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Abstract

Several years ago, our research group forwarded a model of goal-directed reaching and aiming that describes the processes
involved in the optimization of speed, accuracy, and energy expenditure (Elliott et al. 2010). One of the main features of the
model is the distinction between early impulse control, which is based on a comparison of expected to perceived sensory
consequences, and late limb-target control that involves a spatial comparison of limb and target position. Our model also
emphasizes the importance of strategic behaviors that limit the opportunity for worst-case or inefficient outcomes. In the
2010 paper, we included a section on how our model can be used to understand atypical aiming/reaching movements in a
number of special populations. In light of a recent empirical and theoretical update of our model (Elliott et al. 2017), here we
consider contemporary motor control work involving typical aging, Down syndrome, autism spectrum disorder, and
tetraplegia with tendon transfer surgery. We outline how atypical limb control can be viewed within the context of the
multiple process model of goal-directed reaching and aiming, and discuss the underlying perceptual-motor impairment that

results in the adaptive solution developed by the specific group.
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The Multiple Process Model of Goal-Directed Aiming/Reaching: Insights on Limb Control from Various Special
Populations
Preamble

In 2010, our group published a theoretical paper in which we introduced a new model of the optimization of limb
control in speeded goal-directed aiming and reaching (Elliott et al., 2010). The model draws heavily on Woodworth’s (1899)
two-component description of limb control, as well as the optimized submovement model (Meyer et al. 1988). Central to our
model is an important distinction between what we term “impulse control” and “limb-target control”. Following Woodworth
(1899) and Meyer et al. (1988), limb-target control involves a discrete corrective process that occurs as the limb approaches
the target area. It requires an evaluation of the relative spatial positions of the limb and the target that often entails a second
acceleration of the limb because goal-directed aiming movements are typically planned to slightly undershoot the target
position (Elliott et al. 2001; Engelbrecht et al. 2003; Worringham 1991). In contrast, the term impulse control describes an
early process that regulates the limb as it moves away from the home position. It is based on the comparisons of perceived
limb direction and velocity to sensory expectations about these features of the movement. These expectations are part of an
internal action model that also includes information about motor outflow (Wolpert and Ghahramani 2000). A mismatch
between early proprioceptive and visual feedback and expected sensory consequences leads to a graded regulation of
muscular force during the primary acceleration and deceleration phase of the movement. In past models, this phase of the
movement was thought to be ballistic in nature (Keele 1968; Meyer et al. 1988; Woodworth 1899).

In Elliott et al. (2010), we outlined the specifics of the multiple-process model and the supporting evidence. As well,
we provided an overview on how our model might be used to understand movement difficulties and/or differences in a
number of special populations. Recently, our group published a paper in which we review and update theoretical aspects of
our model based on work since 2010 (Elliott et al. 2017). However, we did not include reference to studies involving any
special populations. Our intent is to fill that gap with the current paper. In this context, we provide a brief overview of our
model, followed by a more detailed account of how the model can be used to understand rapid limb control in a number of
specific special populations. By focusing on the micro level of movement substructure in a variety of experimental contexts,
we aim to identify the altered perceptual-motor processes that lead to development of adaptive solutions by these specific
special groups.

Multiple Process Model of Goal-Directed Aiming/Reaching: A Brief Overview
Similar to the optimized submovement model (Meyer et al. 1988), our model posits that human performers plan their

aiming/reaching movements with consideration for the inherent variability associated with movement execution. Movements
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of greater speed and/or larger amplitude require greater muscular force than slower and/or smaller amplitude movements.
Greater absolute muscular force is associated with greater force variability and therefore increased spatial variability
compared to less forceful movements (Schmidt et al. 1979). When planning a series of movements to the same target, the
performer attempts to increase the efficiency of their movements by striking a compromise between moving quickly and
executing movements that will hit the target on a large proportion of the aiming/reaching attempts. This strategy is adopted
because an initial movement trajectory that ends outside of the target boundary will require one or more corrective
submovements. These corrections take additional time to complete, and require an additional expenditure of energy.
Therefore, an increased reliance on corrective movements to minimize spatial variability could reflect inefficient motor
control.

Meyer and colleagues (1988) held that, for any given target context (i.e., target size and movement amplitude; see
Fitts 1954), there is an optimal distribution of primary movement endpoints centered at the middle of the target (see also
Slifkin and Eder 2017). Ideally the majority of this distribution falls within the boundaries of the target. However, the tails
of the distribution will fall outside of the target boundaries and the aiming/reaching attempts associated with these two
portions of the distribution will require a corrective submovement for the limb to hit the target. In the case of the near tail,
this correction will be a secondary acceleration-deceleration. An error associated with the far tail will require a reversal in
the direction of the limb movement (i.e., a negative velocity situation). These ideas make sense unless one rejects the
assumption that second accelerations and movement reversals are equally time consuming. In our work, we have shown that
target overshoots, requiring a reversal, take more time to complete than corrections associated with an initial target
undershoot (Elliott et al. 2004; see also Oliveira et al. 2005). Reversals also require greater energy expenditure (Elliott et al.
2017) because the limb travels a greater distance and the system must overcome the inertia of a zero-velocity situation at the
point of the reversal. This change from a positive to negative velocity in the primary direction of the movement also involves
a change in the role of the agonist and antagonist muscle groups requiring greater involvement of the latter. For this reason,
the multiple process model holds that the distribution of primary movement endpoints is typically situated short of the target
center. The empirical evidence associated with the spatial substructure of manual aiming movements is consistent with our
model (Burkitt et al. 2015; Carson et al. 1992; Elliott et al. 1991, 2004, 2014; Elliott and Hansen 2010; Grierson and Elliott
2009a, 2009b; Heath 2005; Lyons et al. 2006; Mendoza et al. 2006; Roberts and Grierson 2019; Worringham 1991).

