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Abstract

:

(1) Background: Mobile movement analysis systems, for example, those based on Inertial Measurement Units (IMUs), enable digital real-time methods of collecting data in workplace ergonomics, but the relationship between observational method scores such as Rapid Upper Limb Assessment (RULA), upper-body posture, and their influence on musculoskeletal discomfort, has not yet been well investigated. This field study aimed to evaluate the relationship of these variables in two different target groups: production and office workers. (2) Methods: There were 64 subjects (44 men and 20 women) participating. Data collection was divided into two categories: (1) Cornell Musculoskeletal Discomfort Questionnaire (CMDQ) (n = 64) and 3D stereophotogrammetric posture analysis (n = 58), and (2) Investigation of workload via IMU-based motion capture (MoCap) and the Borg CR-10 body map (n = 24). Correlation tests and regression analysis were performed using SPSS and MATLAB software to examine the relationship between the upper-body posture and RULA. Multivariate analysis of variance (MANOVA) was applied to examine group differences. (3) Results: The findings did not support the authors’ hypothesis that posture risk at work significantly correlates with static upper-body posture and musculoskeletal discomfort. Pelvic tilt had a weak but significant influence on RULA. The data revealed interesting trends in physical exertion, musculoskeletal discomfort, and differences between production and office workers. However, the statistical analysis did not support this. Such approaches have the potential to enhance the accuracy of assessment outcomes and, in turn, provide a stronger foundation for enhancing ergonomic conditions.
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1. Introduction


Work-related musculoskeletal disorders (WMSDs) are a leading contributor to reduced workforce productivity among the working population [1]. In the electronics industry, recent studies have reported a prevalence of WMSDs ranging from 35.7 to 80.5% [2,3]. In the European Union, more than half of the workers are affected [4]. Working in industry induces heavy stress owing to heavy loads [5], overexertion, and possible unergonomic working positions [6,7]. Additionally, ergonomic risks (such as repetitive motions, forceful exertions, and non-neutral body postures) may result in a high prevalence of musculoskeletal disorders among production workers [6]. Work demands play a vital role in the development of musculoskeletal pain, often mainly due to low physical capacity and imbalances [8]. In industry, there is evidence that unergonomic working positions correlate with increased perceived exertion [9] and physical discomfort [7,10,11], which can negatively affect the work and employees’ quality of life [12]. Office workers may not lift heavy weights or move in unergonomic positions, but show sedentary behaviors that correlate with lower back [13] and neck pain [14]. In practice, particularly in the planning of offices, logistics, and production halls, ergonomically well-thought-out workplace designs are usually only applied to a limited extent. The objective of ergonomics is to establish a work environment in which the employees feel comfortable and to minimize the prevalence of WMSDs [15].



Preventive examinations are important in promoting public health. One possibility for doing so is the examination of posture parameters [16,17,18]. The classification of normal and abnormal posture is often based on subjective empirical values [19]. According to Czaprowski et al. [20], a “good” body posture is attributed to maintaining a proper, ergonomically advantageous body posture when standing, ensuring mechanical efficiency during movement, and providing support for the normal functioning of internal organs. There are various possibilities for screening human posture in a stationary position, especially in the upper body segments [17]. Non-contact methods (such as 2D digital photograph analysis or 3D scans) provide an accurate and rapid way to perform clinical postural assessment [21]. In addition to manual 2D photograph analysis, stereophotogrammetric systems scan the back contour without contact or radiation exposure using light grids and record their spatial shape with high accuracy [22,23,24]. Ohlendorf [19,25,26,27], Ludwig [17], and Wolf and Huthwelker [16,28] defined reference values for certain target groups using 3D stereophotogrammetry, which can be used to preventively assess spine posture and reflecting the expected standard values for healthy individuals.



