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Abstract

:

Individual grip strength provides a functional window into somatosensory processes and their effects on motor behaviour in healthy, impaired, and ageing individuals. Variations in grip strength during hand–tool interaction are therefore exploited in a variety of experimental tasks to study the effects of pathology or ageing-related changes on sensory, motor, and cognitive ability. However, many different factors may influence individual grip strength systematically in a given task context without being explicitly identified and controlled for. Grip strength may vary as a function of the location of the measurement device (sensor) on the fingers/hand, the shape, weight and size of object(s) being gripped, the type of grip investigated (static versus dynamic grip), and the hand (dominant versus non-dominant) used for gripping. This study tests for additional factors such as sight, sound, and interactions with/between any of the other factors in a complex task context. A wearable biosensor system, designed for measuring grip strength variations in operators gripping cylindrical objects bi-manually, was used. Grip force signals were recorded from all sensors of the wearable (glove) system, including three directly task-relevant sensors for bi-manually gripping cylindrical objects with the dominant and non-dominant hands. Five young male participants were tested for the effects of sound, movement, and sight on grip strength. The participants had to pick up two cylindrical objects of identical size and weight, then hold them still (static grip) or move them upwards and downwards (dynamic grip) for ten seconds while listening to soft or hard music, with their eyes open or blindfolded. Significant effects of sensor location, hand, movement, sight, and sound on bi-manual grip strength were found. Stronger grip force signals were produced by task-relevant sensors in the dominant hand when moving the cylindrical handles (dynamic grip) in comparison with the static grip condition, depending, as expected, on whether grip signals were measured from the dominant or the non-dominant hand. Significantly weaker grip strength was produced blindfolded (sight condition), and grips were significantly stronger with exposure to harder music (sound factor). It is concluded that grip strength is significantly influenced by sensory factors and interactions between the other factors tested for, pointing towards the need for identifying and systematically controlling such potential sources of variation in complex study task contexts.
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1. Introduction


Biosensor systems for the measurement of grip strength variations during dynamic or stationary grip tasks with hand–object interaction provide valuable insight into the somatosensory control functions underlying the cognitive and motor skills linked to grip strength deployment [1]. As shown in previous work from our group, grip strength-based performance metrics, such as their variance and its evolution in task time, provide indicators of surgical skill [2,3,4,5,6], adding important insights into individual motor behaviour adjustment beyond the classic measures of task completion times or tool-tip positioning and tool-trajectories. Holding an object or professional tool requires sufficient grip to prevent the tool from dropping/slipping, while avoiding potentially damaging excessive force deployment is a critical aspect of motor performance [7]. The brain learns about the physical properties of weight, shape, sound, texture, and characteristics of contact surfaces, such as their resistance to deformation, during sensitive periods of sensory, cognitive, and motor development for eye–hand–hearing coordination [8,9,10]. Visually guided learning and memory for motor planning are important to the fine-tuning of grip forces [8,10,11,12,13]. Auditory cues [14] have been reported to significantly influence the anticipatory control of deployed grip strength. Handedness, i.e., the privileged use of the left or the right hand, the so-called dominant hand, in motor behaviour is also determined by cognitive development, and it has been shown that grip strength may vary significantly between dominant and non-dominant hands [15,16,17,18,19]. Links between grip strength control and cognition [20], mental health [21], ageing [22,23], or language and emotional factors [24] have been demonstrated. It has even been suggested that decline in multi-finger grip strength would be a marker of brain health [20]. However, hand grip strength can vary significantly as a function of a variety of physical and environmental constraints. Even the linguistic and emotional task context has a measurable effect as shown by evidence that affirmative action-related words trigger a significant increase in grip strength [24]. The hand grip of mothers responding to loud baby cries was reported to be significantly stronger in mothers brought up under conditions of harsh parenting in comparison with controls [25]. Thus, when exploiting grip strength as a study metric to isolate a specific effect, a variety of factors need to be taken into account and controlled for, in particular in real-world contexts and field study tasks outside the classic, well-controlled laboratory settings. This study here addresses the question of complex crosstalk between auditory, visual, and motor variables in a “natural” task context that requires grip strength deployment for the static or dynamic bi-manual manipulation of two identical cylindrical objects. Grip strength signals were recorded from sensors of a fully calibrated glove system with tactile biosensors. The system, developed to study grip strength variations in surgical experts and novices in image-guided tasks, was here exploited to collect grip strength signals from relevant locations in the two hands of five young, healthy male participants, to test for the effects of auditory, visual, and motor factors and their interactions in a complex natural task context of bi-manual active or passive weight lifting such as at home or in a fitness studio.