Our model holds that the degree of strategic primary movement undershooting depends on the endpoint variability of
the primary movement. Thus, more forceful movements to far targets will be associated with greater primary movement

undershooting than less forceful movements to near targets (see Elliott et al. 2001, 2004, 2010, 2017). Likewise movements
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to small targets, that have an increased chance of missing, typically generate greater primary movement undershooting than
larger targets (Roberts 2020). If the performer is able to reduce endpoint variability due to improved force-time specification
over practice, then the mean of the primary movement endpoint distribution will move closer to the target. The strategy is
simply to keep the proportion of trials that need to be corrected with a limb reversal very low (Elliott et al. 2004). This
strategy will also reduce the magnitude of any corrections that need to be made. In this paper and elsewhere (e.g., Elliott et
al., 2010, 2017; Roberts et al. 2018), we often refer to strategic undershooting as a “play-it-safe strategy”. Although it may
literally be the case if one is working with a circular saw or reaching for a full glass of beer (i.e., to avoid a spill), more
broadly “play-it-safe” means avoiding a worst-case outcome in terms of movement time and energy expenditure. As an
example, an initial target overshoot that requires a reversal will take more time and energy to correct than an initial target
undershoot.

Consistent with our notion that not all error corrections are equal in terms of time and energy expenditure are findings
from a number of studies in which we have systemically manipulated the cost of an overshoot compared to an undershoot.
For example, Lyons et al. (2006) demonstrated that performers undershoot the target center to a greater extent when aiming
downward than when moving upward or horizontally. This outcome occurs because a target overshoot when moving
downward requires a corrective movement against gravity and thus entails greater temporal and energy costs (for more
detailed description of this strategic phenomenon see also Burkitt et al. 2017 and Elliott et al. 2014). In addition, aiming
movements in which there is greater mass associated with the aiming limb undershoot more than movements involving an
effector of lower mass (Burkitt et al. 2015). Once again, this happens because greater limb mass is associated with even
greater time and energy expenditure for movement reversals (i.e., even more inertia to overcome at the point of the reversal).

Our model also holds that prior knowledge about the availability of feedback impacts movement planning and, thus,
the characteristics of the primary movement trajectory over multiple trials. That is, in order to make full use of visual
feedback, the performer needs to know that it will be available for online control of the limb trajectory. When there is
uncertainty about the availability of feedback the performer prepares their movement for the worst-case (or no vision)
scenario. Specifically, they take more time to prepare their movements, produce more symmetric movement trajectories and
undershoot the target position to a greater extent with their primary movement (Burkitt et al. 2013; Hansen et al. 2006; Khan
et al. 2002; see Elliott et al. 2017 for a full review).

Central to the multiple process model of limb control is the concept of impulse control. Specifically, our model holds
that the initial distance-covering phase of the movement (i.e., the primary movement) is amenable to online proprioceptive

and visual regulation. This notion is based on several decades of work that shows changes and/or differences in the primary
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movement trajectory that result from perturbations to the limb movement or the perceived limb movement that impact the
endpoint of the primary movement (Elliott et al. 1991, Elliott et al. 1999, 2014; Grierson and Elliott 2009a; Hansen et al.
2006; Heath et al. 1998). Our model holds that impulse control can begin very early in the movement (i.e., in as little as 80
ms after movement initiation). It is based on a comparison of early limb direction and velocity with expectations about the
sensory consequences (i.e., both visual and proprioceptive) for that particular movement. These expected sensory
consequences and information about anticipated motor outflow are part of an internal representation/model of the movement
that is formed at the time of movement planning. The model becomes refined over repeated practice with the same type of
movement and, as mentioned earlier, also takes into consideration prior knowledge about what sensory information may or
may not be available for impulse control and limb-target control. With repeated practice at the same class of aiming/reaching
movement, impulse control becomes more precise because movement planning and the internal model are more precise.
Thus, endpoint variability and strategic behavior associated with the central tendency of the primary movement endpoints can
change due to both more precise force-time specification during movement execution and improved impulse control. These
improvements eventually reduce the necessity for corrective submovements during limb-target control, which, due to their
discrete nature, are inherently less time and energy efficient than impulse control.

Special Populations and Atypical Upper Limb Control
When we initially presented our multiple-process model of goal-directed aiming, we examined the breakdown of

optimal speed-accuracy processes in a number of special populations (Elliott et al. 2010) to determine whether the sensory-
motor problems associated with each of these groups were consistent with aspects of our theoretical position. It also
provided us with an opportunity to isolate specific strategic and/or biological differences in these groups that might be
amenable to instructional or environmental interventions. Over the intervening years, we have continued to investigate the
effect of age and pathology on optimal speed-accuracy performance. Here, we revisit our evaluation of rapid goal-directed
aiming/reaching in typical aging, autism spectrum disorder (henceforth autism) and Down syndrome. We also review some
new empirical work involving people with C6 spinal cord injuries who have undergone tendon transfer surgery. Because our
model deals with the optimization of speed, accuracy and energy expenditure in goal-directed aiming and reaching, we have
limited our review to studies dealing with these sorts of motor activities. Exceptions to this general rule occur only when the
study provides insight into issues such as feedback utilization and feedforward control that have relevance to our model.
Typical Aging

The typical aging process is associated with a number of physical and cognitive changes (Salthouse 2009). Of interest

here is the progressive deterioration in the speed at which goal-directed aiming and reaching movements are executed (e.g.,
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Temprado et al. 2013). The majority of extra time required to complete goal-directed movements appears to be associated
with the time after peak velocity, especially the time between peak deceleration and the end of the movement (Cooke et al.
1989; Darling et al. 1989; Goggin and Stelmach 1990; Welsh et al. 2007). With respect to our model, this portion of the
movement trajectory is associated with limb-target control. Several studies have shown that the primary movements of older
adults undershoot the target position to a greater extent than the primary movements of younger participants (Ketcham et al.
2002; Poletti et al. 2015; Pratt et al. 1994; VVan Halewyck et al. 2014) and that older performers exhibit a greater number of
corrective submovements during limb deceleration than younger adults (Lyons et al. 1996).

Given these sorts of kinematic differences in the movement trajectory between the young and the old, it has been
suggested that older adults are more feedback-dependent than younger adults (e.g., Lyons et al. 1996). One notion is that
feedback dependency stems from an age-related inability to produce reliable muscular forces. This idea is based on findings
by Galganski et al. (1993) in which older participants exhibited greater variability than younger participants in producing
various submaximal levels of isometric force with a finger abduction task. Vaillancourt and Newell (2003) found similar
results for static submaximal force production, and that greater force production variability was not associated with the
processing of visually displayed feedback about force production (Sosnoff and Newell 2006).