Methods that aim to identify imbalances between the ergonomic characteristics of the workplace and the physiological capabilities of workers are referred to as Ergonomic Risk Assessment Tools (ERAT) [29,30,31,32]. Several investigations focus on heart rate [33], muscle activity by surface electromyography [34,35], or risk of falls assessed by wearable stretch sensors [36]. Anthropometrics and medical history are relevant for assessing whether an individual’s physique is suited to the ergonomic requirements of a task. Observational methods are frequently used to assess the risk of occupational work [37]. The Rapid Upper Limb Assessment (RULA) [38], Rapid Entire Body Assessment (REBA), and Ovako Working Posture Assessment (OWAS) [31] are among the most commonly used applications in the field of ergonomic assessments [29,30]. These are systems that score the angular degree position of the joint and calculate the overall postural score that represents the loading on the musculoskeletal system. By summarizing scores on body strain, a score–risk relationship is established [32]. This is of particular interest to occupational physicians who must evaluate ergonomic risks in the workplace [32]. RULA is highlighted in the review by Kee [31] in comparison to OWAS and REBA, but is principally used in relation to the upper limbs.



Current research focuses on the static assessment of working ergonomics [31]; however, work processes are always dynamic and should also be evaluated as such [37]. Further investigations are required to formulate more accurate assessments of musculoskeletal disorder risks at work using directly measured exposure data [39]. Innovative technologies and increasing digitalization enable new ways of collecting and utilizing data in order to derive a concrete potential for action [40]. Inertial measurement units (IMUs) make kinematic measurements in the field possible [41,42]. They provide reliable and valid recording of the postural load at the workplace [43] and, moreover, do not significantly restrict the workers in their work processes [44]. The use of IMU results in a more precise ergonomic assessment of workplaces [32]. The evaluation of IMUs, in combination with posture scores, is required [45]. Evidence on the relationship between scores and the risk of developing musculoskeletal discomfort is pending [46,47]. Therefore, the objective of this work is the evaluation of the relationship between upper-body posture and RULA (representing the workload during a 30-min work period in production or office) and the impact of these variables on musculoskeletal discomfort.



The authors hypothesized that:



(1) Workers with moderate or severe musculoskeletal discomfort have higher levels of perceived physical exertion during the working process than those with no or mild discomfort;



(2) A reference-value-deviating upper-body posture correlates with the posture risk during the working process;



(3) A reference-value-deviating upper-body posture and high posture risk negatively influence workers’ musculoskeletal discomfort;



(4) There is a difference in these variables between production and office workers.




2. Materials and Methods


2.1. Subjects and Experimental Design


In this study, 64 subjects (male: 44, female: 20; mean age: 42.53 ± 11.64 years; mean height: 173.67 ± 9.07 cm; mean weight: 80.63 ± 15.24 kg) were included (see Table 1). The sample size was estimated a priori using G∗Power software (Version 3.1.9.6 for Macintosh, University of Kiel, Kiel, Germany). A minimum of 54 individuals was calculated (α error = 0.05; power = 0.95); a reduced statistical power of 0.6 was expected for RULA and upper-body posture, resulting in a minimum sample size of 22.



The subjects were recruited from an industrial company that produces electronic devices and control cabinets. Each participant was informed verbally and in writing and signed an informed consent form regarding data rights, recording videos, and participating in the study procedures. The study was conducted in accordance with the guidelines of the Declaration of Helsinki and was approved by the institutional ethics committees (RPTU Kaiserslautern-Landau, Nr. 66).



The following inclusion criteria were defined:




	
Over 18 years old;



	
Permanent, full-time employment contract at the company;



	
Minimum of one year of professional job experience in the current professional segment.








The exclusion criteria were




	
Acute restriction of physical activity (=medical prohibition to engage in work-related physical activity due to a medical condition or a current injury);



	
Surgical treatment of the musculoskeletal system in the last 12 months [34].








Before the measurements were conducted (see Figure 1), the test subjects were required to complete a medical history form in which the inclusion and exclusion criteria were ensured, and physical activity and work experience were also considered [48].



2.1.1. Work Description


Fifteen employees were assigned to the Human Resources Department and had a predominantly sedentary job of 7.5 h a day at a desk, including accounting and administrative tasks in a prolonged sitting position. In production, the work process focused on variable physical work and long periods of standing and walking. Ten different workstations were analyzed, including 49 employees, whose tasks were chosen as representatives of the company (areas: dispatch, stamping, cabinet pre-assembly and final assembly, terminal manufacturing of electrical cabinets, complete panels, and coating).




