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Abstract

:

The present technical note aimed at enriching the planar linked segment model originally proposed by Chaffin with the prediction of the moment arm and of the orientation of the line of action of the back extensor muscles during symmetric lifting tasks. The prediction equations proposed by van Dieen and de Looze for their single equivalent muscle model were used for such a purpose. Their prediction was based on the thorax-to-pelvis flexion angle as computed from 3D video-based motion capture. In order to make these prediction equations compliant with a two-dimensional analysis, the planar angle formed by the segment joining L5/S1 to the shoulder with the longitudinal axis of the pelvis was introduced. This newly computed planar trunk flexion angle was used to feed van Dieen and de Looze’s equations, comparing the results with the original model. A full-body Plug-in-Gait model relative to 10 subjects performing manual lifting activities using a stoop and a squat technique was used for model validation. A strong association was found between the proposed planar trunk flexion angle and that used by van Dieen and de Looze (r = 0.970). A strong association and a high level of agreement were found between the back extensor muscle moment arm (r = 0.965; bias < 0.001 m; upper limit of agreement (LOA) = 0.002 m; lower LOA < 0.001 m) and the orientation of the line of action (r = 0.970; bias = 2.8°; upper LOA = 5.3°; lower LOA = 0.2°) as computed using the two methods. For both the considered variables, the prediction error fell within the model sensitivity.
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1. Introduction


Quantifying the loads stressing the lumbar spine during manual lifting activities is crucial for assessing the risk of work-related low back pain [1,2]. Spinal loads are usually identified as the compressive and shear forces acting on one of the lumbar intervertebral disc centers. The earliest approach for the determination of such forces through indirect methods is the planar linked segment model (LSM) proposed by Chaffin in 1969 and still currently used for the analysis of static symmetric lifting activities [3].



Briefly, conventional Newtonian mechanics are sequentially applied to each body segment starting at one end of the chain (i.e., the hand) where external loads can be either known or measured. Assuming that the forces of the anatomical structures crossing the joint can be reduced to one moment and one resultant force acting at the joint center, intersegmental forces and moments are calculated at each joint of the chain to the intervertebral disc center of interest (L5/S1). Shear and compressive forces are, then, computed as the components along the S1 vertebra-fixed reference frame of the intersegmental force acting on the intervertebral disc center plus the contribution of the back extensor muscle force and of the force created by the abdominal pressure along the compressive axis only (i.e., the axis normal to the vertebral plate). The inclination of the S1 vertebral plate is computed by adding the inclination of the disc in upright posture (40°) to the sacral rotation, which is, in turn, predicted as a function of the measured trunk and knee angles [4]. Abdominal pressure is estimated as a function of the hip torque and the hip angle [5] and converted into a force by assuming a given diaphragm area [3]. Finally, the back extensor muscle force is estimated by dividing the intersegmental moment by the muscle moment arm, assuming that the back extensor muscles are represented by a single muscle equivalent and that the intersegmental moment can be attributed solely to muscle forces [6]. The back extensor muscle moment arm is retrieved from cadaveric studies, and its value, with respect to a neutral trunk orientation, is assumed to be constant regardless of the degree of trunk flexion. A detailed representation and implementation of Chaffin’s LSM model can be found in his book [7].



Chaffin’s musculoskeletal modelling has known limitations affecting the accuracy of the predicted spinal loads [6,8,9,10]. Most of these limitations have been overcome by more detailed and even subject-specific musculoskeletal models controlled by either static or dynamic optimization and fed with three-dimensional (3D) camera-based motion capture data [11,12]. Despite these limitations, Chaffin’s model is still widely used in occupational ergonomics for its affordable measurement technique (the planar positions of the joints of the LSM can be easily retrieved from an image), ease of use and the fact it is implemented in several industry-oriented commercially available software packages [9,13,14]. In fact, 3D motion capture is not easily accessible to everyone for its cost, space requirements and expertise related to its use. Moreover, 3D motion capture is hard to use on a routine basis, which is what is needed in industrial settings for risk management. Therefore, it is worthwhile to conduct more research to enhance, where possible, the model proposed by Chaffin.



