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Abstract

:

Optical Motion Capture Systems (OMCSs) are considered the gold standard for kinematic measurement of human movements. However, in situations such as measuring wrist kinematics during a hairdressing activity, markers can be obscured, resulting in a loss of data. Other measurement methods based on non-optical data can be considered, such as magneto-inertial measurement units (MIMUs). Their accuracy is generally lower than that of an OMCS. In this context, it may be worth considering a hybrid system [MIMU + OMCS] to take advantage of OMCS accuracy while limiting occultation problems. The aim of this work was (1) to propose a methodology for coupling a low-cost MIMU (BNO055) to an OMCS in order to evaluate wrist kinematics, and then (2) to evaluate the accuracy of this hybrid system [MIMU + OMCS] during a simple hairdressing gesture. During hair cutting gestures, the root mean square error compared with the OMCS was 4.53° (1.45°) for flexion/extension, 5.07° (1.30°) for adduction/abduction, and 3.65° (1.19°) for pronation/supination. During combing gestures, they were significantly higher, but remained below 10°. In conclusion, this system allows for maintaining wrist kinematics in case of the loss of hand markers while preserving an acceptable level of precision (<10°) for ergonomic measurement or entertainment purposes.
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1. Introduction


The analysis of wrist kinematics is key to gesture execution studies. This analysis is crucial for numerous practical applications, whether for estimating musculoskeletal disorders (MSDs) in the workplace [1,2,3] or understanding sport movements [4,5,6]. When it comes to laboratory research, the gold standard technique for 3D kinematic analysis involves the use of optoelectronic systems or Optical Motion Capture Systems (OMCSs). These optical systems use high-resolution and high-frequency infrared cameras that register the movements of passive self-reflective markers placed on the subject. Three non-collinear markers are needed to determine the orientation of a segment in space. Consequently, to determine wrist kinematics, an OMCS records the movements of reflective markers attached to a hand, a forearm, and possibly the upper arm to determine the orientation of these segments and calculate joint angles [7]. During the evaluation of wrist kinematics, especially in a professional context, problems frequently arise when it comes to detecting the markers that can be occluded, whether by other body parts or nearby objects. These occlusions can often be observed during the wrist kinematic evaluation with hairdressers during their professional activities as a result of repetitive hand movements through hair. In that context, it can be interesting to use other sensors that rely on non-optical sources of information, such as magneto-inertial units (MIMUs).



MIMUs allow us to precisely determine the orientation of a segment in space. They consist of an accelerometer, a gyroscope, and a magnetometer. The data issued from these various sensors are then integrated using a fusion algorithm that provides orientation. Due to the way they operate, MIMUs enable measurements to be taken in broader contexts than the laboratory. For example, they were used to determine the orientation of a tennis racket in learning situations [8], to investigate whole body kinematics adaptations when running on different surfaces [9], to evaluate knee kinematics during a home rehabilitation [10], and also to monitor the activities of palm oil workers [11]. The autonomy of these devices placed directly on the skin is what makes them easily transportable and usable on-site. However, they also have limitations. To begin with, they are less precise than an Optical Motion Capture System (OMCS). Bergamini et al. [12] compared the measurements from a MIMU and an OMCS for hand orientation in everyday gestures. They observed average errors expressed in root mean square errors (RMSEs) of around 5° to 10° per axis of rotation. Systems that use several MIMUs have similar or even more significant errors. For example, by measuring shoulder angles during handling tasks, Poitras et al. [13] observed average errors of 12° per joint angle. Similarly, during dynamic movements involving the entire body, Mavor et al. [14] observed average errors from 4° to 40° depending on the observed joint angle. Nevertheless, the average errors were around 9°. In addition to that, MIMUs can be affected by temporal drift, given that they integrate linear angle accelerations [15]. Furthermore, magnetometer measurements can be affected by various magnetic fields present in the close environment of these sensors [16].