2.1.2. Assessing Musculoskeletal Discomfort and 3D Upper-Body Posture


The experimental design was divided into two main parts: (1) Medical history, Cornell Musculoskeletal Discomfort Questionnaire (CMDQ), and static 3D stereophotogrammetric posture analysis; (2) Investigation of kinematic workload via motion capture (MoCap), and documentation of physical exertion levels using the Borg CR-10 body map. First, each employee was asked about musculoskeletal discomfort. The CMDQ is a comprehensible and time-saving method for the assessment of musculoskeletal discomfort, which is available in the German female and male versions [49]. For each participant, the discomfort score was determined (see Figure 2) by assessing the frequency, discomfort level, and interference during work processes [50].



Six production workers were not available for the upper-body posture analysis due to work shift responsibilities. Therefore, the postures of 43 production employees and 15 office employees were measured statically using 3D stereophotogrammetry (Balance 4D; Paromed Bodybalance GmbH & Co. KG, Neubeuern, Germany) (see Figure 3). The Paromed scanner employs a Vialux scanning unit (Vialux GmbH, Chemnitz, Germany) and has high reliability and accuracy [51,52]. The system operates by projecting a dynamic light stripe pattern using an LED light source onto the back of the subject, thereby achieving a spatial resolution finer than 1 mm. The participants adopted their habitual stance without shoes and with their upper bodies exposed (women wore bras) at an approximate distance of 2.3 m from the scanning device. Before the measurements were taken, the examiner marked nine anatomical reference points with white tape dots measuring 12 mm in diameter according to Ludwig’s procedure [17]. Every posture analysis was performed by the same investigator, who had more than ten years of experience in applying posture analysis and using measuring equipment.



In the frontal plane, the height difference between the left (AISL) and right lower scapular angles (AISR) (scapular height) and the slope of the connecting line between the left (PSISL) and right (PSISR) pelvis to the horizontal (pelvis height) were evaluated. In the transverse plane, the rotation of the distance AISL to AISR (scapular rotation) and the rotation of the distance PSISL to PSISR (pelvic rotation) were collected. In the sagittal plane, the three posture parameters flèche cervicale (FC), flèche lombaire (FL), as well as the Kyphose Index (KI) were calculated by measuring the absolute values of the horizontal distances of the vertices from the perpendicular through the sacrum (S1) (see lowest marker of the sagittal plane in Figure 3). The assessment of these parameters is rapid and cost-effective and is known for its reliability and reproducibility [53]. One major challenge lies in distinguishing between what constitutes normal sagittal spinal curvature and when it should be classified as a postural weakness that necessitates treatment. Therefore, these values were compared to the reference values from Ohlendorf [19] (frontal and transverse planes) and Ludwig [17] (sagittal plane), and the absolute deviations [mm] from the upper and lower limits of the confidence intervals were included in the statistical analysis.




2.1.3. Kinematic Data Collection during the Work Process


Three participants were assessed during each shift. The order of subject acquisition was randomized, and the intervention time was standardized. Twenty-four subjects underwent a 30-min kinematic analysis using IMUs (Xsens, Enschede, NL) during their normal working shift (see Figure 4). The IMUs represent a robust and precise reference system for reconstructing the three-dimensional motion of employees [54]. During the data collection process, while accompanying the day-to-day work process, the sensors transmit real-time data to a dedicated hub for synchronization. This station ensures precise time synchronization for wirelessly connected devices [55,56].



After the MoCap session, participants were asked about their levels of exertion (BORG CR-10 + Body map) [57]. The Borg CR-10 body map for discomfort can be used by ergonomists and occupational healthcare providers [57,58]. The body map assessed subjective exertion levels in 23 different regions of the body.




2.1.4. Observational Method RULA


The relevant ergonomic kinematic variables were rated based on the widely used RULA score, which investigates the exposure of workers to risk factors associated with work-related disorders, using a self-written MATLAB script (MathWorks, Natick, Massachusetts, United States). Posture, muscle engagement, and external loads affecting distinct body regions such as the neck, trunk, and upper limbs were evaluated using partial scores for each anatomical region (upper arm, lower arm, wrist, neck, trunk, and legs) [38]:




	
A: Upper- and lower-arms and wrists + muscle activity (none = 0; repetition or static posture > 1 min = 1) and forces (<2 kg = 0; 2–10 kg temporary = 1, 2–10 kg static or repetitive = 2; >10 kg repetitive or sudden = 3),



	
B: Neck, trunk, legs + muscle activity (see above) and forces (see above).