Among the limitations of this approach, the fixed moment arm of the back-extensor muscles is surely a critical point, as it has been shown that applying the lever arm obtained in an upright stance to a flexed position leads to a significant underestimation and overestimation of the compression and shear forces, respectively [15]. The orientation of the muscle’s line of action (crucial for projecting the muscle force on the vertebral body properly), assumed to be parallel to the axis of compression and characterized by a constant value, has even worse effects [15]. In their single-equivalent muscle (SEM) model, van Dieen and de Looze predicted the back extensor muscle moment arm and the orientation of their line of action (with respect to the plane of L5/S1) as a function of the thorax-to-pelvis angle from 10° of trunk extension to 55° of flexion with a resolution of 5° [15] (Figure 1). The regression was based on a model consisting of 114 muscles crossing L5/S1 [16].



The aim of the present technical note is to investigate if any relation exists between the thorax angle used by van Dieen and de Looze, as computed by using 3D photogrammetry, and a functionally related angle available from the planar LSM proposed by Chaffin. If so, van Dieen’s regression equations could be used to enhance Chaffin’s model by a variable back-extensor muscle moment arm and line of action according to the subject’s posture during the lifting activity.




2. Materials and Methods


2.1. The Enhanced Chaffin’s LSM


The angle of the thorax relative to the pelvis (TP) used by van Dieen and de Looze to predict the SEM moment arm and line of action is defined as the sagittal plane component of the Euler rotation of a 3D thorax-embedded anatomical frame with respect to a 3D pelvis-embedded anatomical frame [16]. Thorax and pelvis anatomical reference systems were defined according to McConville [16,17]. Figure 2 depicts an angle functionally related to TP that is supposed to be linearly related to it. This angle (φ) is formed in the sagittal plane by the segment joining the L5/S1 joint to the shoulder joint center S and the longitudinal axis of a pelvis-embedded frame (ypv). ypv is perpendicular to the axis joining the posterior superior iliac spine (PSIS) anterior with the anterior superior iliac spine (ASIS).



The planar Chaffin’s LSM depicted in Figure 3 and used to predict φ consists of some selected points on the subject’s body, whose position can be measured from an image through photogrammetry, and other points whose positions can be estimated by anatomical assumptions:




	
The position of S can be estimated as a function of the inter-acromial distance from the position of the acromion (AC) (note that in the Chaffin’s LSM, the position of S is usually made to coincide with the position of the acromion instead) [18]. This requires the user to measure the inter-ASIS distance beforehand to analyze the task.



	
The position of the hip joint center (H) can be estimated as a function of the inter-ASIS distance and pelvic width with respect to a pelvis-embedded frame [19]. This requires the user to measure the inter-ASIS distance beforehand to analyze the task, while the pelvic width can be measured by photogrammetry as the ASIS-to-PSIS distance. Note that, among all the anthropometry-based equations for predicting the hip joint center position, the equation proposed by Harrington has been proved as the most accurate [20]. However, pelvic width is originally defined as the line joining the midpoint between the right and the left ASIS and the midpoint between the right and left PSIS. Since such measures are not available in two dimensions (we can only consider either the right- or the left-sided ASIS–PSIS distance), the user may decide to use the Bell and Brand approach, which relies on the sole inter-ASIS distance [21]. H can be then expressed with respect to the global reference frame XY through a rigid transformation by using the position and orientation of the pelvis-embedded reference frame defined above.



	
The planar positions of the knee (K) and ankle (A) joint centers can be assumed to correspond to the positions of the lateral femur epicondyle and of the peroneal malleolus, respectively.