In contrast to static force production, when participants were required to produce force rapidly to move a cursor into a
target-force bandwidth (i.e., a Fitts’ aiming task), older participants exhibited greater variability in time to peak force but
similar force production variability compared to younger adults (Temprado et al. 2017). Moreover, there were no differences
in the end-point variability between young and old groups within the target-force area. Thus, the greater timing variability in
older participants could reflect an adaptive feedback utilization strategy designed to bring the cursor into the target area. Ina
3-dimenional target-aiming task that involved dynamic movement of the limb from the home position to a target, Welsh et al.
(2007) found similar patterns of temporal and spatial variability in younger and older adults. Therefore, as the aiming/force
production task becomes more natural, age difference in variability between the young and the old tend to disappear.

Given that any variability differences between young and older adults are usually diminished by the end of the
primary movement, it is unlikely that an increase in the number of corrective submovements with age is due to force
parameterization and thus an over reliance on limb-target control. In addition, aiming differences between older and younger
adults do not appear to depend on the availability of visual feedback (Van Halewyck et al. 2014) or the use of saccadic eye
movements for late limb control (Van Halewyck et al. 2015). Based on the distribution of the primary movement endpoints
of older adults, we have suggested that a more likely explanation for age-related differences in aiming kinematics is that older

adults adopt a pronounced “play-it-safe” strategy during the planning stage of movement (Elliott et al. 2010). These
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strategies are generally functional unless there is some cognitive impairment associated with the aging process (Poletti et al.
2017). As mentioned earlier, a “play-it-safe” approach to movement execution minimizes the probability of worst-case
outcomes that involve greater time and energy expenditure. This approach is also associated with the avoidance of accident
and injury that could result from overshooting a target (Elliott et al. 2009). For example, a reach that overshoots the target
could knock over a glass of beer or, in the case of a circular saw, result in a grave injury.

Poletti and colleagues (2015; Poletti et al. 2016) examined strategic aiming behavior in young and older adults
using a Fitts” aiming protocol. Consistent with previous research, they found that older adults exhibited more corrective
submovements than younger adults. Poletti et al. (2015; see also Sleiman-Malkoun et al. 2013) suggested that older adults
used a smaller repertoire of strategic behaviors than young adults. The younger adults exhibited undershooting on some
trials, but also many more aiming trials comprising only a primary movement (i.e., immediate landing on the target).
Although these researchers associated each type of kinematic profile with a particular strategic approach to the task, it is
likely that stochastic spatial variability yielded different outcomes based on one overriding strategy. Although the absence of
a spatial variability measure in the Poletti and colleagues (2015) study makes it difficult to confirm, we suggest that older
adults adopted a strategy to undershoot the target center with the primary movement in order to reduce the probability of an
overshoot (i.e., older adults never overshoot the target) combined with a subsequent reversal in limb direction. Conversely,
younger adults attempted to direct their primary movement closer to the target center, which resulted in fewer trials with
corrective submovements, but also increased the probability of more overshooting and directional reversals (i.e., younger
participants overshoot the target on 4% of all trials; cf. 0% for older participants; Poletti et al., 2015). Thus, rather than
having a larger repertoire of strategic behaviors, younger adults produce a distribution of primary movement endpoints that
more closely approached the near boundary of the target. While this single strategy resulted in more target hits with the
primary movement, it also resulted in some target overshoots that required a reversal in movement direction to hit the target
(i.e., 4%).

In another study designed to examine strategic behavior and aging, Bennett et al. (2012) used an adaptation of the
Lyons et al. (2006) vertical aiming protocol to examine the “play-it-safe” hypothesis. Late middle-aged participants (under
65 years) and older participants (over 65 years) made rapid aiming movements to vertically arranged targets. Similar to
Lyons et al. (2006), both groups undershot the target position with their primary movement to a greater extent when aiming
downward than upward. There was also greater spatial and temporal variability associated with the downward primary
movements. Correlational findings collapsed over group indicated that increasing age was associated with both shorter

amplitude primary movements and larger amplitude and longer duration corrective submovements. Taken together, these
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findings indicate that older and middle-aged adults adjust their aiming trajectories when moving downward to avoid costly
corrective submovements against gravity. They also suggest that this “play-it-safe” strategy is more pronounced in older
performers.

This conservative approach to manual aiming appears to be less evident in older adults that are physically active
than those that are sedentary. For example, in a study on discrete aiming, Van Halewyck et al. (2015) showed that the
movement times of sedentary older adults only (cf. active older adults) were longer than the movement times of young
participants. As in previous work, these longer movement times were associated with a shorter primary movement and more
time spent with limb-target corrective processes. Interestingly, both active and sedentary older adults exhibited smaller
amplitude primary saccades than their young counterparts, although this difference did not translate to shorter limb
movements in the active older participants. At least for sedentary older adults, it would seem that a target undershooting
strategy occurs in both eye gaze and upper-limb aiming. Perhaps this is not surprising given that in order to provide the most
precise visual information, the eyes must move to where the hand intends to be (Helsen et al., 1998).

Although active older adults exhibited a pronounced advantage for accuracy-constrained discrete aiming, their
performance was more similar to sedentary older adults for reciprocal aiming when a metronome was used to regulate
movement speed (Van Halewyck et al. 2015). Specifically, both active and sedentary older adults tended to undershoot and
miss the targets more often than young adults. Thus, it appears that when movement speed was constrained by the task, both
active and inactive older participants exhibited greater spatial and temporal variability and, subsequently, demonstrated
greater endpoint error than younger adults. That said, contrary to the majority of previous work on discrete aiming, there was
a relatively high percentage of target overshoots, which was most pronounced in the sedentary older adults. This group also
exhibited the greatest temporal variability at peak acceleration and peak velocity. This between-protocol difference for older
active adults suggests that the aiming strategy of slowing down and undershooting the target in self-regulated aiming is
adaptive. Thus, the impact of age on performance is most evident when the task demands limit strategic behavior.

In other recent work, Van Halewyck et al. (2015) had older and younger adults perform discrete aiming under
different speed and accuracy instructions. Older adults were shown to be quite capable of performing rapid primary aiming
movements under speed instructions, but they were more likely to adopt a “play-it-safe” strategy when accuracy was
paramount, or when they voluntarily selected the relative importance of speed and accuracy (i.e., control condition).
Specifically, older adults exhibited longer movement times with trajectories characterized by shorter primary movements, and

a greater degree of discrete limb-target regulation late in the movement. This was in contrast to young adults, who modified
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their aiming behavior when instructed to focus on accuracy compared to the control condition, potentially confirming the
suggestion that age influences the repertoire of strategic aiming behaviors (Poletti et al. 2015).