The final score, C, depends on A and B and reflects the WMSD risk level. This score ranges from one to seven, where one denotes a low risk, and seven signifies an exceedingly high risk of developing musculoskeletal pathologies. Specifically, scores of three or four indicate a potential need for intervention or procedural modifications, scores of five or six imply an impending need for alterations, and a score of seven denotes a pressing requirement for a paradigm shift in work procedures [59]. The leg value (“balanced supported on both sides” = 1; “one-legged”, “loaded on one side” = 2) was transferred to the diagram by the test leader, depending on the activity, as follows:




	
Office employees who exclusively worked sitting and personnel managers who worked half-sitting and half-standing/walking = 1.



	
Industrial employees who worked almost exclusively from standing = 1–1.5; industrial employees who had to work with additional loads = 1.5–2.








The use of an IMU makes it possible to map the joint angles over the entire work process [37] (see Figure 5).





2.2. Data Processing and Analysis


After motion capture was completed, the data were merged using MATLAB software (R2023a, The MathWorks, Natick, Massachusetts, USA). The kinematic data were adapted to a self-written RULA evaluation scheme and merged into scores A, B, C, and the total score. Finally, the RULA score was determined from the distribution of the individual evaluation criteria (A, B, and C), representative of the entire recorded work process.



	
(1) Physical exertion and musculoskeletal discomfort






The CMDQ body region scores were combined into the trunk (neck, shoulder, upper back, lower back), upper extremities (upper arm, elbow, lower arm, and wrist), and lower extremities (hip, upper limb, knee, lower limb, foot) and assigned to a discomfort level (no discomfort = 0:0, mild discomfort = 1:0.1–1.5, moderate discomfort = 2:1.6–10.5, severe discomfort = 3:>10.5). The homogeneity of variances was determined using Levene’s test. A one-way Welch’s ANOVA was performed with SPSS (version 29, SPSS Inc., Chicago, IL, USA) to determine the differences between workers who had complaints and those who were symptom-free.



	
(2 + 3) Upper-body posture, RULA, and musculoskeletal discomfort






Multiple regression was used to assess the relationship between the 3D posture parameters and the RULA when the criteria were met. Multicollinearity and homoscedasticity were assessed. Outliers with a standard deviation of 3 or more were removed. Forward and backward regression tests were performed. Mere pelvic tilt was identified as a significant parameter, and therefore, it was tested using single regression. Spearman or Pearson correlations (when a normal distribution was observed) were assessed for their relationship with musculoskeletal discomfort.



	
(4) Group differences between production and office workers






After preliminary testing for normal distribution (using the Shapiro–Wilk test) and variance homogeneity (Levene’s test), a one-way multivariate analysis of variance (MANOVA) was used to explore subgroup differences (industry, office). Calculations and visualizations were performed in SPSS, Microsoft Excel (version 16.78.3, Microsoft, Redmond, Washington, DC, USA), MATLAB and the Python library “Seaborn” [60]. A p-value ≤ 0.05 was chosen as the statistical cut-off point.





3. Results


3.1. Physical Exertion and Musculoskeletal Discomfort


The perceived level of physical exertion ranged from no discomfort (median 3.09; interquartile range (IQR) 1.82) to mild discomfort (median 4; IQR: 2), moderate discomfort (median 4.64; IQR 1.89), and severe discomfort (median 5.45; IQR 1.56). The level of physical exertion was statistically significantly different for Welch’s ANOVA F(3, 17.18) = 3.427, p = 0.041, ηp2 = 0.64), but Tukey-Kramer post hoc analysis revealed no significant difference (p > 0.05) in physical exertion. The mean level of physical exertion increased from no discomfort to mild discomfort (0.045, 95% CI [−1.13, 1.22]), from mild to moderate discomfort (0.45, 95% CI [−0.91, 1.81]), and from moderate to severe discomfort (1.29, 95% CI [−0.64, 3.23]) (see also Figure 6).




3.2. Upper-Body Posture, RULA, and Musculoskeletal Discomfort


The upper-body posture results for production and office workers are presented in Figure 7 (frontal and transverse plane parameters) and Figure 8 (sagittal plane parameters). Office workers deviated more from the reference values in the sagittal plane, whereas production workers deviated more from the reference values in the transverse plane. Overall, the sample deviated the most with respect to the FL. The RULA scores of the samples are provided in the Supplementary Materials.