Note that AC, ASIS, PSIS, K and A are all superficial and, hence, palpable anatomical landmarks, and their planar positions can be easily measured through photogrammetry (with the help of well-visible markers, for instance).




	
Finally, the position of L5/S1 (labeled as O in Figure 3 for space convenience) in the absolute reference frame XY can be estimated as follows:










   O x  = ∥   HO  →  ∥ ·  cos β  +  H x   



(1)






   O y  = ∥   HO  →  ∥ ·  sin β  +  H y   



(2)




where


  β = θ − γ  



(3)




and


  γ = 2 / 3 ·  (  θ − α − 27  )   



(4)




γ is the pelvic rotation angle as defined by Chaffin [22], β is the angle formed by the segment joining H to O with the horizontal axis, and α and θ are the inclinations of the trunk and of the thigh with respect to the horizontal axis, respectively. Finally, ∥    H O  →   ∥ corresponds to the length of the segment joining H to O that is considered to be, in an erect position, 19.5% of the measured length of the segment joining H to S (the H-to-S length can be measured from the planar positions of H and S) [7,22]. Note that α and θ can be computed from the positions of S, H, K and A.



Once the position of O is known and the vector joining H to O can be computed, the angle of interest φ can be estimated as follows:


   φ  = arccos  (      OS  ^    ∥   OS  →  ∥   ∗  y  pv    )   



(5)




where the asterisk indicates the dot product operation and ypv is a unit vector.



Note that the estimation of the S1 vertebral plate inclination, needed to define the axes of compression and shear and which is also part of Chaffin’s LSM, is not included in this technical note, as it is not relevant to our aims, but the computational details and related assumptions can be found in Chaffin’s book [7].



From φ, the back extensor muscle moment arm (in meters) and the orientation of the line of action with respect to the plane of L5/S1 (in degrees) may be predicted by using the equations of van Dieen and de Looze [15] as follows:


   moment   arm  =  (  a ·  φ 2   )  + ( b ·  φ )  + c  



(6)






   line   of   action  =  (  d · φ  )  + e  



(7)




where a, b, c, d and e are the coefficients of the regression models found by van Dieen and de Looze [15] (Table 1).




2.2. Model Validation


TP and φ were computed using a dataset made available by Maurice et al. [23]. The database consists of the 3D positions of markers arranged on the subject’s body according to the full-body Plug-in-Gait marker set and collected using an infrared camera-based optoelectronic stereophotogrammetric system. The motion capture data are relative to 13 healthy adults performing a set of workplace-related tasks following 3 different sequences that were repeated 5 times by each participant. Each performed sequence included lifting a 5 kg load from a 55 cm-high table using a stoop technique and placing it down on a 20 cm-high table using a squat technique. Essentially, a total of 15 stoop and 15 squat lifts for each of the 13 participants were potentially available. Unfortunately, only a subset of the data was effectively used for data analysis: several trials were found to be characterized by the occlusion of the thorax markers needed for determining the thorax reference frame (which was, in turn, needed to compute TP). A total of 47 trials, each characterized by a stoop and a squat lift, from 10 participants were eventually used for model validation (see Table 2 for details). The moment in time characterized by the lowest height of the load was used for model validation. Therefore, one frame for stoop and one frame for squat were analyzed for each available trial (the analysis was not time-variant but focused on a single frame as it was a static trial) for a total of 94 paired datapoints (TP and φ) available for statistical analysis.



TP was computed as in the study of van Dieen and de Looze from the thorax and pelvis 3D markers’ positions [16]. For computing φ according to Equation (5), a planar LSM was simulated by projecting the 3D marker positions of AC, ASIS, PSIS, K and A on the subject’s sagittal plane. The sagittal plane was defined by the absolute vertical axis (coinciding with the direction of the gravity vector) and an axis computed from the cross product between the vertical axis and the axis resulting from the cross product of the thigh (K to H) and trunk (H to S) vectors. In this way, the computation of φ could be approached as if one was working on an image by using simple photogrammetry. Finally, inter-acromial and inter-ASIS distances as well as pelvic width, which can normally be measured by anthropometry when using a bidimensional analysis such as that suggested here, were retrieved from the original 3D markers’ positions. The marker-position signal processing and kinematic analysis for computing Equations (1)–(7) from the planar positions of the joint centers depicted in Figure 3 were performed in the MATLAB environment (The MathWorks, Inc., Natick, MA, USA).