2. Materials and Methods


2.1. Sensor Glove System


The sensor glove system is a prototype designed to optimally fit the hands of a selected number of male operators with comparable hand dimensions in the context of a study on grip force control in expert surgeons and novices manipulating a robotic assistant for minimally invasive surgery [2,3,4,5,6]. It consists of two sensor gloves, one for the right and one for the left hand, designed to measure hand grip strength. In this study, two identical cylindrical weight handles had to be lifted with dominant and non-dominant hands simultaneously by healthy young male subjects with about equally sized hands. The Force Sensitive Resistors (FSRs) embedded in the gloves permit recording grip force signals locally in twelve different locations of the inner left and right hands in a variety of grip tasks for a variety of different objects. Which sensors will be optimally activated in a given task when gripping objects depends on parameters relative to the size and shape of the object being gripped, and on the type of manipulation required by the task in a given context. This is discussed extensively in our previous work [2,3,4,5,6]. For gripping the cylindrical objects in this experiment, sensors producing consistent and reliable signal sequences during the whole time of task execution were placed on the middle phalanges of the index, middle, and ring fingers of each hand (Figure 1).



The FSR diameter was 5 mm, and each of them was soldered to a 10 KΩ pull-down resistor, creating a voltage divider. The voltage value as read out from the Arduino is given by


Vout = RPDV3.3/(RPD + RFSR)



(1)




where RPD indicates the resistance of the pull-down resistor, RFSR that of the corresponding FSR, and V3.3 the 3.3 V supply voltage. The generated voltage varies monotonically between 0 and 3.22 Volts as a function of the force applied and is assumed to be uniform across the sensor surface. In the experimental task here, forces applied did not exceed 1100 g (g), which corresponds to ~10 Newton. The relation between force and voltage is linear, as shown here below in Figure 2, within the range of millivolt (mV) measured in the experiments.



All sensors were individually calibrated prior to the experiments, ensuring that all of them provided reliable output. Regulated 3.3 V was provided to each of the sensors via the Arduino. Power generated by a 4.2 V Li-Po battery enabled using the glove system without any cable connections. The combination of hardware and software design here provides accurate and reliable real-time sensing of grip strength signals by wearable technology. There were no weak current incidents, as the battery voltage levels and the voltages received from the gloves were continuously computer monitored in real time during the duration of all experiments. Values were displayed continuously on the screen of the user interface, and the software design ensured that, in case the battery level drops below 3.7 V, a warning signal is given, indicating to change or re-charge the battery. This never occurred during any of the experiments. Bluetooth-enabled wireless communication at a rate of 115,200 bits per second (bps) ensured communication between the glove system and the CPU of the computer for data storage. The electrical connections of the FSRs were individually routed via the dorsal side of each hand to the Arduino microcontroller on the forearm, as shown here below in Figure 3a. A snapshot view of the right-hand glove in action on a robotic system (a) and the general design chart of hard-to-software operating system (b) are shown.




2.2. Software for Data Collection


The software running on the glove system and the data collection was originally written in Python 2.7. Each of the two gloves sends data to the computer separately, and the software, running on Arduino 1.0.5., reads analogue voltages from each FSR on each glove every 20 milliseconds (at a 50 Hz rate). This permits the generation of 500 signals (in mV) from any given sensor every 20 milliseconds. In each such loop and for each individually identified sensor, the output voltages are merged with their corresponding time stamps. The data, sent to the computer via Bluetooth, are saved with their time stamps in a text file for each individually labelled sensor.




