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Abstract
Purpose: We investigated the influence of passive arm-support exoskeleton (ASE) with different levels of torque (50, 75, and 100%) on upper arm osteokinematics.
Methods: Twenty participants completed a cyclic overhead drilling task with and without ASE. Task duration, joint angles, and angular acceleration peaks were analyzed during ascent and descent phases of the dominant upper arm.
Results: Maximum ASE torque was associated with decreased peak acceleration during ascent (32.2%; SD 17.8; p < 0.001) and descent phases (38.8%; SD 17.8; p < 0.001). Task duration remained consistent. Increased torque led to a more flexed (7.2°; SD 5.5; p > 0.001) and internally rotated arm posture (17.6°; SD 12.1; p < 0.001), with minimal changes in arm abduction.
Conclusion: The small arm accelerations and changes in osteokinematics we observed, support the use of this ASE, even while performing overhead cyclic tasks with the highest level of support.
Keywords:  passive exoskeleton, joint angles, arm acceleration
Abbreviations
1. Work-related musculoskeletal disorders (WMSDs)
2. Upper extremity (UE)
3. Arm-support exoskeleton (ASE)
4. Dynamic overhead (DO)
5. Institutional Review Board (IRB)
6. Flexion-Extension (FE)
7. Abduction-Adduction (AA)
8. Internal axial rotation (IR) External axial rotation (ER)
9. Range of motion (ROM)