2.3. Statistical Analysis


TP was considered as the true value, while φ was considered as the guess. Stoop and the squat-related variables were grouped to increase the available range of trunk orientation. Statistical analysis was, hence, performed on two groups (true and guess) of 94 paired datapoints. Each of the two variables were considered. The normality of the distribution of the data was assessed using the Shapiro–Wilk test. Heteroscedasticity was examined via the visual inspection of the Bland–Altman plot and quantified by calculating the Kendall rank correlation coefficient τ [24]. Pearson’s correlation was computed to measure the strength of the association between TP and φ. A paired, two-tailed Student’s t-test was used to verify any statistical differences between the true and the predicted value.



Moreover, φ was also tested in predicting the back extensor muscle moment arm (L) and the orientation of the line of action with respect to the plane of L5/S1 (δ). To this end, L and δ were computed by feeding the equations of van Dieen and de Looze [15] with both TP and δ, obtaining LTP and Lφ, and δTP and δφ, respectively. The associations between LTP and Lφ, and between δTP and δφ were assessed by means of Pearson’s correlation. Bland and Altman plots, corrected for the effect of repeated-measurement error, were used for assessing the agreement (i.e., absolute reliability) between LTP and Lφ, and between δTP and δφ. Finally, the absolute errors between LTP and Lφ (Le), and between δTP and δφ (δe) were modeled as functions of φ with a linear regression model so that the prediction of Lφ and of δφ could be eventually improved wherever Le and δe were greater than the sensitivity of van Dieen’s SEM model.



The alpha level of significance was set at 0.05. Statistical analysis was performed using the MedCalc Statistical Software v.18.5 (MedCalc Software, Ostend, Belgium).





3. Results


The TP computed from the available dataset during stoop and squat lifting tasks (number of datapoints = 94) ranged from 5° to 44°. No heteroscedasticity was suspected from a visual inspection of the Bland–Altman plot (Figure 4), and Kendall’s τ was found to be <0.1. A strong association was found between TP and φ (r = 0.970, p < 0.0001) (Figure 5), and no statistically significant differences were revealed by Student’s t-test between TP and φ (p < 0.0001).



The prediction of L by using φ resulted in an average absolute error of 0.004 ± 0.002 m (8%). Figure 6 shows the behavior of this error as a function of φ.



According to van Dieen’s model, the variation of L with TP averages 0.001 m (Figure 1a). Since an error of 0.004 m is higher than this variation and by considering the linear behavior of Le as a function of φ (r2 = 0.931), Lφ was adjusted as follows:


   L φ ′  =  L φ  −  (  0.0002 · φ  )  − 0.0018  



(8)




where 0.0002 and 0.0018 are the coefficients of the linear model shown in Figure 6.



When this correction was applied, Le decreased to 0.001 ± 0.001 m. Person’s correlation analysis confirmed a strong association between LTP and Lφ’ (r = 0.965, p < 0.0001), while Bland–Altman plot analysis revealed a high agreement between methods with a bias <0.001 m, upper and lower limits of agreement (uLOA) of 0.002 m and a lower limit of agreement (lLOA) < 0.001 m (Figure 7a).



Finally, the prediction of δ by using φ resulted in an average absolute error of 2.7° ± 1.3° (2%), which corresponds, approximately, to the variation of δ with TP according to van Dieen’s model (Figure 1b). For this reason, no correction was considered as needed for δφ. A strong correlation (r = 0.970, p < 0.0001) as well as high agreement (bias = 2.8°, uLOA = 5.3° and lLOA = 0.2°) were found between δTP and δφ (Figure 7b).