Nowadays, many companies have their own entry-level MIMU offering, among which Bosch Sensortec® (BST) (Reutlingen, Germany), STMicroelectronics® (Geneva, Switzerland), Digilent® (subsidiary of National Instrument®, Austin, TX, USA), and Invensens® (subsidiary of TDK Electronics®, Munich, Germany) can be mentioned. These groups offer numerous MIMUs that vary in characteristics, size, and price. Although they were not initially intended for movement analysis, these MIMUs are beginning to be used in various studies on human movement. Indeed, they allow for more modularity than some other systems designed for movement analysis. For example, MIMUs of this type have been used to determine the range of a shoulder joint [17], the orientation of a table tennis racket in space [18], and even hand orientation when hitting a baseball [19]. However, even though this equipment might seem interesting owing to its low price and high modularity, the accuracy of each sensor needs to be evaluated before its use in the research environment. This step is of the essence, especially given that the range of sensors is vast and diverse, and this technology is in constant and fast-paced development.



In order to benefit from both techniques (MIMUs and OMCSs), a hybrid measurement system combining an OMCS for proximal body segments and a MIMU for hand orientation evaluation has been considered. This approach allows us to maintain a high level of accuracy for less occluded segments while maintaining maximum hand orientation, which is the segment with the highest risk of occlusion, although with less accuracy. This type of hybrid device that combines an OMCS and inertial sensor has already been proposed in the past. For instance, Roetenberg and Veltink [20] used an inertial measurement unit in addition to passive markers to maintain the orientation of an object in space during marker occlusion. However, coupling data from an OMCS and a MIMU requires the synchronization of both systems in time and expression of orientation in the same frame of reference. High-end motion analysis systems using MIMUs usually integrate these functionalities. In cases where only entry-level MIMUs are integrated, it is necessary to do several calculations so that both tools share the same frame of reference.



The objective of this article is to present the development and evaluation of the accuracy of a hybrid system for wrist kinematics measurement combining an OMCS for forearm orientation measurement and a MIMU for hand orientation measurement. This work required two phases. (1) A development phase, whose aim was to integrate the orientation of an entry-level MIMU into an OMCS. (2) An application phase, evaluating the accuracy of the hybrid system in determining wrist kinematics. The selected application case refers to the analysis of professional gestures in the field of hairdressing, which is characterized by a high risk of marker occlusion.




2. Materials and Methods


2.1. Device Description


The MIMU used in this research was the BNO055 (Bosch Sensortec®, 2013) version 3.14 integrated into the ADA2472 module by Adafruit® (New York, NY, USA). This MIMU was selected due to its ability of automatic calibration and the fact that it possesses its own fusion algorithm: the BSX developed by Bosch Sensortec®. It provides orientation in the form of quaternions at 50 Hz in a magneto-inertial reference frame. This MIMU has already been used in various studies on human movement [17,18,21]. However, no study has tried to evaluate its accuracy in determining an orientation relative to an OMCS.



To control the MIMU, an Arduino® (Somerville, MA, USA) 2560 controller with an ATmega 2560 microprocessor clocked at 16 MHz was used. An I2C bus made communication possible, and a clock (DS1307, Adafruit®) was used to timestamp the files (Figure 1a). Data from the accelerometer, gyroscope, magnetometer, and orientation as well as the calibration index were written in ASCII format to an SD card using an SD Shield (SD v4.3, Seeed Studio® (San Francisco, CA, USA), 2014). The timestamping of the data was performed using the ‘micros()’function of the Arduino. The data were written at a sampling frequency ranging between 100 and 300 Hz. Data coinciding with the 50 Hz timestamp were then retrieved.



For its evaluation, the MIMU was coupled with an OMCS as a reference tool. The OMCS used was the Motion Analysis® (Rohnert Park, CA, USA) system consisting of 10 Eagle Hawk II cameras. The data were registered at a frequency of 50Hz using the Cortex 9.1.0.8® software. The optoelectronic system was calibrated according to the manufacturer’s recommendations. Calibration was carried out using a 500 mm calibration wand. Generally speaking, optoelectronic systems have errors of <1 mm [22].



The orientation of the hand was simultaneously determined with the use of both systems (OMCS and [MIMU + OMCS]). The MIMU, with three reflecting markers, was placed on a plate attached to the back of the hand (Figure 1b). The orientation of the forearm was evaluated only by the OMCS using three markers placed in right triangles, also attached to the plate. The plate was placed on the proximal part of the forearm. This configuration allowed us to account for wrist angles (flexion/extension and adduction/abduction), as well as the pronation–supination of the upper limb [7]. Motion Inspector® software (v1.92) was used to determine the quaternions representing the orientation of each of the two segments in the OMCS reference frame.