2.3. Participants


Nine healthy men and two healthy women, aged between 20 and 30, all of them right-handed, initially responded to the call for participants in the experiments and were run in test sessions with the sensor gloves. The two women and four of the men had to be finally excluded from the study after this preliminary test phase, which showed that the gloves could not be optimally adjusted to the same positions on the fingers of their hands, which varied noticeably in dimensions between these individuals. This well-known problem of anthropometric factors such as hand dimensions in grip strength measurements is discussed in detail by others elsewhere [18]. Five of the nine men with hands of comparable dimensions and well-adjusted gloves and sensor positions producing coherent and comparable datasets were finally retained as participants in this study. The handedness of each individual was assessed using the Edinburgh inventory [26]. All participants volunteered as part of a study program, and were naive with regard to the study goal. Their identity is not revealed.




2.4. Experimental Design


Hand grip forces were recorded from all the twelve sensors of each glove, but only three of them (see Figure 1) were optimally solicited by the cylindrical grip task studied here and taken into account for data analysis (the sensor factor S3). Recordings from the dominant and non-dominant hands (the hand factor H2) of the five participants were analysed in different experimental conditions. There were short breaks between the different test conditions during which no grip strength signals were recorded. All participants were tested in each of the conditions to each of the four different types of music (the music factor M4), with eyes open receiving visual input from the environment and blindfolded (the eyes factor E2), with hands gripping the handles and holding them still (static grip), and with hands gripping the handles and moving them upwards and downwards (dynamic grip) in slow rhythmic movements (the grip style or grip factor G2). The order of experimental conditions was counterbalanced between individuals. The factor combinations yield a fully balanced Cartesian Design Plan S3 × H2 × M4 × E2 × G2 × P5, P5 being the random, or participant, factor. The tools that were grasped in the experiment were weight handles for individual muscle training, with identical shape and size. Each handle weighed one kilogram. Four sound files were selected for the different music conditions, each one playing for ten seconds per observer and grip condition. Soft tones designed for meditation (subsequently referred to under “meditation”), another more dynamic piece of gentle sounds (subsequently referred to under “jingles”), a piece of classic music (“classic”), and an aggressive heavy metal rock number (subsequently referred to under “rock”). For each file, the sound intensities in decibel were maintained at the same level on the computer and in the loudspeakers. During the tests, which lasted ten seconds for each experimental condition, participants were standing upright, with both eyes open in one set of trials and blindfolded in another, facing a table on which the two handles they had to grip were placed in alignment with the forearm motor axis. In the blindfolded condition, participants were made to explore the position of the handles with their two hands before starting. All subjects were instructed to grab the handles with their two hands as soon as the music started. In one of the two motion conditions, they were told to grab the handles and to hold them still in their hands while the music was playing, in the other condition they were instructed to move the handles upwards and downwards in rhythmic movements while the music was playing. The duration of the grip strength recordings (tests) was ten seconds per participant and experimental condition, which yields a total test duration of 160 s per participants. In these 160 s, with a single grip strength signal (in mV) being recorded every 20 milliseconds, 8000 grip strength signals (data points) were recorded from each of the three sensors in each of the two hands of the five participants, yielding a total of 240,000 grip strength signals (data) in this experiment. The raw data (in mV) from each of the three target sensors and for each participant and experimental condition were committed to Excel files with labelled columns.





3. Results


The range of measurements (recordings in mV) in this experiment being within the linear range of the relationship between force in grams and tension in millivolt (mV), as demonstrated by the original calibration data shown here above in Figure 2, the data analysis was performed directly on the millivolt data without transformation into grams or Newtons. The 240,000 original data are available in three sheets of an excel file (one for each of the three sensors M1, M2, and M3) with labelled lines and columns for the different experimental conditions and participants in Table S1 of the Supplementary Materials section.



3.1. Descriptive Analysis


In a first step, the individual grip strength data of the five participants were analysed as a function of the hand (“dominant” vs “non-dominant”), eye (“eyes open” vs. “eyes shut”), music (“meditation” vs. “jingles” vs. “classic” vs. “rock”), and grip style (“static” vs. “dynamic”) conditions. The results of this descriptive analysis of the raw data are shown in Figure 4, Figure 5 and Figure 6 below. The individual grip strength data reveal consistency as well inter-individual differences, with some participants deploying stronger grip strength compared with others in one and the same condition. This was to be expected given that participants were free to deploy as much or as little grip strength as they wanted, there was no instruction to grip “as hard as you can”, as is the case in standardized tests with pre-calibrated dynamometers that have to be gripped in a specific posture, sequentially with either the dominant or the dominant hand. In the experiments here, both hands were used simultaneously in either the static grip mode, where the two handles were held in both hands without movement, or in the dynamic grip mode, where the handles were moved upwards and downwards with the two hands, in regular, synchronized spontaneously produced movements.