1. Introduction
[bookmark: _Hlk164789233]The high frequency and severity of work-related musculoskeletal disorders (WMSDs) in the construction industry is a critical issue worldwide. According to the United States Bureau of Labor and Statistics, U.S. private construction industries reported 74,520 injuries and illness cases in 2020, of which approximately 30% involved the upper extremity (UE) (BLS, 2023). Moreover, data from the 2015 European Working Conditions Survey showed that 54% of construction workers reported pain in the UE (EWCS, 2016). 
Construction workers are exposed to high-force demands and extreme postures, which can lead to physical fatigue, pain, injury, and loss of productivity (Meo et al., 2013; Seo et al., 2016). Construction tasks such as electrical work, drywall installation, sanding, drilling, and painting require sustained overhead reach, which is recognized as a major risk factor for the onset of UE-WMSDs (Svendsen et al., 2004; Rempel et al., 2010; Chopp et al., 2010; Alabdulkarim and Nussbaum, 2019; Latella et al., 2022). Moreover, the daily use of power tools that require high-force exertions increases the risk of shoulder tendon injuries (Frost et al., 2002), especially during overhead reach. 
Shoulder impingement is the most common cause of shoulder pain and injury (Stenlund et al., 2002) and is related to the osteokinematics and arthrokinematics of the shoulder complex. Osteokinematics describes the gross movement of bones while arthrokinematics describes the motion between joint surfaces. For example, during arm abduction and flexion (osteokinematics), the rotator cuff muscles facilitate the slide, roll, and spin (arthrokinematics) of the humeral head to maintain contact with the glenoid fossa and minimize compression of the supraspinatus tendon under the coracoacromial arch, as detailed in Appendix. Insufficient or abnormal humeral translations (sliding) due to fatigue, muscle imbalances, and postural deviations have been linked to shoulder injury (Dal Maso et al., 2015), likely due to compression of the structures under the coracoacromial arch as arm elevation increases (Muraki et al., 2010; Hughes et al., 2012). 
[bookmark: _Hlk158026582][bookmark: _Hlk164688808]To prevent the development of shoulder WMSDs, passive arm-support exoskeletons (ASEs) have been used to support workers in forward reach or overhead postures (McFarland and Fischer 2019), as they provide a torque that elevates the arms and effectively relieves shoulder burden by transferring the bearing load to another part of the body (typically the lumbar spine). Thus, during tasks requiring prolonged elevation of the arms (e.g., painting, ceiling work, etc.), ASE use is ideal with a maximum level of support, i.e., capable of relieving the external shoulder torque resulting from upper limb weight. This ultimately results in reduced shoulder muscle activity (Kim et al., 2018 a; Van Engelhoven et al., 2018) and perceived effort (Huysamen et al., 2018; McFarland and Fischer 2019) and higher overall productivity (Butler and Wisner, 2017). However, ASEs can also alter or change UE osteokinematics, which may increase worker discomfort and risk of injury. This outcome has been attributed to the constraints imposed by the added mass and/or the fastening straps, thereby restricting movement (Kim et al., 2018 b). Laboratory studies have found only slight modifications of UE joint angles when wearing an exoskeleton that provided low torque support with increased arm flexion up to 10.7° (Maurice et al., 2020; McFarland et al., 2022) and arm abduction up to 9.9° (Schmalz et al., 2019; Maurice et al., 2020). On the other hand, in other studies the use of high torque support involved over-compensation of movements, leading to altered shoulder, elbow, and wrist joint angles in the sagittal and coronal plane (Sylla et al., 2014; McFarland et al., 2022). Therefore, when the task to be performed requires frequent UE movements, rather than the maintenance of static overhead postures, the use of lower torque support may be more effective. 
[bookmark: _Hlk171418452]By modifying UE joint angles, ASE torque may also influence arm acceleration during overhead activities, thus resulting in an unnatural movement that, in the long-term, potentially increases the risk of developing shoulder disorders. However, to our knowledge, no previous studies have evaluated the magnitude of assistive accelerations provided on the arm by different levels of ASE torque during a cyclic task. It has been reported that in some sports activities involving throwing, high acceleration movements of the arm are associated with the development of shoulder injuries (Pappas et al., 1985; Rose and Noonan, 2018). Such disorders result from exposure to high amounts of stress for short periods of time, despite a careful athletic training focused on strengthening the stabilizers of the shoulder and thus managing cumulative stress on the arm (Dowling et al., 2020). Although the magnitude of speed and accelerations in sports is typically much larger than those expected during traditional occupational work, the prolonged exposures (hours/day per years) to even lower stress, in combination with poor physical preparation, may trigger a cumulative load effect that has previously been associated with an increased risk for musculoskeletal problems and shoulder pathology (Roquelaure et al., 2011; Holtermann et al., 2010).
