model successfully predicted higher ETs for Static and 

Two-Handed tasks for males, and for Dynamic tasks for females, which aligns with the 

experimental data (Table 10).  

Figure 18 shows the Dynamic predicted ET was consistently higher than the measured ET and 

while the measured ETs of Dynamic and Two-Handed tasks varied between individuals, the 

predicted ET remained similar. There was no such pattern for the Static task. It is possible that 

group, therefore task order, affected the measured ETs. Group A completed the Two-handed 

Task last, and Group B completed Static first, resulting in lower measured ETs for these group-

�W�D�V�N���F�R�P�E�L�Q�D�W�L�R�Q�V�����*�U�R�X�S���$�¶�V���P�H�D�Q���H�[�S�H�U�L�P�H�Q�W�D�O���(�7���I�R�U���W�K�H��Static task was 77 s as opposed to 

�*�U�R�X�S���%�¶�V���������V�����Z�K�L�O�H���*�U�R�X�S���$���D�Q�G���%�¶�V���P�H�D�Q���H�[�S�H�U�L�P�H�Q�W�D�O���(�7���I�R�U���W�K�H��Two-handed task were 

126 s and 151 s, respectively. This is also demonstrated in Figure 19 which shows the mean 

time spent in each Borg RPE exertion zone. Group A participants tended to be more exhausted  
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The preliminary work described in this section provided the basis for further experimental 

studies assessing the torque-based CE model. Task order and sex were found to affect the 

measured ETs of subjects, indicating that gender, previous tasks, their workloads, and duration 

must be taken into account in fatigue prediction, even if the individual reported that they were 

fully rested from previous activity. Errors for Dynamic Task were highest across all participants, 

regardless of sex or task order. The number of subjects limits the applicability of the study as 

studies studying ET ranged from ten to 40 [162], [226], [232], [234], [239], [240], and even a 

few over 80 participants [231], [233], although most MET studies consisted of fewer than ten 

participants, as discussed by Mathiassen and Ahsberg (1999) [162]. The narrow age range of 

the cohort, Table 9, was also a limitation and individuals were tested between 30-45% of their 

MVC, however, a range of intensities (i.e. 10 to 20%, 20 to 30%, etc.) in different directions 

should be tested to gain a full understanding of how the model performs under these conditions, 

which is applied in the next study described in section 3.3 Improving Dynamic Endurance Time 

Predictions for Shoulder Fatigue: A Comparative Evaluation.  
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The results of the present study illustrated that the CE model can provide a valuable tool for 

estimating ET for static and dynamic lifting tasks about the shoulder joint under specific 

conditions. The choice of using �W�R�U�T�X�H���L�Q�V�W�H�D�G���R�I���I�R�U�F�H�����O�L�N�H���L�Q���5�R�P�K�H�U�W�¶�V���P�R�G�H�O��[123], better 

reflects the change of CoM during the movement, but makes any error in the anthropometric 

data (length and radius of the body segments of the arm) to propagate faster. On the other hand, 

�5�R�K�P�H�U�W�¶�V���P�R�G�H�O�� �K�D�V���E�H�H�Q�� �T�X�H�V�W�L�R�Q�H�G���� �H�V�S�H�F�L�D�O�O�\�� �W�K�H�� �S�U�H�V�H�Q�F�H���R�I�� �D�Q�� �H�Q�G�X�U�D�Q�F�H���O�L�P�L�W���D�W����������

indicating that tasks at this exertion level can be maintained indefinitely [70], [162], [235] and 

it was found to overestimate ET for lower SIs, i.e. up to 20% MVC [235]. Due to these 

criticisms, it may be beneficial to assess any other torque-based endurance models in the 
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literature, if present, or to develop a new endurance model. This approach will be performed in 

section 3.3 Improving Dynamic Endurance Time Predictions for Shoulder Fatigue: A 

Comparative Evaluation, especially since the errors indicate that this method of ET prediction 

is not suitable for deployment in the fatigue forecasting system. In addition, the method of 

determining �6�K�N�M�Q�A�à�Ô�ë described in section 3.1 Estimation of Maximum Shoulder and Elbow 

Joint Torque Based on Demographics and Anthropometrics [202] should be assessed with the 

CE model and any other torque-based endurance model in future work.  

Future work can involve the reduction of errors and modification of the model to deal with the 

aforementioned shortcomings. For example, modifications may comprise of testing under 

different joint configurations (e.g. by flexing elbow and wrist to differing extents), other 

directions (e.g. internal and external rotation or abduction and adduction) while using one or 

two hands at a range of standardised intensity (SI) levels, i.e. %MVC, and considering the joint 

angles in more than one plane. Figure 18 showed that the model did not account for individual 

differences as much as initially expected since similar ET predictions provided for all subjects 

and they were not in alignment with the measured ET for Dynamic and Two-Handed tasks, 

suggesting that other considerations, such as the influence of body composition parameters and 

exercise level can be investigated in future work. In addition, the influence of task type and task 

order can be assessed in future work. The CE model was used to design more user-friendly 

fatigue reducing user interfaces in VR [37], similarly, this work may provide the basis for a 

more individualised approach to worker-specific target levels and workloads, tool selection and 

fatigue reduction in occupational settings.  

�������������&�R�Q�F�O�X�V�L�R�Q 

The torque-based CE model was found to predict the ETs of a loaded and flexed shoulder joint, 

in one-handed static conditions and two-handed dynamic conditions with errors of 28.62% and 

49.21% respectively. Gender was found to affect the predicted ET, especially for the Static task, 

the error 18.66% for males and 35.74% for females. The model significantly overestimated one-

handed dynamic tasks across the cohort, regardless of task order.  