Taken together, these studies suggest that, compared to young adults, sedentary older adults adopt a limb regulation
strategy that emphasizes accuracy over speed. This approach to goal-directed aiming/reaching reduces the impact of
movement errors that require extra time and energy to correct. Perhaps of greater practical relevance is the finding that
lifestyle may be just as important as age in predicting the strategic approach and thus movement outcome in rapid goal-
directed reaching (Van Halewyck et al. 2014, 2015).2
Down Syndrome

Children and adults with Down syndrome take more time to initiate and complete goal-directed aiming movements
than their chronological age counter-parts from the general population (Chen et al. 2015; Elliott et al. 2006; Gimenez et al.
2017; Hodges et al. 1995; Lawrence et al. 2013; Vimercati et al. 2012). This perceptual-motor slowness is particularly
evident when the accuracy demands of the movement are high (Hocking et al. 2011; Lam et al. 2009). As well, adults with
Down syndrome take more time between movement components, than do adults without Down syndrome, when performing
reciprocal aiming movements (Lam et al. 2009) and multi-component aiming movements involving reversals (Reilley et al.
2017), but not when performing sequential movements with only two components (Lawrence et al. 2013).

The limb trajectories of adults with Down syndrome are typically characterized by lower peak velocities and
multiple discontinuities in the deceleration phase of the movements (Chen et al. 2015; Elliott et al. 2006; Hodges et al. 1995;
Vimercati et al. 2013). Empirical evidence on the awareness of voluntary action, in which the generation of an internal
model sets the foundation for anticipatory judgements, indicated delayed responses in Down syndrome much akin to the
judgement of external stimulus events (i.e., auditory tone; Obhi et al. 2007). Therefore, we suggested that the primary
difficultly of people with Down syndrome is related to forming a stable internal model of the to-be-performed action prior to
movement execution (Elliott et al. 2010). This problem with action representation, and movement planning in general, leads
to difficulties with feedforward control (including impulse control) that must be rectified late in the movement by discrete
feedback-based control (i.e., limb-target control). For example, in a reciprocal aiming task, Hocking and colleagues (2011)
showed that adults with Down syndrome demonstrate greater constant and variable errors than typical controls in aiming
conditions with the largest amplitudes and target sizes. Considering that movements in these conditions require the greatest
muscular forces (i.e., impulses), the authors contend that those with Down syndrome had difficulties applying the appropriate
forces at movement onset (and making adjustments using feedforward control), and that online feedback-based control (i.e.,

limb-target control) was insufficient to minimize endpoint variability. Results from similar studies showed greater hand-
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object contact velocities in children with Down syndrome during a reach-to-grasp task (Valvano et al. 2017) and increased
movement times for people with Down syndrome in integrated one-arm reversal tasks (Reilly et al. 2017), which are
indicative of deficits in force specification and insufficient feedback-based online control.

Further evidence that typically developing individuals and those with DS may differently utilize advance and online
information is found in studies where only partial advance information is available (e.g., LeClair et al. 1993; Mon-Williams
et al. 2001). In these protocols, participants are presented with pre-movement cues related to the final location of a target or
object to be acquired, with these cues differing in terms of the amount of location information provided. For example, the cue
was either Complete: specifying an exact location; Partial: providing some general location information (e.g., side of space
but not which target); or Null: with no useful location information. Mon-Williams and colleagues (2001) found that, unlike
typically developing participants, individuals with DS were unable to take advantage of partial cuing information when
reaching to grasp a target block. The authors suggest that fundamental differences in the processes of organizing action for
complex movements lead these two participant groups to adopt different movement strategies. For example, when faced with
a partial cue that indicates that one of two possible locations will contain the target, typically developing individuals will
prepare a movement to the midpoint of those two targets, adjusting the movement online when the exact target location is
specified during the reach (e.g., Augustyn and Rosenbaum 2005). Although others (e.g., LeClair et al. 1993) have shown that
partial advance information may be useful for participants with DS for the planning and control of simple aiming movements,
the majority of the evidence seems to suggest that they are unwilling or unable to implement the same strategy when the
movement is more complex (Mon Williams et al. 2001). The likeliest explanation for these differencing group-specific
movement strategies is that individuals with Down syndrome are less able, or less willing, to make online corrections to
preprogrammed movement trajectories due to a compromised ability to use visual feedback to correct errors at the end of the
movement.

More recent aiming studies involving young adults with Down syndrome offer additional support for the idea that
this group has difficulty with feedforward control. For example, Vimercati and colleagues (2013b) had participants with and
without Down syndrome move a wooden dowel from position-to-position in a 6-target sequential aiming task. As in previous
work, the limb trajectories of adults with Down syndrome were characterized by longer movement times, lower velocities
and multiple velocity peaks. In addition, their trajectories were more curved than the trajectories of people without Down
syndrome, reflecting a less efficient movement path (see also Valvano et al. 2017). The young adults with Down syndrome
were also more dependent on proximal than distal musculature to move their arms (i.e., greater movement at the trunk and

less at the elbow; see also, Anson and Mawston 2000). With respect to our multiple process model of goal-directed aiming,
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the greater use of proximal musculature in people with Down syndrome may reflect less specific and/or precise movement
planning. This problem with movement planning may be a characteristic of the syndrome. Alternatively, the tendency to
avoid the use of distal muscles may relate to the increased degrees-of-freedom and subsequent variability associated with the
involvement of more muscle groups and joints (Bernstein 1967; Kelso 2012). In this case, the added complexity associated
with multiple muscle groups is avoided by people with Down syndrome, perhaps because it presents too great a challenge for
an already compromised movement planning system (Wolpert and Ghrahramini 2000).