Therefore, we aimed to investigate the influence of different levels of a passive ASE torque (50, 75 and 100%), normalized to the user’s anthropometry, on the osteokinematics of the shoulder, compared to the unassisted condition (no ASE), during an overhead drilling task performed cyclically. Upper arm 3D posture and acceleration magnitude were analyzed during both the raising (ascent) and lowering (descent) phases of the arm. Posture at the end of the descent phase was evaluated to investigate device-induced postural changes when returning to a neutral posture. The impact of ASE on task duration was also analyzed. In summary, the following null hypothesis were tested:
Null Hypothesis 1: There is no effect of ASE torque on shoulder posture and peak acceleration, during the ascent phase.  
Null Hypothesis 2: There is no effect of ASE torque on shoulder posture and peak acceleration, during the descent phase.
Null Hypothesis 3: There is no effect of ASE torque on shoulder posture at the end of the descent phase.  
Null Hypothesis 4: There is no effect of ASE torque on total task duration.
[bookmark: _Hlk158124818]2. Material and Methods
2.1 Study Design and Participants
[bookmark: _Hlk158124843]This was a repeated-measures laboratory study that included 20 participants (17 male, 3 female) with a mean (standard deviation) age, height, and body mass of 34.1 (10.0) years, 177.6 (7.0) cm, and 78.1 (8.7) kg, respectively. The percentage of women (15%) was consistent with that in the entire US construction workforce (11%) (Hegewisch and O’Farrell, 2015; BLS Women in the labor force, 2023). All but one were right-hand dominant.  
People between 18-65 years old, half of whom had prior construction work experience, were invited to participate in this study and asked to simulate a dynamic overhead (DO) drilling task. To set the ASE with the minimum (50%) and maximum (100%) normalized torque, male participants had to have mass between 53 kg (1st percentile) and 114 kg (88th percentile) and female participants between 61 kg (21st percentile) and 122 kg (96th percentile) (Chen et al., 2020). Candidates outside of these ranges, as well as those having an acute or chronic musculoskeletal disorder within the previous 6 months, were excluded. The study was approved by the Institutional Review Board (IRB) of the University of California San Francisco (UCSF), and participants provided written informed consent prior to any data collection.   
2.2 Apparatus and instrumentation   
[bookmark: _Hlk158125878][bookmark: _Hlk158126146][bookmark: _Hlk158126289]The DO task was conducted by using a hand-held, light-duty drill (RYOBI® Tools HP44L, mass=388 g; tip external diameter=9 mm), in a custom steel cage characterized by a wall and a ceiling panel (Fig.1). Two sets of four hollow tubes (internal diameter=10 mm) that were serially mounted to the ceiling panel and protruded downward were used to simulate overhead drilling targets. The height of the ceiling panel was individually adjusted such that the participant's shoulder and elbow were flexed at 90° in the sagittal plane when reaching the overhead targets, while standing in the center of the cage, with feet parallel. 
[bookmark: _Hlk158128283][bookmark: _Hlk158128327][bookmark: _Hlk158128397]A 6-axis force platform (BP6001200, AMTI, Watertown, MA, 1200 Hz) was located at the center of the cage (Fig. 1) to measure, at the beginning of each trial, participants’ baseline ground reaction force components (x, mediolateral, y, anteroposterior, z, vertical). The force platform was subsequently used to calculate the forces applied (see below) to each target through custom-developed LabVIEW software (National Instrument Corp, Inc., Austin, USA).
[bookmark: _Hlk158128565][bookmark: _Hlk164675735]Joint angles and angular accelerations were measured at 60 Hz using a full body wearable motion capture system (Xsens MVN Awinda, Xsens, Enschede, The Netherlands) that included 17 inertial measurement units placed, according to manufacturer guidelines, on the head, sternum, and sacrum, and bilaterally on the shoulder, upper arm, forearm, hand, upper leg, lower leg, and foot. When testing the last seven subjects, the sensor on the upper arm was moved from being on the arm to being on the exoskeleton arm cuff to avoid artifacts caused by the device-sensor interference. For the same sample and aim, one calibration of the system (4-second N-pose plus a 15-second walk) after each torque condition was performed instead of just one at the beginning of the experiment. After calibration, participants were asked to perform simple movements with varying levels of torque to familiarize themself with the ASE.
[image: Immagine che contiene schermata, testo, macchina, Software multimediale
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Fig. 1: a) Participant wearing the exoskeleton during the DO task b) Schematic view with an indication of the instrumentation used to provide visual and auditory feedback on the magnitude and duration of each simulated drilling activity. 