More subjects and a wider range of abilities and ages are required for future work which may 

involve the integration of wearable sensors to gain unbiased physical exertion measurements 

and the modification of the CE endurance model to adjust different joints under load during 

static and dynamic conditions, with one and both hands and at a range of intensities and 

directions.  
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Method 1

�{MoCap data used for joint angles and manual input of 
dumbbell mass (non-wearable approach)

Method 2

�{IMU data used for joint angles and manual input of 
dumbbell mass 

Method 3

�{IMU data used for joint angles and pressure insole data 
used for dumbbell mass (fully wearable approach) 
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Abbreviations: MC = Motion capture, PI = Pressure insoles, IMU = Inertial measurement units, IT = 
Instrumented treadmill, VC = Video cameras, EMG = Electromyography. All listed datasets are publicly 
available. 
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 aTotal data size per time window of observation, where the number of data points per feature is the total no. of 
frames 
J no. of frames per time window, and the rounded down no. of data points 
H no. of tasks gives the total 
data points per window per subject. 
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7 Discrepancies between reports can be attributed to differences in methodology, market definitions, and projection 

timeframes, highlighting the challenges in predicting market dynamics in such a rapidly evolving field. As such, the actual figures 
may vary depending on future technological developments and market adoption.  
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Concept

�{Identify the solution to a problem
�{Identify the market

Research

�{Market research
�{Technical feasibility
�{Competitor analysis

Prototype
�{Outline product specifications

Development

�{Feedback from market
�{Refine for functionality, user experience and 
manufacturability

Testing
�{Rigorous technical, user, and safety testing

Launch & 
Feedback

�{Marketing, sales channels, distribution
�{Gather feedback from stakeholders and improve
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�$�S�S�H�Q�G�L�[���������/�L�Q�N�L�Q�J���2�E�M�H�F�W�L�Y�H�V���Z�L�W�K���( �[�S�H�U�L�P�H�Q�W�V 

Experiment 
No.  

(Objective No.) 

Chapter 
No. 

Description Equipment Measured Variables Analysis Output  

1 (Objectives 1, 
2) 

3.1 Measurement of 
individual parameters to 
estimate maximum joint 
torque 

Measuring tape, 
dynamometer, body 
composition 
parameter scales 

Gender, age, height, body 
composition parameters (weight, 
BMI, fat %, muscle %, visceral 
fat), arm segment lengths, 
maximum force 

Multiple linear 
regression analysis 

Model to estimate 
maximum joint 
torque based on 
individual parameters 

2 (Objectives 1, 
2) 

3.2 Assessed the torque-
based model during 
loaded static and 
dynamic one- and two-
handed tasks 

Measuring tape, 
dynamometer, body 
composition 
parameter scales, 
IMU, weights 

Gender, age, height, body 
composition parameters, 
maximum force, experimental 
endurance time, predicted 
endurance time, sensor data 

Experimental error Ability of endurance 
model to predict 
endurance of lifting 
tasks 

3 (Objectives 1, 
2) 

3.3, 4.1 Assessed torque-based 
models and inputs during 
loaded static and 
dynamic one-handed 
lifting tasks at two 
standardised intensities  

Measuring tape, 
dynamometer, body 
composition 
parameter scales, 
IMU, EMG, MoCap, 
PI, weights 

Gender, age, height, body 
composition parameters, 
maximum force, experimental 
endurance time, predicted 
endurance time, sensor data 

RMSE and 
experimental error 

Ability of different 
endurance models 
and inputs to predict 
endurance time of 
lifting tasks 

4 (Objective 2) 4.2 Task classification of 
industry-type tasks using 
explainable methods 

Body composition 
parameter scales, PI, 
box, weights 

Gender, age, height, body 
composition parameters, task 
type, sensor data 

Random forest and 
SHAP analysis 

Task prediction using 
PI force data 
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Experiment 
No.  

(Objective No.) 

Chapter 
No. 

Description Equipment Measured Variables Analysis Output  

5 (Objective 3) 5 Demonstration of the 
system during industry-
type tasks  

Custom system (IMU 
custom application), 
PI, MoCap, camera, 
dynamometer, box, 
weights, body 
composition 
parameter scales 

Gender, age, height, body 
composition parameters, task 
type, sensor data 

Repeated measures 
correlation, Wilcoxon 
signed-rank test, 
Joint angle statistics 

Endurance prediction 
and distinguishing 
high and low 
ergonomic risk 
conditions 

�$�E�E�U�H�Y�L�D�W�L�R�Q�V�����%�0�,��� ���%�R�G�\���P�D�V�V���L�Q�G�H�[�����,�0�8��� ���,�Q�H�U�W�L�D�O���P�H�D�V�X�U�H�P�H�Q�W���X�Q�L�W�����(�0�*��� ���(�O�H�F�W�U�R�P�\�R�J�U�D�S�K�\�����0�R�&�D�S��� ���0�R�W�L�R�Q���&�D�S�W�X�U�H�����3�,��� ���3�U�H�V�V�X�U�H���L�Q�V�R�O�H�V�����5�0�6�(��� ���5�R�R�W���P�H�D�Q��

�V�T�X�D�U�H�G���H�U�U�R�U�����6�+�$�3��� ���6�+�D�S�O�H�\���$�G�G�L�W�L�Y�H���H�[�3�O�D�Q�D�W�L�R�Q�V 
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