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ABSTRACT 

An important window into sensorimotor function is how humans interact with and 

stop moving projectiles, such as catching a ball. Previous studies have primarily 

investigated stopping of moving projectiles using either real-world experiments, which 

are constrained by laws of mechanics, or augmented-reality interception paradigms with 

massless objects, which do not engage postural responses. The purpose of this 

dissertation was to develop a virtual paradigm that allows for the decoupling of the 

mechanical interaction between a projectile and the to systematically probe the 

relationship between object dynamics and limb motor control. In a series of 

experiments, we used the Mechanical STopping Of Projectiles (MSTOP) task to 

simulate the physics of mechanical interactions with projectiles, but not the movement 

of the hands that are required to stop projectiles in the real-world. We aimed to explore 

how varying the momentum of the projectile, via changes in speed, acceleration, and 

virtual mass, affected anticipatory and compensatory motor responses. Our results 

showed that the amplitude of force and arm muscle activation, both in anticipatory 

(before the collision) and compensatory (during the collision) phases, are similar to 

results observed in real-life catching studies: response amplitude increased with the 



increase in object momentum, regardless of whether the momentum increase was due 

to object speed, acceleration, or mass. In contrast, the timing of these motor responses 

in the anticipatory phase, were different to the results observed when interacting with 

objects in the real-world that experience acceleration due to gravity. Our results showed 

that participants increased their hand force above baseline levels closer to the time of 

contact between the hand and the object in anticipation of higher momentum collisions. 

Finally, our experiments showed, in agreement with previous findings, that the ability to 

match an objects’ velocity with smooth pursuit eye movements decreased with objects 

moving at higher speeds, for both objects moving at constant speeds and with 

acceleration. Together, our experiments present a viable framework for using virtual 

paradigms to mimic the physics of mechanical interactions needed for stopping a 

projectile, opening new possibilities for understanding how we prepare and update our 

visuomotor responses in dynamic environments. 
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CHAPTER 1 

INTRODUCTION 

Imagine trying to catch an egg that has been knocked off the counter. To 

accomplish this time-sensitive task, we need to detect a change in the stimulus (i.e., 

that it is falling), select an appropriate motor action (i.e., reach toward object), specify 

the motor plan (i.e., where to move), and execute the movement (i.e., activate 

appropriate muscles). Each aspect of the motor response is shaped by our perception 

and changing environmental cues, for example visual perception of the object’s mass 

and shape to scale our grip forces, or perception of the object’s speed to time the 

movement. Understanding the behavioral and neural mechanisms underlying these 

types of perception-action or sensorimotor tasks will provide an important window into 

how human’s successfully (or unsuccessfully) interact with moving objects that require 

simultaneous force control and posture stabilization.  

Catching a falling object is an example of a class of actions that involve stopping 

a projectile. Stopping a projectile is a complex sensorimotor task that requires 

consideration of the properties of the projectile to create and execute an appropriate 

motor plan. Other real-life examples of stopping a projectile are: stopping a car door 

pushed by the wind from closing, stopping a child on a swing, stopping an object sliding 

across a surface, stopping a ball thrown at you with a tool (racket, bat, paddle), and 

catching an object thrown at you with your hand. We might not always consider these 

types of tasks as “complex” given their prevalence, however, studying them allows us to 
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gain insight into how we process kinematic information from projectiles and ultimately 

how we shape our motor responses depending on this information. In this chapter, we 

focus mainly on catching literature since it is the most extensively studied stopping task 

and mostly resembles the mechanics of the virtual task introduced in this dissertation. 

Catching a ball or an object following a projectile motion is widely used in many 

sports and in some situations of our daily living. The eye-hand coordination required to 

catch a ball with one hand is typically acquired at around 4 years of age and refined for 

the following 6+ years (Williams, 1992). One-handed catching relies on integrating 

perceptual information about the object, such as its size, texture, speed, and location, 

with previous experience to make decisions that allow us to specify the appropriate 

motor command.  