3.1.1. Static Grip


We observe very little intra-individual variability in grip strength during static gripping, regardless of the viewing condition (eyes open vs. eyes shut) or music condition. Some participants applied consistently less force across conditions compared with others. For example, forces recorded from sensor M1 (middle phalanx of the index finger) of the individual represented by the green line in the plots (Figure 4, Figure 5 and Figure 6) are consistently the weakest across conditions in that sensor placed on the dominant hand, compared with the forces recorded from the same hand and sensor of the other individuals. In the non-dominant hand of that same individual, the forces recorded from the same sensor (M1) are generally stronger. This indicates that this individual has a spontaneously stronger static index finger grip with the dominant hand. When looking at the plots for the other two sensors (middle phalanx of the ring and middle fingers) of that same individual, the pattern is similar, revealing a stronger spontaneous static grip in the fingers of the dominant hand. The opposite is observed in the grip patterns shown in the individual data represented by the black line, which display a tendency towards a stronger spontaneous static grip across the three fingers of the non-dominant hand, bearing in mind that all participants were right-handed.




3.1.2. Dynamic Grip


Data recorded in the dynamic grip condition display a considerably larger variability within and between participants compared with the data recorded in the static grip condition, which is coherent with the grip style deployed and was to be expected. In the single data curve, we see clear maximum-to-minimum peak spatio-temporal patterns characteristic of dynamic grip tasks [6] in the finger forces of the five individuals across experimental conditions. At a first glance on the plots, dynamic finger grip forces deployed by the dominant and non-dominant hands of the five participants do not show any systematic differences between the two hands. The dynamic grip condition is the most likely to be influenced by the ambient music factor, given that this condition involves synchronous upward and downward movements that are likely to be influenced by accompanying sounds and rhythms. Differences in grip strength as a function of the eye, music and hand factors are clearly present, but do not show clearly in the plots here, given their complexity. These require further statistical analysis. Grip signals recorded from different sensors in the same participant, hand, and experimental condition are shown to vary across sensors, in some conditions more than in others. The grip strength signals recorded from sensor M2 (Figure 5), for example, display noticeably less inter- and intra-individual variability in comparison with the signals recorded from M1 (Figure 5) and M3 (Figure 6).



To assess the magnitude (effect sizes) of effects of the different factors and their interactions and their statistical significance, an analysis of variance was performed in the next step.





3.2. Statistical Analysis


An analysis of variance (ANOVA) was implemented using the Systat 12 package software in Sigmaplot 12. A five-way ANOVA on the 480 group means (averaged data for each factorial combination) was performed for a Cartesian Analysis Plan S3 × H2 × E2 × M4 × G2 comparing the average data of five participants (random factor P5) from the three sensors recorded from the two hands across two eye, four music, and two grip conditions. The results from this analysis are shown in Table 1 and Table 2 here below.



The five-way ANOVA signals statistically significant effects of sensor position, hand, eye condition, music, and grip style, and a statistically significant interaction between sensor position (S3) and hand (H2). Given this interaction, post-hoc tests using the Holm–Sidak method were performed to determine which of the differences between means (d) for factor level combinations S3 × H2 were statistically significant. The results of these Holm–Sidak tests are shown in Table 3 here below.