This type of conservative, and likely inefficient, approach to aiming extends to the postural stability of children with
Down syndrome when performing standing goal-directed reaches to targets at 80%, 100%, and 120% of arms-length (Chen et
al. 2015). For example, Chen and colleagues (2015) showed that children with Down syndrome exhibited less anterior-
posterior center of pressure displacement when reaching to a target location out of arms-reach. Considering that this
movement context introduced proximal degrees of freedom involving the trunk, this finding suggests that people with Down
syndrome are also conservative in organizing proximal joints in movements when shifting the body into unstable positions.
Consistent with other work reviewed in this section, Chen et al. (2015) also report that children with Down syndrome
perform slower movements that achieve lower peak velocities at smaller proportions of movement time. Since our model
contends that greater times spent after peak velocity indicate more time engaged in limb-target control (Hansen et al. 2006),
this further highlights the difficulty this group has in using feedforward control (Hansen et al. 2005) and extends this
observation into more complex movement dynamics (Chen et al. 2015).

In a follow-up to their 6-target sequential aiming work with Down syndrome, Vimercati and colleagues (2013c)
increased the relative complexity of the aiming task by inserting a barrier between targets 3 and 4 in the aiming sequence (see
also Vimercati et al. 2013a). This manipulation required participants to increase the vertical component of their aim between
the two targets. Although persons with and without Down syndrome adjusted their aiming movements to accommaodate the
barrier, the participants with Down syndrome increased their vertical motion to a greater degree. Vimercati et al. (2013b)
once again concluded that because of compromised feedforward control, persons with Down syndrome were more dependent
on feedback for limb control than the control participants. The researchers went on to speculate that participants with Down
syndrome were attempting to optimize safety in avoiding the barrier. This interpretation of the results is consistent with a
“play-it-safe” strategy to deal with the increased aiming difficulties introduced by the constraint of additional movement
demands in a third (vertical) dimension.

Given these differences in movement planning, and with the formation of action representations, it is natural to

question how these demonstrated difficulties with feedforward (and impulse) control mediate the way in which individuals
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with Down syndrome learn novel motor tasks. Although there is a considerable literature examining general movement
learning in individuals with Down syndrome, these studies focus primarily on adaptive training (e.g., Wuang et al. 2011,
Lopes et al. 2018) and/or therapeutic, most commonly physical activity, interventions (e.g., Pitetti et al. 2013; Smith et al.
2007; Wu et al., 2008). Relative to this broader literature, there are comparatively few studies that directly examine motor
learning in Down syndrome. As both response-produced feedback and feedforward control are considered essential elements
in the learning of novel motor tasks, it stands to reason that a greater dependence on feedback for limb regulation may also
lead to problems with motor learning. In particular, it has been shown that people with Down syndrome exhibit specific
difficulty in learning from action observation (Foti et al. 2018). As well, studies in which we have manipulated vision
indicate that proprioceptive feedback may be particularly important for late limb regulation in adults with Down syndrome
(Hansen et al. 2005). It can be difficult to draw broad conclusions regarding the effect of Down syndrome phenotypes on
motor learning as many of the syndrome-associated effects are task and domain specific. That said, there is evidence that
tasks, where learning relies heavily on internally generated feedback (e.g., Hansen et al. 2005), prediction (e.g., Kerr and
Blais 1985), timing (e.g., Monteiro et al. 2016), observation (Foti et al. 2018), and task transfer (e.g., Possebom et al. 2016),
are all affected adversely in persons with Down syndrome.

Autism Spectrum Disorder

The difficulties autistic individuals® experience in social, communicative, and interpersonal contexts (Dawson and
Toth 2006; Hill 2004; Lord et al., 2020; Szatmari et al. 1990) has been linked to the sensorimotor processing systems (Cook
2016; Hughes 1996; Mostofsky and Ewen 2011) that modulate the development of skilled motor behavior, and consequently,
the effectiveness of internal sensory-motor action models/representations (Mari et al. 2003; Mostofsky and Ewen 2011). For
example, autistic individuals are suggested to prioritize the processing of proprioceptive information when learning
sensorimotor actions, which might have led to the development of internal action models specific to this sensory domain
(Mostofsky and Ewen 2011). Indeed, following a period of sensorimotor practice of an upper-limb, force-field task, autistic
individuals were less able to generalize the learned force characteristics when moving to a target goal that only maintained
the practiced visual consequences (Haswell et al. 2009). Significantly better sensorimotor generalization occurred when the
target movement goal in a transfer condition maintained the practiced proprioceptive consequences of the force-field task.
These generalization patterns also correlated with associated social mechanisms, where greater proprioceptive-driven
generalization was related to greater difficulties in social interaction (i.e., social communication; social anxiety/avoidance),

and imitation/praxis (Haswell et al. 2009).
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Differences in the functioning of autistic sensorimotor systems (e.g., proprioceptive-driven generalization) could
also underpin behavioral differences in action-observation and imitation learning. We recently found evidence of autism
specific internal action model formation in a study that employed a sensorimotor sequence learning task, and a follow-up
visual perception discrimination task (Hayes et al. 2016). Although autistic individuals demonstrated more sensorimotor
variability (see also Foster et al. 2020a; Hayes et al. 2016) compared to neurotypical individuals during practice, they
successfully acquired the sequence timing goal via trial and error practice, and knowledge of results feedback. Data from the
visual perception task indicated that both groups accurately discriminated (autism = 75%; control = 76%) the difference
between two sequentially presented stimuli that displayed different temporal durations. Follow-up analysis only showed
significant correlations between motor timing error, sensorimotor learning, and temporal-discrimination (visual perception)
for neurotypical individuals. The finding of no significant relationship between sensorimotor learning and visual perception
for autistic individuals suggests that the sensorimotor control processes underpinning internal action model formation may
operate differently in autism (Cook et al. 2013; Glazebrook et al. 2006; Lord et al. 2020; Mosconi et al. 2015).4

Given the evidence points toward specificity in autistic sensorimotor control processing, we suggest that kinematic
examination of the underlying sensorimotor control and learning processes offers an important route for understanding part of
the behavioral autism phenotype. Based on the feedforward and feedback processing systems associated with the multiple
process model (Elliott et al. 2010, 2017), we have investigated how autistic internal action models operate as part of a
feedforward system that controls action-understanding in social contexts, but also the organization, planning and control of
goal-directed movements (Foster et al. 2020a, 2020b; Glazebrook et al. 2006, 2008; Nazarali et al. 2009). For example,
although higher-level motor planning processes (i.e., grasp height; see Ansuini et al. 2018) are operational in autistic adults
(Glazebrook et al. 2008; Nazarali et al. 2009) and children (Ansuini et al. 2018), both these groups (Nazarali et al. 2009;
Rinehart et al. 2006) have difficulty generalizing internal action models to new, and unexpected movement goals. These
movement planning difficulties are evident across multiple planning tasks, such as imitating atypical novel biological motion
(Hayes et al. 2016), and goal-directed aiming to targets with differing levels (e.g., more uncertainty leads to greater executive
demand) of location uncertainly (Rinehart et al. 2006). Therefore, motor difficulties are not merely related to problems with
executive function in autism (Szatmari et al. 1990), but are specifically associated with central and peripheral sensorimotor
processes (Floris et al. 2016; Pillai et al. 2018; Puts et al. 2017; Rinehart et al. 2006) that impact on the efficacy of lower-
level control process that guide motor execution.