2.3 Drilling task
[bookmark: _Hlk158126903][bookmark: _Hlk158126963]Participants started the DO drilling task while standing on the force platform with their arms resting alongside their body. Participants used their non-dominant hands to touch a screw located in the pocket of a tool belt to simulate screw retrieval. Then, they were instructed to move their hands toward the midline of the body to connect the tip of the tool held in the dominant hand with the fingertips of the non-dominant hand. From this position, participants used both hands to elevate the tip of the drill into the hole of one of the four tubes. Upon reaching the target, the non-dominant hand was free to return to the start position. While using the tool, participants exerted a force of approximately 50 N (visually controlled in real-time on a screen) against the target and sustained each effort for two seconds. This magnitude and duration were selected to ensure that all participants could complete the task without experiencing substantial fatigue.   Audible and visual feedback was provided to indicate when participants should stop exerting force and resume the initial position. The drilling task was performed cyclically, with 20 replications. A 10-minute break was provided between randomized conditions (no ASE, 50, 75, 100% torque). Participants were instructed to perform the task as realistically as possible, by freely moving their lower limbs and feet and self-selecting the rate of movements and duration between each of the cycle.   
2.4 Independent Variables 
[bookmark: _Hlk158130651][bookmark: _Hlk158130960][bookmark: _Hlk158130990][bookmark: _Hlk158131034]The independent variable was the ASE torque, corresponding to 50, 75, and 100% of the torque created at the shoulder level; the torque magnitude was the same bilaterally. The “no ASE” condition meant that no exoskeleton was used to perform the task.   The maximum level of torque (100%) was defined by the torque sufficient to freely float the arms while maintaining a relaxed 90° shoulder and elbow posture. Torque levels were provided by a passive ASE (Ekso EVO, Ekso Bionics, Inc., San Rafael, USA) equipped with an internal linkage system that converts spring compression into shoulder torque. The different magnitudes of torque were provided using five interchangeable spring cartridges (range spring force 21.6 - 67.7 N). Custom software, based on a subject’s height, weight, and sex, was used to predict proper fit of the ASE and the cartridge needed to attain an amount of torque as close as possible to the desired one. Previous studies have demonstrated that this specific ASE model is advantageous due to its not excessive mass (~4 kg) and the possibility to be easily worn and adjusted like a sort of backpack (Bennett et al., 2023; Perez et al., 2020).
2.5 Dependent Variables
Outcome measures included two kinematic variables, i.e., joint angles and angular accelerations in up to three planes of motion. Also, the duration of the task was measured to evaluate any torque influence on execution time. Specific measures are provided in detail below:
1. Joint angles of the dominant upper arm, following the manufactured recommended ZXY Euler sequence (X: anterior-posterior axis; Y: medial-lateral axis; Z: vertical axis), were used to analyze upper arm posture with respect to the trunk in the sagittal plane (flexion (+) / extension (-), FE), in the coronal plane (abduction (+) / adduction (-), AA), and in the axial plane (internal (+) / external (-) axial rotation, IR/ER) in each direction separately.
2. The total angular acceleration (eq.1) of the dominant upper arm relative to the trunk was calculated using all three acceleration components (, around AA axis, , around FE axis, , around IR/ER rotation axis).
                (1)                                                                                                    
[bookmark: _Hlk166143148]Both the peak total angular acceleration () and the absolute peak of the angular acceleration in each plane (, , ) were used for the analysis because of potentially greater concern with prolonged exposure. 
3. The total duration was defined and calculated as the time between the start and the end of the DO task, identified on the FE angle time series since the task was mainly performed in the sagittal plane.
2.6 Data processing
[bookmark: _Hlk164691665][bookmark: _Hlk164691679]Joint angles and angular accelerations were recorded and processed with the Xsens MVN Analyze software (version 2020.0.0). As in a previous comparable study, a low-pass filter was applied to the raw acceleration data using a fourth-order Butterworth filter (5 Hz) (Korshøj et al., 2014). A custom routine developed in Matlab (R2019a, MathWorks, Natick, Massachusetts, USA) was used to process kinematic data and calculate task duration. The FE angle was used to define the start and end of each cyclic movement (Fig. 2a). The start of each cycle was defined as the time when the upper arm FE angle deviated more than 2° for more than 1 s from the visually checked neutral position. Accordingly, the end was defined as the time when the upper arm returned to the baseline FE angle (i.e., the angle assumed at the beginning of the task). Each cycle was segmented into three phases, namely ascent, drilling, and descent (Fig. 2b), defined as follows:
· The start of the ascent phase was defined as the start of each cyclic movement, as described above. The end was identified as the last time at which the slope of the FE angle assumed an arbitrary value greater than 0.5°, chosen after checking all data.
· During the drilling phase, participants maintained contact with the target, so the slope was less than 0.5°. 
· The beginning of the descent phase was defined as the first time, after the drilling phase, at which the slope again assumed a value greater than 0.5°. The end was defined as the end of each cyclic movement, as described above. 
Finally, both the ascent and descent phases were divided temporally into two equally sized windows. These windows were used to explore shoulder kinematics in the first and second halves of the motion since the excursion of the rotator cuff muscles under the acromion changes with increasing elevation (Flatow et al., 1994).   
Our analysis of the dependent variables focused on four of the five identified phases: ascent phase (1st half), ascent phase (2nd half), descent phase (1st half), and descent phase (2nd half). The mean value of each dependent measure was calculated across cycles and participants. The drilling phase was excluded from the analysis because characterized by a static shoulder posture that was irrelevant to the study aim. 
[image: Immagine che contiene testo, diagramma, linea, Diagramma
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Fig. 2: Data processing. a) Representation of the upper arm FE angle (in light blue) and angular acceleration around the y-axis (ay in red) as a function of time, for one participant. The red and blue dashed lines denote respectively the start and end of each cyclic movement. b) Detailed representation of the 13th drilling movement with identification of the five phases.
2.7 Statistical analysis 
A total of 400 cycles (20 participants, 20 cycles) were analyzed for the 50, 75, and 100% torque conditions; 398 cycles were analyzed for the no ASE condition, due to an instrumentation problem that occurred in two of the cycles. To assess the effect of torque level on each dependent measure, separate one-way, repeated measures analysis of variance (RM-ANOVA) or non-parametric Wilcoxon analysis of variance were completed, based on the normality of the data. Statistical analyses were separately performed for each of the four predefined phases, and statistical significance was determined at p < 0.05. Statistical analysis of the posture at the end of the descent phase was conducted separately for flexion (or abduction or IR) and extension (or adduction or ER) movements. Because we made changes in sensor position and calibration, we completed a t-test to compare data from the last seven subjects with the prior 13; this test confirmed that the protocol change did not significantly affect the results  (p>0.05). All analyses were performed using the IBM SPSS Statistics v.20 software (IBM, Armonk, NY, USA).   
3. Results 
3.1. Ascent phase 
Peaks total angular acceleration during both halves of the ascent phase are reported for each condition in Table 1. 
Table 1: Mean (SD) of the peak angular acceleration across participants and cycles, for each condition and each phase. Superscript letters across each row represent groupings from post-hoc pairwise comparisons. Here and below, significant effect of torque level are highlighted using bold font.
	Peak total angular acceleration (°/s2)
	no ASE
	50%
torque
	75%
torque
	100%
torque
	p Value