In the next step, the average data were plotted graphically, with error bars, to show the direction and magnitude (effect size) of the different effects and interactions. These plots are displayed in Figure 7. They show the direction of significant interactions between the factor levels of the sensor (S3) and hand (H2) factors (Figure 7, top left), where sensor M3 on the middle phalanx of the ring finger produced significantly stronger grip strength signals in the dominant hand, while sensors M1 and M2 on the middle phalanges of index and middle fingers displayed no significant difference between the dominant and non-dominant hands. Sensor M3 produced the strongest signals, sensor M1 the weakest in the dominant, sensor M2 the weakest in the non-dominant hand (Figure 7, middle left). Significantly stronger grip signals were generated in the dynamic grip condition (Figure 7, top right), and with both eyes shut (blindfolded condition) (Figure 7, bottom). No significant interaction between the grip style and the hand, eyes, or music factors were observed. The “rock” condition produced, as might have been expected, the strongest grip signals, the “classic” music condition the weakest grip on average (Figure 7, middle right). To disentangle which of the differences between means (d) are, indeed, statistically significant across the four different levels of the music factor, further post-hoc tests using the Holm–Sidak method were performed. The results of these tests are shown in Table 4 here below. The Holm–Sidak analysis on the differences between the different levels of the music factor reveal that only the difference in means (d) observed between the “classic” and “rock” conditions is, in fact, statistically significant.





4. Discussion


Sensory awareness that fully takes into account the immediate environment is critically important to the adaptive planning and control of behaviour. When gripping objects in real world contexts, the brain does not selectively take into account the physical object properties for anticipating its temperature, sharpness, or weight but the whole context in which it is picked up and manipulated. When we grip objects with a given amount of force for lifting them, or anticipate the consequences thereof, our brain takes into account the whole sensory context at a given moment in time. Such ability is critical to our survival because it enables us to efficiently interact with complex environments that may change from moment to moment. The results of this work here reveal significant interactions between sensor positions and dominant versus non-dominant hand grip strength production in a real-world-like task and sensory context. Significantly stronger grip signals were generated in the dynamic grip condition and with both eyes shut. It is shown that sensor location, grip style, and sensory input from the eyes may critically influence grip strength in a complex task context. In addition, ambient sound had a significant effect on grip strength, with hard rock music producing the strongest grip signals. The findings are consistent with prior evidence that human manual ability and grip strength control have evolved as a function of active sensory and environmental constraints [27], in harmony with other sensory systems including the visual and the auditory senses [28]. Thus, multiple sensory sources may contribute in any ongoing task to anticipatory grip strength control [7,8,11,13,29]. Cues such as visual or auditory input play an important role in grip force scaling by stimulating feedback loops in the somatosensory brain areas [1,28,29] in a process that is critical for anticipating the shape, weight, or texture of objects we grasp [11]. Such feedback helps the development of effective motor control strategies in general. Individuals use memory representations from complex previous sensory events for grip force adjustment [13] to scale and time grip forces adaptively [29], and sensory input contributes steadily to the updating of these memory representations. Such adaptive functions permit adjusting grip forces spontaneously across different object handling tasks on the basis of memory updating and anticipatory control processes. The force with which we grasp objects is also determined by their visually perceived size, shape, and weight [7,8]. Visual as well as auditory cues may help anticipate object dynamics relating to the grip strength required for a given task [14,30]. Complex crosstalk between current sensor input and memory representations contributes to the scaling of grip forces in all motor tasks [13], where control processes may kick in to compensate for anthropometric limitations. While grip force may initially be stronger in the dominant hand, this can reverse spontaneously depending on such anthropometric limitations or the necessity of a given task and specific environmental constraints [15,16,19]. In healthy subjects [15], grip strength is fairly precisely scaled to just a little stronger than the minimum necessary to prevent an object from slipping out of the hand. Adaptive processes in finger force control during motor learning [13,31,32] explain why the contribution of each finger to overall grip strength, coarse adjustments, or finer grip force control may vary across tasks and their requirements for motor planning and execution. The index, middle, and ring fingers are deemed critical for lifting and/or manipulating weighted cylindrical objects, such as the handles in this study, in various directions [2,3,4,5,6,17,33]. The amount of force applied by each digit depends on anthropometric factors in interaction with object constraints, including where exactly the fingers or sensors are placed when picking up or manipulating an object [12,31]. In the absence of such constraints, the complex anatomy of the human hand allows for a large number of postures in the generation of adapted and stable grip modes. These functional synergies, and the complex problem of motor redundancy, have been discussed in detail elsewhere [1,12,31,32,34]. Adaptive constraints and their interaction with anthropometric factors such as hand and finger dimensions explain why sensor position is such a critical factor, as shown in this study here. Sensor M3 on the middle phalanx of the ring finger produced the strongest grip strength signals in both hands, while sensor M1 on the middle phalanx of the index finger produced the weakest signals in the dominant hand. A considerable, statistically highly significant, difference in grip strength between dominant and non-dominant hands was recorded from sensor M2 on the middle phalanx of the middle finger, where forces produced by the dominant hand were statistically as strong as those in sensor M3, while the forces produced by the non-dominant hand were the weakest by comparison with either of the other two sensors.