In terms of movement execution, and compared to neurotypical individuals, motor preparation times can be ~50%

greater (Glazebrook et al. 2008; Nazarali et al. 2009), and movement execution times are significantly longer when
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performing 3-dimensional (Glazebrook et al. 2006), and 2-dimensional (Hayes et al. 2018), goal-directed aiming movements.
When examining the underlying movement trajectory, kinematic data indicated the velocity and acceleration profiles to be
elongated with lower peak magnitudes (Glazebrook et al. 2006; Mari et al. 2003). What appears to be most different about the
underlying motor control properties of aiming movements is the greater trial-to-trial spatial variability early in the movement
(i.e., at peak acceleration and peak velocity; Foster et al. 2020b; Glazebrook et al. 2006, 2009), which is indicative of low
efficacy motor planning related to the specification of muscular forces during the impulse control phase of a movement. This
increased spatial variability is particularly evident in high-index of difficulty movements (Glazebrook et al. 2006), and is
associated with greater variability in muscular force production (Mosconi et al. 2015). Importantly, spatial variability does
reduce towards the end of aiming movements as the result of both impulse control and limb-target control (Elliott et al.
2010). This occurs under conditions of full visual feedback and, to a lesser extent, when vision is eliminated upon movement
initiation (Glazebrook et al. 2009). These latter findings indicate that feedback-based corrective processes are operational in
autistic individuals (Mosconi et al. 2015)5, and we have shown recently that reductions in spatial variability at peak
acceleration and peak velocity occur following a relatively short period of sensorimotor training (Foster et al. 2020a, 2020b).
Although these corrective processes are operational in autistic individuals, they seem to be slower when corrections
are made based on visual information. The additional time required to process visual information for limb-target control
(Glazebrook et al. 2009; see also Rinehart et al. 2006), could in part could be explained by a less effective planning
mechanism (i.e., predictive coding) that is engaged to process prior information for anticipating upcoming goal-directed
actions (Ganglmayer et al. 2020). These processing differences are more pronounced in unconstrained environments where a
limb movement is performed and controlled in 3 planes, as compared to one and two-plane aiming movements that are
planned and executed similar to neurotypical individuals (Zheng et al. 2019). Here, autistic individuals are suggested to
depend more on proprioceptive and tactile feedback (see Haswell et al. 2009) when performing more challenging 3-
dimensional goal-directed aiming movements. Differences have also been observed in the way that autistic individuals
process available visual information during aiming/reaching movements (Campione et al. 2016; Dowd et al. 2012). For
example, when a distractor circle was manipulated (i.e., equivalent-sized white distractor circle positioned either 61 mm to
the left, or right, of the center of the target circle) during motor planning, neurotypical children demonstrated greater
variability in movement preparation time, and took longer to reach peak acceleration during aiming attempts (Dowd et al.,
2012). Autistic children exhibited similar movement kinematics in the presence or absence of the visual distractor, thus
indicating differences in the way they integrate the visual properties of the environment for motor planning and feedforward

sensorimotor control (i.e., sensory input; see Gowen and Hamilton, 2013).
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This description of the sensorimotor control processes underpinning reaching behaviors is consistent with data from
an experiment where autistic, and non-autistic, children were tasked with executing goal directed movements to intercept and
catch projectiles (balls) under different levels of task difficulty (i.e., different ball velocities; Whyatt and Craig, 2013).
Compared to neurotypical children, autistic children caught significantly fewer balls, and exhibited comparable movement
initiation times in the low and high difficulty task contexts. The fact that they did not accurately modulate motor planning
(i.e., they initiated earlier movements) to account for the differing visual task demands suggests an attenuation in the
processing mechanism that integrates prospective control based on visual sensory input for motor execution (i.e., perception—
action coupling). In addition to differences in movement initiation, they required a greater number of sub-corrective limb
movements (i.e., limb-target control) in order to move the limb towards the projectile. This kinematic analysis was suggested
to indicate that limb-target control processes operate differently in autism (see also Chen et al. 2019; Forti et al. 2011), which
has also been reported when performing a modified Fitts’ task (Papadopoulos et al. 2012), a two-choice reach-to-grasp task
(Stoit et al. 2013), and a reach-to-ball-drop task (Forti et al. 2011).

Potential differences in sensorimotor integration and issues related to movement planning and control are of
particular interest in individuals with autism as this combination of factors may impact upon social behaviors (Cook, 2016;
Mostofsky and Ewen 2011). In a social learning context, there has been a great deal of attention paid to action-observation
and imitation in autism (Vivanti and Hamilton 2014). Successful imitation requires the encoding and integration of lower-
level kinematics and action-goals via a sensorimotor system directly linking perception to action (Prinz 1997). It also
involves the engagement of planning processes to control the specification of forces required for initial execution of the to-
be-imitated movement pattern. Differences in the imitation of lower-level biological kinematic properties (Hayes et al. 2016;
Stewart et al. 2013; Wild et al. 2012) is suggested to be associated with the altered motor control processes and sensorimotor
integration (Hayes et al. 2016). For example, low-fidelity imitation of an atypical biological model presented in a randomized
trial order in autism was suggested to occur due to disrupted sensorimotor control processes associated with the comparison
of expected and actual sensorimotor consequences during, and between, imitation trials (Elliott et al. 2001; Wolpert et al.
2011). In the context of our model, this would impact both online impulse control and the generation of a new internal model
for a subsequent trial. Importantly, by manipulating a learning environment so that the to-be-imitated model stimuli is
presented in a predictable blocked trial order, we facilitated sensorimotor integration leading to significant improvements in
the imitation of biological kinematics (Foster et al. 2020a). The fact that we facilitated imitation of atypical biological
kinematics adds to the developing literature (Hamilton 2013; Sowden et al. 2016) that suggests imitation differences in

autism are associated with general sensorimotor control processes, rather than specific processes related to action-observation
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(Williams et al. 2001). These data, along with those where we showed autistic individuals significantly reduced spatial
variability at peak acceleration and peak velocity (Foster et al. 2020b) during motor learning, indicate the underlying autistic
sensorimotor control processes are responsive to training, whereby feedforward and feedback control processes are engaged
specifically to develop novel internal action models (Gidley Larson et al. 2008; Hayes et al. 2018; Marko et al. 2015).