	Ascent phase (1st half)
	1028.8
(254.4) a,b,c
	768.4
(218.2) a
	692.2
(201.2) b
	776.1
(342.7) c
	< 0.001

	Ascent phase (2nd half)
	920.8
(199.5) a,b,c
	720.3
(173.1) a
	735.1
(195.0) b
	786.0
(402.3) c
	< 0.001

	Descent phase (1st half)
	1172.2
(220.1) a,b,c
	943.1
(214.2) a
	851.2
(177.8) b
	899.1
(177.0) c
	< 0.001

	Descent phase (2nd half)
	1658.5
(537.3) a,b,c
	1127.5
(305.5) a
	1001.7
(319.1) b
	1047.2
(366.1) c
	< 0.001



The absolute peak angular acceleration (x,y,z) and maximum joint angles (abduction, flexion, IR) measured during the ascent phase are displayed in Fig. 3 and further detailed in the Appendix. Using the exoskeleton with different magnitudes of torque significantly decreased the angular acceleration around the y-axis (p < 0.001 for both halves), z-axis (p = 0.005 and p < 0.001 during the 1st and 2nd half, respectively), and x-axis (significant only during the 1st half, p = 0.013). Concurrently, we found a significant increase in flexion (p = 0.018 and p = 0.007 during the 1st and 2nd half, respectively) and IR (p < 0.001 and p < 0.001 during the 1st and 2nd half, respectively). 

[image: ]
Fig. 3: For the 1st half (on the left) and 2nd half (on the right) of the ascent phase, the absolute peak angular acceleration is displayed in relation to the maximum joint angle. Angular acceleration is around the (a) y-axis i.e., flexion axis; (b) x-axis i.e., abduction axis; (c) z-axis i.e., IR axis. Matching letters indicate statistical significance obtained from post-hoc comparisons.

3.2. Descent phase
Table 1 shows the peak angular acceleration during the two halves of the descent phase. Fig. 4 shows the acceleration peak in each plane (x,y,z) in relation to the maximum joint angle (abduction, flexion, IR). The use of the exoskeleton with different magnitudes of torque significantly affected the angular acceleration, by decreasing it, around the x-axis (p = 0.008 and p < 0.001 during the 1st and 2nd half, respectively), y-axis (p = 0.021 and p < 0.001 during the 1st and 2nd half, respectively), and z-axis (p < 0.001 for both halves). An increased IR of the arm (p < 0.001 for both halves) was observed during the descent phase while maximum flexion and abduction changed only slightly. 

[image: ]
[bookmark: _Hlk146619894]Fig. 4: For the 1st half (on the left) and 2nd half (on the right) of the descent phase, the absolute peak angular acceleration is displayed in relation to the maximum joint angle. Angular acceleration is around the (a) y-axis i.e., flexion axis; (b) x-axis i.e., abduction axis; (c) z-axis i.e., IR axis Matching letters indicate statistical significance obtained from post-hoc comparisons.
3.3. End of the descent phase
Table 2 summarizes the angle and the number of times the participants completed the descent phase of the arm in flexion, extension, abduction, adduction, IR, and ER for each torque condition. 