Regarding pelvic tilt and RULA, a correlation coefficient (rpt/RULA = 0.45, p = 0.056) was found using Pearson’s correlation coefficient. No significant correlations with moderate or strong effects following Cohen [61] were found with respect to static postural deviations from reference values, individual RULA scores (related to body regions), or total scores (see Figure 9).



Single regression analysis showed a pelvic tilt regression coefficient of 0.473 (F(1, 16) = 4.6, p = 0.048) (regression equation: RULA = 6.126 + 0.288 × pelvic tilt). R2 was 0.223 (adjusted R2 = 0.175), indicating a moderate goodness of fit, according to Cohen [61].



Upper back problems had the second highest CMDQ score (mean ± SD, 7.62 ± 17.95) immediately after lower back problems (13.63 ± 24.59). A correlation coefficient with a strong effect (rSP/muscular discomfort = 0.65, p = 0.004) was found between shoulder rotation deviation and upper-back discomfort. The adjusted p-value according to the Benjamin-Hochberg procedure (p = 0.091) did not reach the significance level, which is why the null hypothesis was retained. No further significant moderate effects between postural deviations and variables were detected.



Regarding group differences between production and office workers, the one-way MANOVA showed no statistically significant difference between production and office workers on the combined dependent variables, F(11, 6) = 1.526, p = 0.313, ηp2 = 0.737, Wilk’s Λ = 0.263. A weakly significant difference between office workers and industrial workers concerning musculoskeletal discomfort in the lower extremities (mean ± SD, 0.83 ± 1.03, p = 0.044) was detected, but office workers had no MD in the lower extremities.





4. Discussion


This study aimed to evaluate the relationship between upper-body posture and physical effort by posture at work, as well as their impact on musculoskeletal discomfort, in two different target groups: production and office workers.



4.1. Results


First, the authors hypothesized that there would be differences in physical exertion between workers with moderate and severe musculoskeletal discomfort and workers with no or mild physical exertion. Following the descriptive data, it can be assumed that there is more discomfort in body regions in which higher subjective exertion levels are present during working processes. Nevertheless, the statistical analysis did not show any significant group differences. In general, it should be noted that the influences on exertion in the work process are multidimensional and may depend on the workers’ daily work patterns. Despite the basic assumption of Balogh et al. [62] that perceived exertion is highly correlated to the risk of developing shoulder and neck complaints, their results suggest that subjects with complaints rate higher exposure levels, and, therefore, tend to reduce their exposure. Village et al. [35] found that workload perceptions did not correlate with lumbar electromyography. In contrast, the results of Hamberg-van-Reenen et al. [8] underlined that discomfort ratings may predict future musculoskeletal pain in healthy subjects. The findings of Waongenngarm et al. [58] showed that values of 3.5 or more in physical exertion measured by the Borg CR-10 body map may be a predictor of neck and low-back pain, and Jakobsen et al. [63] assumed that a perceived exertion level of at least four on the scale may be a reliable indicator of elevated muscular loading throughout the workday. Following these assumptions, the results of this investigation provide helpful information for monitoring and managing the intensity of physical workload in the future.



Second, no systematically significant correlations could be measured between the static postural deviations from the reference values [16,17] and the measured RULA scores. Pelvic tilt had a significant influence on the RULA score, and correlations with the individual RULA components of the upper body suggested that this particularly affects the upper body. The pelvis, as the base of the spine, is known to have a strong influence on the structures of the trunk, particularly the spine, and could, therefore, influence the posture parameters adopted in the work process. However, it must be noted that the pelvic tilt of the sample deviated only marginally from the reference ranges on average (95% CI [0.062, 1.056]). The results of the correlation between static posture and musculoskeletal discomfort are partly in line with the findings of Ribeiro et al. [11], who found no correlation between the presence of pain, static posture and flexibility. The findings of upper-body posture analysis and motion capture were used to derive measures for action (exercise programs; workspace adjustment), which are to be evaluated in further studies.



While the work process takes up one-third of the day (as this study only included full-time workers), and the daily postural risk can thus have a considerable influence on the physique of employees, long-term influences such as sports activity, medical history, and leisure behavior can have an impact. The muscular interactions that support the passive musculoskeletal system also play a decisive role [9,35]. In addition, factors such as the adaptation of work equipment (adjustable desk or chair, positioning of work equipment) may also influence employees’ posture and musculoskeletal complaints [64,65].