In summary, based on our multiple process model of goal-directed aiming, it appears that autistic individuals have
difficulty producing and modulating the initial muscular forces required to move the limb toward the target (Foster et al.
2020b; Glazebrook et al. 2006). Consequently, this initial planning behavior influences down-stream visuomotor processing
associated with limb control (Forti et al. 2011; Foster et al. 2020b; Rinehart et al. 2006) and prospective sensorimotor control
(Whyatt and Craig, 2013). We originally suggested (Glazebrook et al. 2006) that autistic individuals adopted a strategy of
moving more slowly in order to temper the increase in force variability associated with faster movements (Schmidt et al.,
1979). Force production variability, and thus spatial variability, are typically associated with motor systems in which there is
greater neural noise (Meyer et al., 1982; Schmidt et al., 1979). The idea that autistic individuals are required to accommodate
a noisier perceptual-motor system has been suggested to relate to differences in everyday motor tasks, such as, handwriting
and gait (Gowen and Hamilton 2013; Grace et al. 2018). Of critical importance is the fact that autistic individuals compensate
for these sensorimotor planning differences by slowing down and taking more time to use response-produced feedback
(Mosconi et al. 2015), and that the underlying processes associated with our multiple process model of limb control are
ameliorated via training and practice leading to more efficient feedforward and feedback control (Foster et al. 2020b). Future
investigations might extend our work on sensorimotor learning with autism by focusing on the relative contribution of
impulse control and limb-target control in this regulatory process, and how practice variables (e.g., contextual interference;
dyadic learning; knowledge of results feedback) in the learning environment can best facilitate motor adaptation.
Tetraplegia with Tendon Transfer Surgery

Over the last several years, members of our research group have had the opportunity to work with young men who
have incurred partial paralysis of their upper limbs due to a C6 spinal cord injury (Robinson et al. 2010). A lesion at this
level may leave the biceps brachii function intact but cause paralysis of triceps brachii. People with this type of injury can
typically flex, but not extend their arm at the elbow joint. They can continue to make reasonably accurate reaching
movements (Koshland et al. 2005; Mateo et al. 2015), and can appropriately scale their initial movement impulse to specific
target distances (Laffont et al. 2000; Wierzbicka et al. 1992) as per healthy control individuals. However, their movement

times are longer (Wiezbicka et al. 1992) with lower peak velocities (Koshland et al. 2005; Laffont et al. 2000). Because of
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their inability to extend the arm at the elbow (i.e., triceps normal agonist) and decelerate elbow flexion (triceps normal
antagonist), they depend on the shoulder musculature for reaching movements in all directions (Koshland et al. 2005).

In order to deal with the elbow flexion/extension issue associated with tetraplegia, some individuals undergo
musculotendinous transfer surgery in which the posterior deltoid is inserted at the elbow to replace the triceps as the primary
elbow extensor. This sub-set of individuals present a rather interesting population for discovering more about movement
planning and limb control as existing perceptual-motor representations of upper limb movement at the posterior deltoid need
to be adapted to incorporate information pertaining to the elbow. Several of these individuals agreed to participate in aiming
experiments conducted by our research group (Robinson et al. 2010, 2014).

In our first study, we examined goal-directed aiming with elbow flexion and extension movements under conditions
with full visual feedback and under conditions in which liquid crystal goggles eliminated vision of the arm and the target
upon movement initiation (Robinson et al. 2010). Our participants with tetraplegia exhibited longer movement time and
lower peak velocities than age equivalent control participants.® However, there were no differences in the symmetry of the
movement trajectories. Moreover, they were equally accurate compared to control participants under both vision and no
vision conditions. Interestingly, while the shapes of the limb trajectories were similar under both vision and no vision
conditions, participants who had tendon transfer surgery required more absolute time to reduce spatial variability in the
trajectory when elbow extension movements were required to complete the aiming movement. Of course, these were
movements in which the transferred posterior deltoid muscle was the prime mover (i.e., agonist muscle). Like people with
autism, it appears that individuals who have undergone tendon transfer surgery adopt a strategy of slowing down to
compensate for greater force and spatial variability (i.e., a noisier force production system). Surprising to us was the degree
of similarity in the spatial-temporal characteristics of the aiming movements (i.e., between the two groups, between vision
condition, and between direction). Certainly, the sensorimotor system appears to be extremely adaptable. Moreover, these
initial findings are consistent with the idea that the representations associated with precise control on aiming/reaching are not
muscle specific (e.g., Marteniuk et al. 2000).

In follow-up work, we decided to take a more in-depth look at the structure of the aiming movements of this group
(Robinson et al. 2014). Specifically, we parsed each aiming movement in order to identify discontinuities in velocity,
acceleration, and jerk. These parsing protocols indicated that corrective submovements were no more evident in tendon-
transfer participants than control participants. Movement reversals (i.e., negative velocity discontinuities) were almost
completely absent in both groups. Thus, when a secondary submovement occurred, it was typically to correct a target

undershoot. The longer movement times in people who had undergone tendon transfer surgery were also associated with
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lower peak velocities and greater spatial variability at peak velocity. This indicates that these participants may have slowed
their primary movement to accommodate a noisier neural-muscular system. When corrective submovements occurred, they
were of a longer duration and larger amplitude in tendon-transfer participants. Presumably, this extra time and distance was
required to manage the greater variability at peak velocity. In this context, people who had undergone tendon-transfer
exhibited endpoint accuracy similar to control participants. Once again, we have evidence to indicate that people with a
noisier and more variable primary movement make adjustments to their aiming behavior in order to achieve acceptable
movement accuracy. In this case, they slow their primary movement to reduce impulse variability (and associated spatial
variability), and also take more time for limb-target control late in the movement.