Table 2: Mean (SD) and total number of movements (N) performed in the sagittal, coronal, and axial planes at the end of the descent phase. Superscript letters across each row represent groupings from post-hoc paired comparisons.
	[bookmark: _Hlk144205724]Posture at end of descent phase
	no ASE
	50% 
torque
	75%
Torque
	100%
torque
	p 
Value

	Flexion (+)
	angle (°)
	6.6
(5.2)a,b,c
	11.1
(8.0) a,c
	14.6
(10.1) b
	13.9
(8.7) c
	<0.001

	
	N
	218a,b,c
	347a
	368b
	366c
	<0.001

	Extension (-)
	angle (°)
	4.3
(3.3) a,b,c
	1.6
(3.8) a
	0.7
(1.2) b
	0.5
(1.1) c
	<0.001

	
	N
	180 a,b,c
	53 a
	32 b
	34 c
	<0.001

	Abduction (+)
	angle (°)
	12.9
(6.0)
	12.3
(6.9)
	13.8
(8.7)
	13.5
(7.8)
	0.796

	
	N
	378
	372
	394 b,c
	359 c
	0.429

	Adduction (-)
	angle (°)
	0.3
(0.9)
	0.3
(0.6)
	0.1
(0.5) b,c
	0.7
(1.8) c
	0.155

	
	N
	20
	28
	6 b,c
	41 c
	0.400

	IR (+)
	angle (°)
	5.3
(7.3) a,b,c
	9.6
(9.4) a
	13.0
(11.4) b
	11.8
(9.7) c
	0.031

	
	N
	142 a,b,c
	260 a
	282 b
	284 c
	0.007

	ER (-)
	angle (°)
	11.6
(8.8) b,c
	9.3
(18.6)
	4.2
(5.8) b
	3.9
(6.1) c
	0.014

	
	N
	256 a,b,c
	140 a
	118 b
	116 c
	0.010



3.4. Task duration
The mean (SD) task duration across participants for the unassisted condition was 101.3 (14.6) seconds (s). Wearing the exoskeleton with 50, 75, and 100% torque, the respective total durations were 103.0 (17.6), 105.7 (18.1), and 103.4 (16.9) s. There were no statistically significant differences in movement duration between conditions (p = 0.570).
4. Discussion 
We investigated the influence of ASE torque on the osteokinematics of the UE while performing a DO task. We found an overall decrease in the peak angular acceleration of the dominant arm when wearing the exoskeleton with respect to the unassisted condition. Nevertheless, such alterations did not significantly change task duration, regardless of the torque provided. When using the ASE, participants assumed a slightly more flexed (up to 7.2°) and internally rotated posture (up to 17.6°) of the arm, during each trial and between cycles, both of which were more pronounced when the magnitude of ASE torque was high. In abduction, a slight (2°) and non-statistically significant increase was observed.  Despite the differences observed between phases (later discussed in detail), these findings support the safe use of this ASE, even while performing overhead cyclic tasks with the highest level of support.