2.2. Integration of MIMU into an OMCS


Quaternions allow us to represent an orientation in 3D using 4 parameters [23]. Thus, singularities, such as gimbal lock associated with Euler angles, can be avoided. Quaternions are hypercomplex numbers that can be written in the following way (Equation (1)):


Q = a + bi + cj + dk



(1)







Quaternions Q have a real part (a) and an imaginary part (bi + cj + dk, where i, j, k are imaginary units). Quaternions representing orientation are called versors, and they have a norm equal to 1.



In order to introduce the orientation provided by a MIMU into an OMCS, it is necessary for both systems to express orientations in the same reference frame, in addition to being synchronized in time. Generally, MIMU devices will express the data in a magneto-inertial (or global) reference frame, which allows the expression of relative orientation between two MIMUs. In order to switch from a global (or magneto-inertial) reference frame to a frame attached to a MIMU, it is necessary to perform a “heading reset”. This operation involves setting the orientation of three axes to zero (Equations (2) and (3)).


Qoffset = Qref ⊗ Qinitial_MIMU_global,



(2)




where Qoffset represents a rotation between the orientation of the object in its reference frame and the orientation of the object in the global reference. It corresponds to the product (⊗) of twoquaternions: Qref, a unit quaternion without rotation such as Qref = [1 0 0 0], and Qintial_MIMU_global, the initial orientation of the object given by the MIMU in the global frame.


Qdata_MIMU_stradown = Qoffset−1 ⊗ Qdata_MIMU_global,



(3)




where Qdata_MIMU_Stradown is the orientation determined by the MIMU of the object in the object’s reference frame. It is the product of Qdata_MIMU_global, the orientation of the object determined by the MIMU in the global frame, and of Qoffset−1, conjugate of Qoffset.



The orientation of the MIMU in a reference frame attached to the object can be expressed in another reference frame. If the initial orientation of the object in the reference frame of the OMCS is known, a quaternion sandwich product (Equation (4)) enables the transition from the reference frame attached to the object to the reference frame of the OMCS.


Qdata_MIMU_OMCS = Qinitial_OMCS ⊗ Qdata_MIMU_stradown ⊗ Qintial_OMCS−1



(4)




where Qdata_MIMU_OMCS represents the orientation of the object determined by the MIMU in the reference frame of the OMCS, and Qinitial_OMCS represents the initial orientation of the object determined by the same system and in its reference frame.



This method means that the object or the studied body segment is equipped at the same time with a MIMU and reflective markers, enabling us to determine its orientation in the OMCS. Other methods allow carrying out this stage. For example, it is possible to place a square equipped with three markers indicating the north in the capture space of the OMCS. The orientation of this square allows for the transition from a global reference frame to that of the OMCS.



Moreover, during human movements, the relative orientation of a body segment in relation to another can be measured using quaternions (Equation (5)). Nevertheless, it is necessary to ensure that the rotational axes between segments match the joint rotation axes.


Qrelative_orientation = Qproximal_segment−1 ⊗ Qdistal_segment



(5)




where Qrelative_orientation represents the relative orientation of the segment. It is the product of the conjugate of Qproximal_segment, the orientation of the proximal segment, and Qdistal_segment, the orientation of the distal segment. The orientations of proximal and distal segments must be expressed in the same reference frame.




2.3. Determining Joint Angles


Initially, the quaternions of the hand and the forearm determined using reflective markers enabled the determination of the relative orientation of the hand to the forearm by the OMCS (Equation (5)). Secondly, the relative orientation of the hand to the forearm was determined using the hybrid system [MIMU + OMCS]. The quaternion representing the hand orientation calculated using reflective markers was replaced by the quaternion calculated by MIMU. The data from the MIMU were previously expressed in the reference frame of the OMCS (Equations (2)–(4)). At the beginning of each recording, the subject performed a maximum flexion of the wrist before returning to the reference position. By observing the absolute orientation of the hand determined by the MIMU and the OMCS, it was possible to manually synchronize the two systems.