The sensor glove prototype used here has its own constraints, and, despite the fact that the material the sensors are sewn into stretches a bit, requirements for hand–finger dimensions within a limited range need to be fulfilled for an optimal fit generating the desired optimal positioning of the sensors. The prototype here was developed in 2017 for a highly specific purpose. New biosensor technology may help overcome limitations of this model. During the last few years, polymers for artificial sensors that emulate the properties of natural sense organs, with improved selectivity for finely tuned rapid measurement, have begun to replace classical sensors and materials [35]. Combined with nanotechnology exploiting intrinsic or extrinsic functional advantages of polymers and polymer gels [36], novel generations of biosensor devices now open promising perspectives for robotics [36] and wearable biosensor technology in general [37]. The biomechanical and neurocognitive complexity of motor programs associated with spontaneous grip force anticipation and/or deployment are highly complex. Previous studies have shown that the contribution of any given finger or region of the palm to overall grip strength, coarse adjustments, anticipatory, or fine grip force control may vary across tasks, environments, and context-specific requirements for motor planning and execution, in interaction with anthropometric factors such as hand and finger dimensions. Recent findings suggest that grip control function may be directly linked to cognitive or mental ability [38], and that grip strength could be a reliable biomarker of brain health in general [39,40]. In a cross-sectional study on 1232 participants 18 to 85 years of age from the USA [41], mean maximum grip strength values ranging from 49.7 kg for the dominant hand of young men (25 to 29 years of age) to 18.7 kg for the non-dominant hand of elderly women (75 to 79 years of age) were reported. Normal range values as a function of height, age, and weight are established on these data and used to interpret maximum grip strength measures in health or disease obtained with the same standardized device: a digital dynamometer individuals have to press as hard as they can while seated in an upright posture, with both arms by their sides, elbows flexed to 90° precisely, and forearms in a neutral position.




5. Conclusions


Here, significant interactions between finger (“sensor position”) and dominant versus non-dominant hand grip strength, as well as significant effects of ambient sound and visual input are shown, in a real-world task akin to mild weight lifting. Such factors may need to be taken into account, or controlled for, in grip strength studies, depending on the study goal. Further experiments could, for example, consist of matching sound intensities or feedback, or visual environments, to finger forces in a variety of grip tasks (functional mapping). As shown on the basis of specific individual examples in some of our earlier work [4,6], spatio-temporal grip force profiling in real time by means of wearable sensor technology, for spontaneous dynamic grip modes in particular, as suggested here, permits tracking skill evolution in specific professional settings such as manually commanded robotic tasks. In a clinical context, the same kind of non-standardized multi-digit spatiotemporal grip force profiling in real time could provide specific insights into individualized therapeutic approaches. This would include post-injury digit function recovery of professionals and experts who have to rely on finely tuned grip function, such as surgeons, for example, motor rehabilitation in general [42], or the individual evolution of grip performance in some chronic disease patterns [43].
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Figure 1. The three task-relevant force-sensitive resistors (FSR) of the glove system for which recordings were analysed, located on the middle phalanges of index (M1), middle (M2), and ring fingers (M3) at identical, mirror-symmetric positions of the five participants’ compatibly dimensioned dominant and non-dominant hands. 
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Figure 2. Static force in grams is related by a linear function (blue line) to tension output in the range from 50 mV to 1500 mV. 
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Figure 3. The right-hand sensor glove in action on a robotic command console (a); design chart of the single-sensor-to-software operating system (b). 
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Figure 4. Individual grip strength data recorded from sensor M1 in the dominant and non-dominant hands, with eyes open (a) and with eyes shut (b), in the different music and grip style conditions. Results from the five different participants are displayed in different colours in the plots. 
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Figure 5. Individual grip strength data recorded from sensor M2 in the dominant and non-dominant hands, with eyes open (a) and with eyes shut (b), in the different music and grip style conditions. Results from the five different participants are displayed in different colours. 
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Figure 6. Individual grip strength data recorded from sensor M3 in the dominant and non-dominant hands, with eyes open (a) and with eyes shut (b), in the different music and grip style conditions. Results from the five different participants are displayed in different colours in the plots. 
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Figure 7. Average grip strength data plotted as a function of the factor levels of the main sources of variations tested for showing the direction and magnitude of the statistically significant effects, and of the statistically significant interaction (top left) between the sensor (S3) and hand (H2) factors. 
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Table 1. Results of the five-way ANOVA in terms of F values signalling significant effects of factors or interaction thereof, degrees of freedom (df) associated with the metric, and probability limits (p).