4.1. Ascent phase 
During both halves of the ascent phase, the peak total angular acceleration (Table 1) and the three acceleration components (Fig. 3) were all significantly reduced when performing the task with different magnitudes of torque; as such, our hypothesis 1 was not supported. Peak acceleration decreased up to 32%, indicating that participants may have relied on the device to elevate their arm, thereby controlling the rate of motion to perform lower acceleration movements. When the ASE was not worn, participants actively generated a moment at the shoulder joint to counteract gravity and lift the arm. This motion resulted in higher accelerations that required more energy. It is possible that ASE torque allowed participants to minimize the muscular work required to move arms against gravity, and that the reduced acceleration allowed users to reach the target more efficiently. It is also possible that more familiarity with the ASE could, over time, resulted in accelerations more similar to the unassisted condition. Further studies are needed to verify this hypothesis.
When wearing the ASE, the peak total acceleration increased approximately with the magnitude of torque during the 2nd half of the ascent phase (Table 1). Despite this, accelerations while wearing the ASE were always smaller than in the unassisted condition. Even though injury-related values achieved during sports were not reached (Pappas et al., 1985; Rose and Noonan, 2018), quantifying arm accelerations with and without assistance represents only a first step, which should be followed by further longitudinal studies to investigate the potential effects of cumulative exposure to low-acceleration movements. 
With increasing magnitudes of torque, a linear increase was also observed for acceleration around the x (AA) axis and z (IR/ER) axis, but not for the y (FE) axis (Fig. 3). One possible explanation is that the horizontal component of the ASE torque may have exceeded the other two, thus causing participants to adopt a more abducted and internally rotated posture. This explanation is supported by the increased IR (up to 20°) observed during conditions where ASE torque was provided, compared to the unassisted condition. This finding is consistent with the maximum 9° increase of shoulder rotation reported by (Maurice et al., 2020) when subjects performed an overhead pointing task with and without the commercial PAEXO exoskeleton. In contrast, (McFarland et al., 2022) observed a maximum decrease in IR by 316% (Δ24.6°) with exoskeleton use while performing an overhead task with the shoulders flexed at 120°. These differences may be explained by some heterogeneity of the activity simulated and the exoskeleton models tested. For example, the height and the location of the overhead target relative to the midline of the body could influence the amount of rotation measured while performing the task. From an anatomical point of view, the subacromial space width changes during abduction and rotation, and the supraspinatus is closest to the anterior inferior border of the acromion in 90° of abduction with 45° IR (Graichen et al., 1999; Dal Maso et al., 2015). However, the consequences of an increased IR of the arm when using the exoskeleton are not yet clear. 
In the other plane, the maximum abduction angle increased up to 2° with increasing torque but without reaching statistical significance. Regardless, these findings are consistent with a previous study performed in a real construction workplace that showed a 4° increase in shoulder abduction while working at variable heights with the Ekso EVO exoskeleton (Bennett et al., 2023). Specifically, the author hypothesized this variation to be due to the device’s spring force, which can alter the typical movement pattern during elevation (Bennett et al., 2023).
[bookmark: _Hlk164680788][bookmark: _Hlk164680957][bookmark: _Hlk158027064]Increasing torque also led to increased maximum flexion angle during the 2nd half of the ascent phase, which was surprising since the target height (and thus the maximum angle of upper arm flexion) was set at the beginning of the experiment. However, participants during the trials were allowed to freely change their feet positions, which could have influenced the shoulder posture required to reach the target. Therefore, the observed variations might result from a combination of the specific strategy adopted by the participant and the presence of the exoskeleton. On the other hand, (McFarland et al., 2022) found that ASE use caused increased minimum shoulder elevation angle (up to 10.7°). An increase in the minimum arm flexion angle would explain the observed increase in the maximum flexion angle (up to 7.2°) measured during the 1st half of the ascent phase, when torque was provided. Therefore, the variations found during this phase could be related to ASE use. 
4.2. Descent phase 
Similarly, during the descent phase, the peak angular acceleration and its three components decreased with increasing magnitudes of torque, leading us to reject hypothesis 2. Specifically, peak total acceleration decreased up to 39% during the 2nd half of the descent phase with ASE torque. One possible explanation is that to resume neutral posture, participants counteracted ASE torque, thus performing a slower, low-acceleration movement with respect to the unassisted condition. This adaptation has been observed in previous studies, wherein participants reported the feeling of “fighting” the system when moving the arm in opposition to the exoskeleton torque (Sylla et al., 2014; Maurice et al., 2020). Knowing the activation level of the shoulder antagonist muscles could be important in supporting or refuting this explanation because of their main involvement in shoulder extension movements. The need to counteract the support provided by the exoskeleton could cause increased activation of these muscles with respect to the unassisted condition. This case has been recently observed by (Theurel et al., 2018) who, simulating a lifting-lowering task, reported a 95% increase in the average workload of the triceps brachii when wearing an ASE set to fully support a 9 kg load handled. Although increased muscle activity was measured for the entire task, the antagonistic muscles were mostly active during the arm lowering phase. Therefore, the variation we observed with respect to the unassisted condition could be due to counteracting the exoskeleton torque.