For the two methods (OMCS alone and the system [MIMU + OMCS]), the relative orientation of the hand to the forearm was reset by performing a heading reset (Equations (2) and (3)) as the subject had their wrist in a neutral position (Figure 2).



Finally, in order to ensure interpretable results in the context of human kinematic evaluation, the quaternions representing the relative orientation of the hand to the forearm were converted into Euler angles. The chosen sequence was ZXY (Figure 2), where the Z axis corresponds to flexion/extension, the X axis to adduction/abduction, and the Y axis to pronation/supination [24]. To retain maximum information, the kinematic data obtained from both systems were not filtered.




2.4. Experimental Setup


This study was part of preliminary work aimed at developing a technical solution for a future study. The accuracy of the hybrid system [MIMU + OMCS] was evaluated in the context of complex gesture analysis, namely those performed while cutting and styling hair. In order to compare the two systems, one subject (non-hairdresser) participated in the study [25,26]. Once placed on the right hand, the MIMU was calibrated based on the recommendations of the manufacturer. The subject reproduced two simple gestures that hairdressers typically perform: a straight cut (cutting gesture; CUT) and movements performed while combing (combing gesture; COMB) (Table 1). The straight cut consists of cutting the hair in a straight line horizontally. Combing gestures consist of hair straightening by arranging it in organized sections in the hand that will hold it for cutting. These two gestures that involve the right hand were performed for 50 s. Each gesture underwent 9 trials. The first and last 10 s of the gesture execution sequence were excluded from the comparison. The angular velocity of the wrist was also measured for each of the two gestures.




2.5. Statistical Analysis


The wrist and forearm angles, expressed in Euler angles, determined using the hybrid method [MIMU + OMCS], were compared to those obtained entirely with OMCS using the root mean square method (RMSE). The RMSE indicates the average absolute error between two measurement methods over time.



The results of the angular differences are presented in the form of mean values and standard deviations. ANOVAs (and t-tests) were used to compare the mean values. The significance threshold for the tests was set at 5%. The analysis was conducted using Stata® software version 17.





3. Results


Figure 3 shows the evolution of the flexion/extension angle of the wrist joint, which was measured using the two systems during a COMB trial. The evolution of the adduction/abduction angle and pronosupination for the same sequence, as well as for the hair cutting sequence, are available in the Appendix A Figure A1 and Figure A2).



The results concerning the RMSE for the gestures performed during the hair cutting are indicated in Table 2. We observed significantly larger errors for each degree of freedom during COMB compared to CUT (pflexion/extension = 0.043, padduction/abduction < 0.001, ppronosupination < 0.001). The characteristics of the mean speed measured using the reference tool are indicated in Table 3. We observed higher mean speed during COMB (pflexion/extension < 0.001, padduction/abduction < 0.001, ppronosupination = 0.017).




4. Discussion


The objective of this work was to develop a hybrid measurement system [MIMU + OMCS] to evaluate wrist kinematics and assess its accuracy in simulated hair cutting situations. Two common professional gestures were studied (CUT and COMB). While performing the hair cutting gestures, RMSEs of 4.5° ± 1.5° for flexion/extension, 5.1° ± 1.3° for adduction/abduction, and 3.7° ± 1.2° for pronation/supination were observed. While performing combing gestures, larger RMSEs were observed: 5.8° ± 0.9° for flexion/extension, 8.5° ± 1.4° for adduction/abduction, and 8.5° ± 2.2° for pronation/supination. These results are consistent with those observed in various previous studies that evaluated the accuracy of the systems using one of several MIMUs for different movements relative to an OMCS. For instance, concerning simple trunk movements, a study evaluated the accuracy of a high-end MIMU system (Xsens® and Noraxon®, Henderson, NV, USA) compared to an OMCS [27]. They observed RMSEs ranging from 3.2° to 7.4°, depending on the systems and angles considered. Another study [28] focused on the accuracy of an entry-level system (Perception Neuron®, Miami, FL, USA) and reported an RMSE of around 5°. Regarding upper limb movements, in a study [13] comparing a system using a MIMU (Xsens®) with an OMCS (Vicon®, Hauppauge, NY, USA), RMSEs of 6.7° for single-axis gestures and 11.5° during load manipulation tasks were observed. Similar observations of RMSEs between 5° and 10° have been reported in studies involving whole-body MIMU systems during load-carrying tasks [29]. A recent study [14] evaluated a MIMU-based system’s precision during dynamic movements (running, walking, squatting, lying down, etc.) performed by military personnel, with observed RMSEs ranging from 4° to 40° depending on the joint and degree of freedom considered. The authors concluded that this level of accuracy was satisfactory for observing gesture variability in a military context.