Table 1. Results of the five-way ANOVA in terms of F values signalling significant effects of factors or interaction thereof, degrees of freedom (df) associated with the metric, and probability limits (p).





	
Cartesian Analysis Plan S3 × H2 × E2 × M4 × G2






	
Factor/Interaction

	
df

	
F

	
p




	
Sensor (S3)

	
2/479

	
119.73

	
<0.001




	
Hand (H2)

	
1/479

	
41.66

	
<0.01




	
Grip (G2)

	
1/479

	
10.34

	
<0.01




	
Music (M4)

	
3/479

	
3.71

	
<0.05




	
Sensor × Hand (S3 × H2)

	
2/479

	
55.39

	
<0.01











 





Table 2. Results of the five-way ANOVA in terms of F values signalling non-significant (NS) effects of factors or interaction thereof, degrees of freedom (df), and probability limits (p).
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Cartesian Analysis Plan S3 × H2 × G2 × M4 × E2






	
Factor/Interaction

	
df

	
F

	
p




	
Eyes (E2)

	
1/479

	
0.39

	
<0.54 NS




	
Hand × Eyes (H2 × E2)

	
1/479

	
0.02

	
<0.89 NS




	
Grip × Eyes (G2 × E2)

	
1/479

	
0.13

	
<0.72 NS




	
Music × Eyes (M4 × E2)

	
3/479

	
0.22

	
<0.89 NS




	
Sensor × Eyes (S3 × E2)

	
2/479

	
0.27

	
<0.77 NS




	
Sensor × Grip (S3 × G2)

	
2/479

	
0.99

	
<0.38 NS




	
Hand × Grip (H2 × G2)

	
1/479

	
0.05

	
<0.83 NS




	
Sensor × Music (S3 × M4)

	
6/479

	
0.51

	
<0.81 NS




	
Grip × Music (G2 × M4)

	
3/479

	
0.48

	
<0.70 NS




	
Hand × Music (H2 × M4)

	
3/479

	
0.59

	
<0.62 NS











 





Table 3. Results of the Holm–Sidak post-hoc comparisons for interactions between H2 and S3.
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	Comparison
	d
	t
	p (Unadj.)
	Threshold
	Significance





	hand factor in sensor M1
	
	
	
	
	



	dominant vs. non
	52.73
	1.36
	<0.18
	0.050
	no



	hand factor in sensor M2
	
	
	
	
	



	dominant vs. non
	476.74
	12.27
	<0.001
	0.050
	yes



	hand factor in sensor M3
	
	
	
	
	



	dominant vs. non
	10.42
	0.27
	<0.79
	0.050
	no










 





Table 4. Results of the Holm–Sidak post-hoc comparisons for factor differences between levels of the music factor M4.
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	Comparison
	d
	t
	p (Unadj.)
	Threshold
	Significance





	‘rock’ vs. ‘classic’
	115.61
	3.17
	<0.002
	0.009
	yes



	‘jingles’ vs. ‘classic’
	87.45
	2.40
	<0.017
	0.010
	no



	‘meditation’ vs. ‘classic’
	54.65
	1.50
	<0.135
	0.017
	no



	‘rock’ vs. ‘meditation’
	60.96
	1.67
	<0.095
	0.013
	no



	‘jingles’ vs. ‘meditation’
	32.797
	0.90
	<0.369
	0.025
	no



	‘rock’ vs. ‘jingles’
	28.17
	0.77
	<0.440
	0.050
	no
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