4. Discussion


The present technical note aimed at enriching the planar linked segment model originally proposed by Chaffin with the prediction of the moment arm and of the orientation of the line of action of the back extensor muscles during symmetric lifting tasks (stoop and squat techniques). Prediction equations were borrowed from the single equivalent muscle model proposed by van Dieen and de Looze [15]. Originally, these equations were meant to be fed with the sagittal plane component of the Euler rotation of a 3D thorax-embedded anatomical frame with respect to a 3D pelvis-embedded anatomical frame. In order to make these prediction equations compliant with a two-dimensional analysis, the angle formed by the segment joining L5/S1 to the shoulder joint centers with the longitudinal axis of the pelvis was introduced. To this end, the positions of the ASIS and PSIS were added to the original marker set (Figure 8).



In turn, the original set of anatomical landmarks proposed by Chaffin for his linked segment model was deprived of the hip joint center, as this point can predicted using ASIS and PSIS. The position of the shoulder joint center was also enhanced, as it was no longer assumed to coincide with the acromion. The model proposed by van Dieen and de Looze was validated within the angular range of 5° of trunk extension to 55° of trunk flexion, and the thorax-to-pelvis flexion angles computed from the available dataset fall within this range. The planar trunk flexion angle proposed in the present paper has proved to be highly correlated with the thorax-to-pelvis flexion angle used by van Dieen and de Looze (r = 0.970). The prediction equations proposed by van Dieen and de Looze were, hence, applied by using the newly computed planar trunk flexion angle regardless of its accuracy with respect to the thorax-to-pelvis flexion angle used by van Dieen and de Looze. A strong association (r = 0.970) and a high level of agreement (bias = 2.8°, upper limit of agreement = 5.3° and lower limit of agreement = 0.2°) was found between the orientation of the back extensor muscle line of action as predicted using the planar trunk flexion angle proposed in the present paper and the thorax-to-pelvis flexion angle used by van Dieen and de Looze. In their single muscle equivalent model, the orientation of the back extensor muscle line of action ranges from 100° to 134° with variations of 2.6°. This means that the average absolute error of 2.7° found between the two methods falls within the sensitivity of the prediction. On the other hand, the prediction of the moment arm of back extensor muscles by using the planar trunk flexion angle proposed in the present paper required a correction in order to achieve a sufficient accuracy with respect to the model proposed by van Dieen and de Looze. Since the prediction error showed a linear trend with respect to the planar angle used as input to the model, the error was subtracted through a linear regression model built with this set of data. As such, a strong association (r = 0.965) and a high level of agreement (bias <0.001 m, upper limit of agreement = 0.002 m and lower limit of agreement <0.001 m) were, hence, found between the moment arm of the back extensor muscles as predicted using the planar trunk flexion angle proposed in the present paper and the thorax-to-pelvis flexion angle used by van Dieen and de Looze. Since the average variation of the moment arm predicted by the model of van Dieen and de Looze during the considered range of trunk flexion is 0.001 m, the average absolute error of 0.001 m found between the two methods falls within the sensitivity of the prediction.




