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Timing of Muscle Activation in a Hand Movement Sequence
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Recent studies have described muscle synergies as overlapping, multimuscle groups defined by synchronous covariation in activation intensity. A different approach regards a synergy as a fixed temporal sequence of bursts of activity across groups of motoneurons. To pursue this latter definition, the present study used a principal component (PC) analysis tailored to reveal the acrossmuscle temporal synergies of human hand movement. Electromyographic (EMG) activity was recorded as subjects used a manual alphabet to spell a list of words. The analysis was applied to the EMG waveforms from 27 letter-to-letter transitions of equal duration. The first PC (of 27) represented the main temporal synergy; after practice, it began to account for more of the EMG variance (up to 40%). This main synergy began with a burst in the 4finger extensor and a silent period in the flexors. There were then progressively later and shorter bursts in the thumb abductor, thumb flexor, little finger abductor, and finally the finger flexors. The results suggest that hand movements may be generated by activity waves unfolding in time. Because finger muscles are under relatively direct cortical control, this suggests a specific form of cortical pattern generation. Keywords: electromyography, fingerspelling, individuation, muscle synergy, temporal synergy Introduction Recent research has reopened the issue of muscle synergies. In the 1980s, the main question was the extent to which activation combinations were ﬂexible or ﬁxed (Nashner 1977; Buchanan and others 1986; Soechting and Lacquaniti 1989; Macpherson 1991). More recently, the goal has been to determine the extent to which each muscle participates in each synergy and to quantify the number of synergies needed to account for a particular motor pattern. For example, it has been determined that about 6 muscle synergies can almost fully account for the electromyographic (EMG) activity of about 12 frog leg muscles during various behaviors (Tresch and others 1999; Saltiel and others 2001; Hart and Giszter 2004). Somewhat akin to the traditional concept of central pattern generators for mammalian gait, scratching, etc., these frog muscle synergies are thought to represent the output of distinct, modular, premotor drives in the spinal cord (Bizzi and others 1995, 2000). The distinction between ‘‘synchronous synergies’’ and ‘‘timevarying synergies’’ for the control of frog leg movements had been introduced by d’Avella and Bizzi (2005). A synchronous synergy is a vector of weighting coefﬁcients that specify the relative involvement (strength of membership) of each muscle in the group. In contrast, a time-varying synergy is a collection of EMG bursts in various muscles. The bursts may be of different



intensity and duration for the different muscles, but the muscle membership and temporal pattern are ﬁxed for each synergy (see also d’Avella and others 2003). d’Avella and Bizzi (2005) explained that several synchronous synergies may be scaled by a different amount at each point in time and then summed together to ﬁt the EMG data for a particular movement. However, unless all muscles in a given synergy normally burst in synchrony, a different analytical approach is needed to identify the invariant temporal patterning of EMG bursts in a data set. In the present study, we used such an approach to identify the across-muscle temporal muscle synergies for human hand movements. Although ﬁnger movements may be fundamentally different from locomotor activity (being under more direct cortical control), synergy analysis is a useful approach. Hand movements have been characterized in terms of synchronous muscle synergies (Holdefer and Miller 2002; Brochier and others 2004; Weiss and Flanders 2004), but the temporal muscle synergies remain to be identiﬁed. Santello and others (2002) applied a temporal synergy analysis to the sequence of joint rotations involved in reaching to grasp 20 different objects. These investigators found that the temporal pattern was well characterized as the weighted sum of 2 orthogonal components: 1) an extension/abduction and then ﬂexion/adduction of all joints in unison and 2) a monotonic progression from the current to the ﬁnal joint angles, serving to precisely shape the hand to the speciﬁc object in the second half of the reach. The present study used a similar temporal synergy analysis on the EMG data from a hand movement sequence, that of American Sign Language (ASL) ﬁngerspelling. Fingerspelling is a well-speciﬁed task that features a rich variety of postural transitions. Our group has proposed that the study of ﬁngerspelling movements, coupled with studies of reaching to grasp various objects and keyboard positioning movements, represents a comprehensive set of tasks in which humans skillfully make individuated ﬁnger movements without having signiﬁcant force interactions with external objects. As partially mentioned above, we have previously characterized the patterns of joint rotations for all these tasks (Santello and others 1989, 2002; Soechting and Flanders 1997; Jerde and others 2003a, 2003b) as well as the synchronous muscle synergies for static grasping and ﬁngerspelling hand shapes (Weiss and Flanders 2004). For our initial study of temporal muscle synergies, we chose to focus on dynamic ﬁngerspelling movements, a task that is both rhythmic and complex. We reasoned that the rhythmicity would allow us to align and scale our EMG data into discrete segments (for averaging and analysis), and the complexity would insure that we would observe a realistic
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amount of individuation in the ﬁnger movements. We recorded EMG as nonﬂuent human subjects practiced using the ASL manual alphabet to spell a list of words. We sought to quantitatively describe the EMG temporal patterns in terms of coactivation and reciprocal activation of pairs of muscles (relative amplitude ﬂuctuations), as well as the relative onset times and burst durations. Thus, we sought to reveal the invariant across-muscle temporal synergies. Materials and Methods Subjects Nine human subjects (6 males and 3 females, mean age 29) participated in our experiment after giving informed consent. To determine the extent of hand dominance, each was asked to ﬁll out the Edinburgh Handedness Inventory (Oldﬁeld 1971). Six subjects were right handed (mean score +78), and 3 were left handed (mean score –72). None of the subjects were ﬂuent signers. However, they were given ample opportunity to become familiar with the hand shapes that represent the 26 letters of the ASL manual alphabet. Task and Procedure The subjects were comfortably seated with the elbow of the dominant arm on an armrest. Each was asked to ﬁnger spell words that were presented on a computer screen. An entire set of hand shapes was presented graphically, with the printed letters underneath, as in the top row of Figure 1. These words were chosen to contain a wide range of hand shape transitions. The spelling of each word started and ended with a neutral, relaxed hand shape. Each block of trials consisted of spelling each of the 6 words listed in Figure 1 seven times in a row, with a pause in between the words/trials, that is, WHITE 7 times, followed by TIE 7 times, etc. Thus, each block contained 42 trials. There were 7 blocks of dynamic spelling trials, which were used to examine changes in the EMG patterns across skill acquisition. These 7 blocks were alternated with 8 groups of static trials (starting and ending with a group of static trials). In the static trials, all letters (n = 14) occurring in the 6 words were presented one at a time in random order and the shape was held for 2 s. These trials were intended to help the subjects learn (by providing rest and reinforcement), and the EMG data were used to control for recording stability (as explained below). Subjects were allowed as much rest as they wanted in between blocks or words to prevent fatigue. We stressed to subjects that during spelling, they were not allowed to produce force with their ﬁngers against other ﬁngers, for example, they were told not to squeeze when making a ﬁst. Ideally, all force produced by the hand muscles was supposed to go into moving the ﬁngers or holding the hand in a speciﬁc shape. Data Acquisition Hand Shape Subjects wore either a left-handed or a right-handed version of an instrumented glove (Cyberglove, Virtual Technologies, Palo Alto, CA), depending on hand dominance. The glove was individually calibrated for each subject using a standard set of postures. We recorded from 17 sensors with an angular resolution of 
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