Finally, group differences between production and office workers were evaluated. The work processes of office workers are represented by long, static sitting time spans, whereas production workers have variable processes, often with one-sided weightings and external loads. Generally, descriptive data show that in production workers, the deviation from the reference values is greater in the transverse and frontal planes, whereas in office workers, the deviations are greater in the sagittal plane. However, these differences were not statistically significant. Nevertheless, this abnormality should be further investigated, as it may have immediate implications for occupational health practitioners and their approaches to preventing musculoskeletal discomfort.




4.2. Methods


The authors decided to use the CMDQ for the detection of musculoskeletal discomfort, which is an effective tool [49]. Nevertheless, the detection of musculoskeletal discomfort depends on the individual perceptions of the worker. In the context of upper-body posture assessment, previous research established the reliability of 3D stereophotogrammetry for evaluating the trunk shape with high reliability and accuracy [51,52]. The authors decided to use the deviations from the reference values of Ohlendorf [19] and Ludwig [17], who also included a German sample of employees. It must be emphasized, due to small subgroups [17], that these are reference values and not normative values. Regarding postural risk, the authors used RULA, which has been an established assessment tool for decades in the ergonomic evaluation of work processes. RULA is more closely related to the upper limbs, but was selected as a suitable tool for assessing posture risk at work [31]. Conventional ergonomic risk assessment instruments frequently lack the sensitivity required to assess thoroughly optimized work routines [37].



The MoCap with an IMU made it possible to record the kinematic data over 30 min of the work processes, thus making it possible to determine the RULA score for each individual posture of the work process and to allow a temporal distribution in the four risk areas, which represents the overall process. This can be seen as a significant enhancement of the test results. This calculation encompassed the overall RULA scores of both body halves. Consequently, a more objective determination of the total ergonomic load is feasible, leading to a more accurate assessment of workplace ergonomics [37]. Algorithms that use IMU data to provide score-based results are an option, and proposals have recently been published [45].




4.3. Strengths and Limitations of This Study


To the best of the authors’ knowledge, this study is the first to compare static 3D upper-body posture parameters via 3D stereophotogrammetry oriented on reference values with the actual work processes of workers in production and offices recorded via MoCap (IMU). The authors decided on a field assessment; its great strength was observed in the representation of actual work processes. On the one hand, this improves external validation. For instance, real work processes include dynamic and variable activities that can never be standardized for the same posture. It is also possible to record atypical movements in the working process, affecting the variability of different actions in the production process. Refinements such as these have the potential to enhance the accuracy of assessment outcomes and provide a stronger foundation for enhancing ergonomic conditions in practical settings. On the other hand, however, this also has consequences for internal validity and reliability. Confounding influences and comparability can be controlled less effectively than in laboratory studies.



Overall, the uneven distribution of group sizes must be noted, with 49 production workers and 15 office workers. Therefore, the group comparison, especially with a reduced sample size of 24 regarding RULA assessment, which was due to individual working hours and logistical dependencies within the company, must be viewed critically.




4.4. Future Work


It is important to investigate the relationship between actual work processes, which are not exclusively recorded in the laboratory, and posture parameters and to evaluate these over a period longer than a few minutes. Factors such as environmental conditions (particularly cold and draught) and pace of work (number of movements under load in a unit of time) could also influence discomfort and the type of movement performed. In addition to kinematic analyses, future studies should also focus on further ergonomic factors, such as the possibility of workplace adjustments and their effects. Furthermore, the fatigue factor should be investigated over different shift times with different break arrangements, using recordings via MoCap and observational methods, such as RULA, REBA, or OWAS.



In addition, the development of established scores in the direction of dynamics should be pursued. Future studies should add objective measurements for fatigue, such as electromyography, larger participant numbers, especially office workers, as well as a balanced number of males and females. This field study demonstrates the need for further research on preventive measurement methods, such as posture analysis and dynamic, ergonomic workplace assessment, to determine the causes of musculoskeletal discomfort.