Summary and Conclusions

In this paper, we have used our multiple process model of goal-directed aiming/reaching as a framework for
examining atypical limb control behaviors in several special populations. Our decision to consider typical aging, Down
syndrome, autism spectrum disorder, and tetraplegia with tendon transfer surgery was based solely on the expertise and
research history of the scientists in our group. An important feature of our model is that typical adult performers adopt
strategic approaches to aiming and reaching that optimize not only movement speed and movement accuracy (e.g., Fitts
1954), but also energy expenditure (Elliott et al. 2009). Here, we show that participants from the four special populations
also exhibit strategic approaches to the aiming/reaching task that minimize the impact of the additional constraints associated
with their specific abilities and disabilities.

With respect to aging, where there is a general deterioration in multiple perceptual-motor systems, participants
adopted a strategy of slowing down and undershooting the target with the initial movement impulse in order to avoid the
temporal and energy costs associated with target overshooting. This strategic approach resulted in a greater reliance on limb-
target control late in the movement for target acquisition. People with Down syndrome also perform aiming and reaching
movements more slowly compared to adults without Down syndrome. However, in this case, it is likely because they have
difficulty forming stable internal models that contribute to the feedforward component of early impulse control. Rather than
exhibiting strategic target undershooting (cf. older adults), the limb trajectories of adults with Down syndrome are
characterized by lower peaks and multiple discontinuities in the kinematics, which manifest particularly near the end of the
movement (i.e., demonstrating a greater dependence on inefficient proprioceptive and visual limb-target control for people
with Down syndrome).

Autistic adults also learn to slow down their movements in order to achieve acceptable movement accuracy while

minimizing energy expenditure. This strategy is adopted to accommodate a noisier than average force production system
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which results in greater spatial variability in the movement trajectory early in the movement. Part of this variability appears
to stem for difficulties with sensorimotor integration that makes it more difficult for people with autism to develop an internal
model of limb control for specific task demands. With respect to our model, this shortcoming associated with movement
planning increases the probability of a mismatch between the perceived and expected sensory consequences of a particular
aiming/reaching movement and thus impulse-control. To the advantage of autistic individuals however, this rapid feedback
system appears to be operational and trajectory variability diminishes before the end of the primary movement. Importantly,
this early feedforward process becomes more efficient and effective following sensorimotor training.

With respect to tetraplegia and tendon transfer, we have a group with presumably intact movement planning and
visual feedback processing systems who now must execute elbow extension movements with a muscle that was not designed
for that task. This same muscle (i.e., posterior deltoid) must also decelerate elbow flexion movements. This situation results
in a noisier force production system that the performer accommodates by decreasing the absolute forces in goal-directed
aiming and reaching movement in order to minimize spatial variability and thus increase movement accuracy. As our model
specifies for typical adult performers, people with tendon transfer surgery must strike an optimal compromise between
moving too quickly and producing movements that, on a large proportion of trials, require time and energy consuming
corrective submovements, or moving so slowly that movement completion times are disproportionately long. Perhaps this is
why the spatial-temporal characteristics of the aiming trajectories of people in this group most resembled those of control
participants.

Almost 25 years ago, Latash and Anson (1996) wrote an important Brain and Behavioral Sciences commentary on
“What are ‘normal” movements in atypical populations?” They made the argument that when we study motor control and
learning in atypical groups what we often see in their behaviors is adaptive attempts to minimize the impact of a
compromised perceptual-motor system, rather than the perceptual-motor problem per se. As an example, the shuffling gait
associated with Parkinson’s disease probably reflects a strategy to minimize difficulties with balance and locomotion rather
than a characteristic of the disease. Although we agree with this analysis at the movement outcome level, if one is guided by
a theoretical model of motor control, and does a microanalysis of movement substructure in a variety of experimental
contexts, it is sometimes possible to identify the problems as well as the adaptive solution developed by the specific atypical
group. With the help of our model and detailed kinematic analyses, we believe have accomplished at least some of that goal
here. Specifically, one consistent theme across the four groups we examined was the ability of the performers to adapt their
movement strategy to accommaodate, or at least limit the impact of, the constraints associated with their motor performance

systems. Also apparent was the rather large impact even small changes to the environment and/or task demands had on some
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types of performance. This latter finding provides promise to educators and health professionals tasked with helping people

from various special groups optimize the goal-directed movements associated with daily living.
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Footnotes
In the majority of studies covered in this review, the term “older” refers to participants of 60 years plus while
“younger” participants are typically under the age of 40 years.
Helsen and colleagues (2016; cf. Kitchen and Miall 2019) suggested that at least part of the conservative strategy
adopted by older adults may be related to a deterioration in proprioceptive sensitivity. It is certainly possible that
age-related deterioration in several sensory-motor systems contributes to the play-it-safe aiming strategy generally
adopted by older adults.
Professional discourse around disability has typically adopted a person-centered approach, which aims to describe
the individual as a person that has a disability rather than a person who is disabled. In recent years, however, there
has been a push from within the autism community to alter the use of language so as to take a disability-first
approach; that is, to describe autistic individuals rather than persons with autism (Kenny et al. 2016). The
fundamental idea is that person-centered language implies that there is a 'typical’ person that can be understood as
separate from their autism, rather than a person whose life is in part defined by being autistic This position is
consistent with the perspectives of the autistic individuals with whom we have worked, and we have accordingly
adopted that terminology in this manuscript.
Unlike people with Down syndrome, autistic adults exhibit an anticipatory awareness of their own movements
(Glazebrook et al. 2008). This ability along with efficient impulse control suggests adults with autism form and
maintain at least some type of representation of impending action.
Mosconi and colleagues (2015) reported greater force variability in individuals with autism during an isometric
force production task. Specifically, variability differences between individuals with and without autism increased
with the absolute magnitude of the isometric target force and were more pronounced when visual feedback was
disrupted.
This kinematic result was similar to the findings for outward aiming movements of tetraplegics without tendon
transfer (e.g., Koshland et al. 2005). The difference of course was that the reaching movements in the Robinson et
al. (2010, 2014) work involved the elbow and not the shoulder. In research involving tetraplegia, both with and
without tendon transfer surgery, the control group has always been neurotypicals. To our knowledge, the two

groups have not been compared to each other.