Another study [19] evaluated the accuracy of a dual-MIMU system compared to an OMCS for assessing trunk and hand orientations during baseball bat manipulation. RMSEs lower than 5° in different planes were considered “excellent” and RMSEs lower than 10° as “good”. These threshold values have been used by other authors in determining the precision of a system for tracking activities in situ [30,31]. Applying these thresholds to the present study’s results, the precision during cutting gestures can be considered excellent for flexion/extension and pronation/supination, and good for adduction/abduction. Regarding combing gestures, the precision can be described as good. Moreover, the significantly larger errors observed during combing gestures may be explained by significantly higher angular velocities. Comparable observations between MIMU precision and angular velocity have been found previously [32]. This observation is particularly important in this evaluation as the performed gestures were executed by a non-expert in hairdressing. It is likely that professionals would perform these gestures at higher speeds, which could result in greater degradation of MIMU precision in real work situations. Additionally, the precision evaluation was conducted on relatively short recordings, whereas many MIMU systems drift over time [33]. The effect of longer recordings lasting several minutes on data quality was not considered.



The evaluated hybrid system appears to be suitable for ergonomic studies, such as analyzing daily activities or work situations [34]. Nevertheless, for more detailed biomechanical studies, especially regarding gesture variability, higher precision is required [35,36]. Movements of the upper limb during fine manipulations often exhibit variations below 5°. For example, in tasks like pointing [37], learning stone cutting [38], or assembling components [39], the measured variability of the involved joints was around 3°. Thus, the threshold defined as “excellent” by Punchihewa et al. [19], although appropriate for evaluating ergonomic tools and reflecting typical MIMU precision, is ultimately less suitable for fine biomechanical analysis.



Today, some OMCSs allow direct real-time integration of MIMU data into motion capture software. For example, the Nexus 2 (Vicon®, Hauppauge, NY, USA) enables the integration of Blue Trident MIMU (Vicon®, Hauppauge, NY, USA), while the NoitomVPS (Perception Neuron®, Miami, FL, USA) allows motion capture with hybrid Tracker (MIMU + markers). But this addition possibility is recent. Only few OMCSs possess this possibility, and not many MIMUs are currently compatible with it. Therefore, coupling a MIMU with an OMCS will, in most cases, need several calculation steps before the two tools share the same reference frame. Therefore, to ensure the highest possible accuracy of such hybrid systems, it is also possible to determine the orientation of the segments that might be occluded using both reflective markers and a MIMU at the same time and supplement the loss of markers by the OMCS with MIMU data [20]. This type of system has started developing the function to capture a movement in the entertainment sector. However, in the context of fine biomechanical analysis, having variable precision depending on occluded segments raises concerns.



Furthermore, even though the BNO055, available on the market since 2013, has been very popular and easy to use (auto-calibration and integrated fusion algorithm), there are more recent sensors. Given the constant technical progress in this field, the question of the accuracy of these sensors in assessing human kinematics remains to be investigated. Additionally, this study did not attempt to evaluate the precision improvement provided by a hybrid system compared to a solely MIMU-based system. It would have been interesting to include a comparison with a system using two MIMUs to assess the benefits offered by hybridization with an OMCS.




5. Conclusions


This article presents a methodology for integrating the orientation of an entry-level MIMU (BNO055) into an OMCS to determine wrist kinematics. The method outlined allows for the incorporation of any MIMU providing quaternions into an OMCS at a low material cost. This facilitates the determination of segment or object orientations that may be masked or difficult to equip with markers. In addition, this article proposes a concrete case of hybridization aimed at determining wrist angle based on orientations determined by a MIMU and an OMCS. The accuracy of the developed system is similar to that of certain systems dedicated to measuring human kinematics, entirely relying on MIMUs. Given the accuracy levels presented in the literature, this system can be used for human kinematic measurement in ergonomics or in the entertainment industry, particularly in situations where the risk of marker occlusion is high. However, this level of precision may be limiting in the context of detailed biomechanical analysis of movement.