Joint angle variations were not affected by the direction of the arm motion, thus results found during the descent phase mirrored those observed during the ascent phase. 
4.3. End of the descent phase
When using the exoskeleton, participants typically completed each cycle with a more flexed and internally rotated arm compared to the unassisted condition (Table 2); we thus reject hypothesis 3. This postural variation could be interpreted as not completely counteracting the support provided by the exoskeleton when returning to a neutral posture. Indeed, the mean flexion angle at the end of the movement increased with increasing magnitudes of torque, reaching a plateau at 75% torque, with an 8° increase. In this regard, our results are consistent with those of previous studies demonstrating that the use of a passive ASE during overhead work led to restrictions in shoulder flexion ROM due to a substantial reduction of shoulder extension (Kim et al., 2018 b; Perez et al., 2020; Bennett et al., 2023). Increased forward flexion, especially if sustained, and increased duration of exposure are risk factors for UE-WMSDs (Karlqvist et al., 1994; Svendsen et al., 2004; Dennerlein and Johnson, 2006; Van Rijn et al., 2010; McFarland et al., 2022), but how the passive motion provided by the exoskeleton use may influence this risk is still unclear. 
In the coronal plane, we did not find any statistically significant differences between conditions. However, the 100% torque condition did have twice as many movements in adduction as the unassisted condition (Table 2), probably because a flexed and adducted arm was more convenient to shorten the path toward the overhead target.
4.4. Duration of the task
We found a 2 to 5% increase in duration to perform the task with the ASE. However, since this variation, as hypothesized, was small and not statistically significant, it is possible that task productivity doesn’t change with the use of the exoskeleton, as recently reported by (Maurice et al., 2020). Moreover, since the participants were free to select their preferred rate of movement, the short task duration allows us to assume that the results were not affected by fatigue. On the contrary, the use of an ASE over a longer period or when performing more demanding work may reduce muscle fatigue and subsequent decreases in the cycle time required to complete a given task.  This was exemplified in the work by Kim et al. (Kim et al., 2018 a) who, after simulating a repetitive, precision drilling task, and instructing participants to work “as quickly and accurately as possible”, reported a decrease of nearly 20% in completion time with an exoskeleton vest. The work height, together with the performance speed and the weight of the pneumatic drill (up to 3 kg), differ from our study, though, which at least partially explains the different results found. 
5. Limitations
[bookmark: _Hlk171421665]The first limitation was the minor change in the experimental set-up of the upper arm sensor locations for the last seven participants. The analysis of kinematic patterns confirmed a decrease in inter and intra-subject variability after this implementation, thus a higher accuracy of the average results. Still, for the sake of accuracy, it should be considered that the Xsens MVN system is characterized by a certain degree of error, when compared to the gold standard (i.e. optical motion capture system) as regards UE kinematics. In particular, previous studies reported an average RMSE up to 19° for FE and AA movements and 30° for IR and ER movements (Mavor et al., 2020). Secondly, we observed differences between participants in terms of arm direction that might be related to the large SD calculated. Such variability may result from a combination of the specific strategy adopted by participants and ASE effects. Finally, we did not investigate differences due to experience and sex which could be important factors in the interpretation of the results.
6. Conclusions 
Although it is known that ASE use can alter UE joint angles, prior work has not evaluated the magnitude of assistive accelerations provided on the arm by different torque levels. This study attempted to partly fill this gap by quantifying the magnitude of arm acceleration with and without an increasing ASE torque. 
As previously reported, we found a significant increase in arm flexion and internal rotation with ASE support compared to the unassisted condition. Nevertheless, the small magnitudes of arm acceleration and osteokinematics changes found in this study support the use of this device, even while performing overhead cyclic tasks with the highest level of support. 
Future studies should investigate the consequences of cumulative exposure to these changes, especially over a long period. Moreover, shoulder muscle activity should be analyzed to understand its possible relation with osteokinematics changes. 
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[image: ]Appendix
During abduction of the arm, the humeral head slides and rolls to maintain contact with the glenoid fossa while maintaining space for the supraspinatus tendon (Fig. A.1). During the four studied phases, some secondary movements were found (Table A.1), but these were excluded from the calculation of the mean angles displayed in Fig. 3 and Fig. 4 because they mostly occurred among only the left-handed participant.Fig. A.1: Arthrokinematics of the shoulder complex Adapted from (Wikimedia Commons).


Table A.1: Number of times that, for each phase and each condition, the maximum joint angle in the coronal and axial plane followed the secondary direction (i.e., adduction and ER, respectively). 
	Number of secondary movements 
	Total
	no ASE
	50%
torque
	75%
torque
	100%
torque

	Ascent phase 
(1st half)
	Adductions
	42 
	7
	7
	1
	27

	
	ERs
	89
	47
	20
	7
	15

	Ascent phase 
(2nd half)
	Adductions
	73 
	20
	14
	20
	19

	Descent phase 
(1st half)
	Adductions
	31
	6
	6
	11
	8

	Descent phase 
(2nd half)
	Adductions
	14 
	4
	4
	1
	5

	
	ERs
	173
	119
	26
	6
	22
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