5. Conclusions


Technologies such as IMU enable new ways of collecting kinematic data and make it possible to optimize traditional ergonomic assessment systems such as RULA. This approach assessed the relationship between static upper-body posture parameters with real-world work processes of production and office workers and their influence on musculoskeletal discomfort. The findings do not support the authors’ hypothesis that high posture risk at work shows a strong relationship between upper body standing posture and musculoskeletal discomfort, but pelvic tilt had a significant influence on the RULA score. The results revealed interesting trends; for example, office workers deviated more from reference values in the sagittal plane, and production workers deviated more in the frontal and transverse planes concerning upper-body posture. However, the statistical analysis did not confirm this, as no group differences were identified between production and office workers despite different work requirements.



This investigation contributes to generating greater knowledge about the relationship between work-related postural demands and the musculoskeletal system. The persistently high incidence of musculoskeletal discomfort over the past few decades underscores the pressing need to improve working conditions further.
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Figure 1. Experimental design and study procedure. CMDQ, Cornell Musculoskeletal Discomfort Questionnaire; IMUS, Inertial Measurement Units; MoCap, motion capture; RULA, Rapid Upper Limb Assessment. 
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Figure 2. Flow diagram showing the determination of the Cornell Musculoskeletal Discomfort score (CMDQ) (own visualization according to [50]). 
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Figure 3. Stereophotogrammetry using 3D light technology (left: application of light technology; right: automatically generated color graphic, representing the three-dimensional back contour and curvatures in the sagittal plane). 
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Figure 4. Motion capture (MoCap) during the working process. 
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Figure 5. Workflow for determining the final RULA score across the entire work process. 
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Figure 6. Violin plots of Borg CR-10 body map physical exertion levels in four different musculoskeletal discomfort (MD) subgroups. The violin shape is created by plotting a kernel density estimate of the data. 
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Figure 7. Violin plots representing the absolute 3D posture deviations from reference data of industry and office worker groups in the frontal plane (ST, shoulder tilt; PT, pelvic tilt) and transverse plane (SR, shoulder rotation; PR, pelvic rotation) in industry and office worker groups. 0 = no deviation from reference data; negative values = falling below the reference range; Positive values = exceeding the reference range. 
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Figure 8. Violin plots representing the absolute 3D posture deviations from reference data in the sagittal plane (KI, Kyphose index; FC, flèche cervicale; FL, flèche lombaire). 0 = no deviation from reference data; negative values = falling below the reference range; Positive values = exceeding the reference range. 
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Figure 9. Pearson correlation coefficients (r) between reference value-deviations of 3D upper-body posture parameters and RULA. KI, Kyphose index; FC, flèche cervicale; FL, flèche lombaire; RULA, Rapid Upper Limb Assessment. 
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Table 1. Anthropometric data of the sample (n = 64).
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Age

(Years)

	
Height

(m)

	
Weight

(kg)

	
BMI

(kg/m2)

	
Job Experience (Years)






	
production

n = 49

	
male

n = 36

	
mean

	
39.25

	
1.76

	
82.86

	
26.60

	
8.86




	
SD

	
10.42

	
0.07

	
13.00

	
3.68

	
8.65




	
min

	
22

	
1.63

	
60.30

	
20.76

	
1.00




	
max

	
61

	
1.88

	
115.20

	
41.40

	
38.00




	
female

n = 13

	
mean

	
48.92

	
1.63

	
69.23

	
26.03

	
17.19




	
SD

	
14.02

	
0.05

	
13.48

	
4.78

	
13.35




	
min

	
25

	
1.56

	
49.40

	
19.14

	
1.50




	
max

	
63

	
1.73

	
93.00

	
34.38

	
35.00




	
office

n = 15

	
male

n = 8

	
mean

	
40.13

	
1.83

	
93.13

	
27.77

	
7.69




	
SD

	
6.66

	
0.10

	
18.77

	
4.01

	
5.89




	
min

	
30

	
1.68

	
73.50

	
20.01

	
1.00




	
max

	
52

	
1.99

	
132.00

	
33.33

	
18.00




	
female

n = 7

	
mean

	
48.00

	
1.69

	
74.71

	
26.11

	
19.86




	
SD

	
13.52

	
0.03

	
12.16

	
3.51

	
15.76




	
min

	
28

	
1.64

	
57.40

	
21.19

	
1.00




	
max

	
62

	
1.73

	
92.20

	
30.80

	
42.00
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