Based on this work, two areas of technical development are conceivable. Firstly, it is possible to improve the hybrid system [MIMU + OMCS] by introducing a more precise MIMU, reducing the size of the microcontroller, or integrating the possibility of having live data feedback. Improving these points would enable the system to be used for fine biomechanical analyses with a high risk of obscuring markers. In addition, it could be interesting to determine the real gain of such a system when the MIMU is used in addition to a marker cluster in a potentially occulting environment. Secondly, given its price and technical features (automatic calibration and on-line quaternion calculations), the precision of the BNO055 has proved to be an interesting sensor for measuring segment orientation outside the laboratory. By modifying the methodology presented in this article, it is possible to develop a system for measuring wrist kinematics using two BNO055s. It would then be possible to develop a low-cost, easily scalable motion capture system using several BNO055s and evaluate its accuracy compared with an optoelectronic system.
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Figure A1. Evolution of flexion/extension, abduction/adduction, and pronation/supination angles determined with the hybrid system [MIMU + OMCS] (in blue) and with the OMCS (in orange) for a combing sequence. 






Figure A1. Evolution of flexion/extension, abduction/adduction, and pronation/supination angles determined with the hybrid system [MIMU + OMCS] (in blue) and with the OMCS (in orange) for a combing sequence.
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Figure A2. Evolution of flexion/extension, abduction/adduction, and pronation/supination angles determined with the hybrid system [MIMU + OMCS] (in blue) and with the OMCS (in orange) for a cutting sequence. 






Figure A2. Evolution of flexion/extension, abduction/adduction, and pronation/supination angles determined with the hybrid system [MIMU + OMCS] (in blue) and with the OMCS (in orange) for a cutting sequence.
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Figure 1. Detailed view of the different components (a). Positioning of the MIMU device and markers on the right upper limb (b): The microcontroller was attached to the forearm using a Velcro strap and a reusable hose clamp. The plate supporting the hand markers and the MIMU was placed on the distal part of the second and third metacarpals to accurately capture the orientation of the back of the hand. Furthermore, it was verified that the axes of the MIMU and the cluster of points were indeed parallel. The markers attached to the hand were independent of the hybrid system [MIMU + OMCS]. These markers were used to assess the accuracy of the hybrid system compared to a measurement performed entirely with the OMCS. 
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Figure 2. Neutral position of a wrist, arm alongside the body, elbow flexed at 90°, and a thumb pointing upwards [24]. Maintaining this position allows the defining of an offset related to the orientation of the two rigid plates when the wrist is in a neutral position. Rotation axes of the wrist are also indicated: the axes Z and X correspond to the flexion/extension and adduction/abduction axes. The Y axis corresponds to the axis of pronation/supination. 
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Figure 3. Evolution of the flexion/extension angle determined by the hybrid system [MIMU + OMCS] (in blue) and the OMCS (in orange) during the sequence in which the comb was used (COMB). 
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Table 1. Organization of a trial.
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	Step
	Time





	Reference position
	5 s



	Maximum flexion
	5 s



	Reference position
	5 s



	Gesture (CUT or COMB)
	50 s



	Reference position
	10 s










 





Table 2. RMSE during CUT and COMB. Among the 9 recordings, one of the comb recordings was not considered, as the MIMU showed aberrant values after 20 s.
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	RMSE (Degrees)
	CUT (N = 9)
	COMB (N = 8)





	Flexion/Extension
	4.5 ± 1.5
	5.8 ± 0.9



	Abduction/Adduction
	5.1 ± 1.3
	8.5 ± 1.4



	Pronation/Supination
	3.7 ± 1.2
	8.5 ± 2.2










 





Table 3. Description of the angular speed during CUT and COMB.
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	Mean Speed (deg·s−1)
	CUT (N = 9)
	COMB (N = 8)





	Flexion/Extension
	39.1 ± 9.0
	52.2 ± 11.1



	Abduction/Adduction
	23.0 ± 5.0
	56.7 ± 10.5



	Pronation/Supination
	31.3 ± 9.5
	77.1 ± 15.2
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