5. Conclusions


To conclude, the method proposed in the present paper allows one to use a bidimensional analysis performed on a video-taped image to estimate shear and compression forces by taking into account a variable back extensor muscle moment arm and line of action. The positions of seven palpable anatomical landmarks are needed from a video-taped image for model implementation. In particular, the proposed model leads to the estimation of a thorax-to-pelvis flexion angle from the planar positions of an augmented Chaffin’s marker set (Equation (5)). This angle is then used to feed van Dieen and de Looze regression equations to predict a trunk flexion-specific moment arm (Equation (6)) as well as a trunk-flexion specific line of action orientation (Equation (7)) to increase the accuracy in computing the contribution of the back extensor muscle force to the compression and shear forces acting on the L5/S1 intervertebral disc. An additional equation is presented to correct the error in predicting the back extensor muscle moment arm according to the planar trunk flexion angle proposed in the present paper (Equation (8)). The method proposed in the present paper was validated at a single instant of time, assuming it was a static trial, but the same can be applied during a dynamic task at each sampled moment in time. The analysis should be limited to symmetric lifting tasks only.
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Figure 1. Variation of the back extensor muscle moment arm (a) and of the orientation of the line of action with respect to the plane of L5/S1 (b) from 0° to 55° of trunk flexion according to van Dieen’s single-equivalent muscle (SEM) model. 
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Figure 2. The angle φ is supposed to be linearly related to the thorax-to-pelvis angle used by van Dieen to predict the back extensor muscle moment arm and line of action. The position of the origin of the pelvis-embedded anatomical reference frame, whose axes are depicted as dotted lines, is placed for graphical convenience to highlight the angle that the segment joining L5/S1 to S forms with the longitudinal axis of the pelvis-embedded anatomical reference frame. K = knee joint center; H = hip joint center; L5/S1 = intervertebral disc joint center; S = shoulder joint center; ASIS: anterior superior iliac spine; PSIS: posterior superior iliac spine 
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Figure 3. Chaffin’s linked segment model (LSM) (upper arm and forearm are excluded) used to estimate the position of the L5/S1 (O) joint center. A = ankle joint center; K = knee joint center; H = hip joint center; S = shoulder joint center; γ = pelvic rotation angle; β = angle formed by the segment joining H to O with the horizontal axis; α = inclination of the trunk with respect to the horizontal axis; θ = inclination of the thigh with respect to the horizontal axis. 
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Figure 4. Bland–Altman plot for visually inspecting the presence of heteroscedasticity (i.e., linear trend) in the dataset. The plot depicts the differences (error) between the angle of the thorax relative to the pelvis (TP) and φ against the respective means. 
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Figure 5. Linear trend of φ with respect to TP depicting the strong association between these two variables. 
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Figure 6. Linear trend of the error in predicting the back extensor muscle moment arm by using φ with respect to the degree of trunk flexion (φ). 
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Figure 7. Bland–Altman plot analysis for repeated measurements depicting the absolute agreement between the back extensor muscle moment arm (a) and line of action (b) as predicted using TP and φ. Horizontal lines represent the bias (solid) and upper and lower limits of agreement (dotted). SD = standard deviation. 
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Figure 8. Palpable anatomical landmarks required to use the planar linked segment model proposed by Chaffin enriched with the estimation of the back extensor muscle moment arm and line of action as suggested in the present paper. W = wrist joint center; E = elbow joint center; AC = acromion; PSIS = posterior superior iliac spine; ASIS = anterior superior iliac spine; K = knee joint center; A = ankle joint center. 
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Table 1. Coefficients of the regression models proposed by van Dieen and de Looze for predicting the back extensor muscle moment arm and the orientation of the line of action as a function of the thorax-to-pelvis flexion angle.
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	Factor
	    a ·   10   − 6      
	    b ·   10   − 5      
	    c ·   10   − 2      
	    d ·   10   − 1      
	e





	Standard model
	−1.9
	−9.18
	5.08
	−5.25
	129
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Table 2. This table shows, for each participant included in Maurice et al.’s database, the number of trials effectively used for model validation.
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	ID
	Number of Analyzed Trials





	Participant_541
	6



	Participant_909
	0



	Participant_2193
	1



	Participant_2274
	12



	Participant_3327
	3



	Participant_5124
	3



	Participant_5319
	3



	Participant_5521
	0



	Participant_5535
	10



	Participant_8410
	5



	Participant_8524
	3



	Participant_9266
	0



	Participant_9875
	1



	total trials
	47







Participants’ IDs are consistent with the paper of Maurice et al.














© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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