In a catching task, early visual information provides information about an object’s 

location in space of the object and the timing at which the impact will occur (Panchuk et 

al., 2013). Accurate perception of this information is facilitated through eye movements, 

Typically, our oculomotor system engages in three main types of eye movements during 

catching: fixations, saccades, and smooth pursuit. Fixations occur when observers keep 

their gaze at a stationary location, holding the image of an object stable on the fovea 

(Fooken et al., 2021). Saccades are discrete, step-like, ballistic movements that direct 

the eyes toward a visual target within tens of milliseconds (Collewijn & Tamminga, 

1984; Krauzlis, 2005). Smooth pursuit eye movements (SPEM) are defined as slow eye 

movements used to track moving objects, that aim to closely match the velocity of the 

eye with the velocity of moving objects, to maintain a high spatial resolution of the fovea 

(Ilg, 1997). SPEM is of particular importance for catching. The primary goal of SPEM is 
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to stabilize the retinal image of the moving object of interest (Souto & Kerzel, 2021). 

Catch-up saccades are saccades that take place during SPEM. These catch-up 

saccades are necessary during the tracking process when the eye starts lagging behind 

the target, due to a high velocity or to an unexpected trajectory change (Orban de Xivry 

& Lefevre, 2007). However, even if they help the eye catch-up to the moving target 

quickly, during the time of its execution the visual system is not able to detect 

displacement in the visual world (Bridgeman et al., 1975). Therefore, the ability to match 

the velocity of the moving object with the eyes (referred to as SPEM gain), and to 

therefore minimize catch-up saccades, is useful for successful interceptive tasks such 

as catching (reviewed in Fooken et al., 2021). 

The motor responses required to catch a ball or more generally stop a projectile 

can be grouped into two main phases: before and after impact with the projectile. The 

time before the contact of the object with the hand will be referred to as the anticipatory 

phase. In ball-drop tasks, this phase is sometimes referred to as anticipatory muscle 

activation or anticipatory postural adjustments (Berg & Hughes, 2017; Lacquaniti & 

Maioli, 1989b; Lang & Bastian, 1999; Shiratori & Latash, 2001). In this phase, the motor 

responses are guided based on the perception of the characteristics of the object (e.g., 

baseball or tennis ball) (Ilg, 2008) and its trajectory (e.g., straight-line or curved path) 

(Fink et al., 2009), as well as prior exceptions about the object’s flight path (e.g., playing 

catch with our little brother vs. a professional baseball player) (Kazennikov & Lipshits, 

2010a). In essence, any movement or preparatory activity (of the muscles, eyes, etc.)  

occurs in anticipation to what we think the impact between the object and the hand will 

be like. The anticipatory phase is related to feedforward control, which is the predictive 
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component needed in fast and coordinated movements when sensory information is 

limited and delayed. Feedforward responses are planned in advance based on the 

efference copy of the motor command (Kawato, 1999; Pisotta & Molinari, 2014). This 

type of control has the advantage that it allows for quick reactions, given that the errors 

can be anticipated instead of detected (Ohyama et al., 2003).  

As soon as the initial contact happens, there is additional sensory information 

available about the actual impact and the accuracy of the anticipation of the impact. 

This additional sensory information will produce compensatory movements. Thus, motor 

responses recorded after the impact will be categorized as the compensatory phase. 

The compensatory phase is related to feedback control, which involves modifying 

ongoing movements based on information from the sensory receptors (Seidler et al., 

2004). This type of control allows for modulation of the initial motor command when it is 

found to be inaccurate (Desmurget & Grafton, 2000). In ball-drop tasks, the time after 

contact is typically referred to as the “reflexive response”. However, here we prefer the 

term compensatory, which encompasses both the reflexive and voluntary feedback-

based mechanisms likely to occur after contact (Berg & Hughes, 2017). 

Consider the example of stopping a tennis ball with a racket, which will elicit both 

anticipatory and compensatory control mechanisms (Fig. 1.1). The anticipatory phase, 

mainly involving feedforward control, will occur before the contact of the ball with the 

racket. The feedforward control will take into consideration the initial hand/racket 

location, and the initial target/ball location. Based on the desired outcome, which is to 

stop the ball, a motor plan will be calculated using an internal model, anticipating the 

force that needs to be applied to stop the ball. Finally, the motor command will be 
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executed. As soon as the ball touches the racket, information from the sensory and 

proprioceptive receptors can be compared to the ongoing motor command to guide 

compensatory responses, making corrections as needed to achieve the desired 

outcome. Both anticipatory and compensatory responses are shaped by a “forward 

model” of limb dynamics, which generates and updates an estimate of motor plan based 

on continuous motor (i.e., current position and forces of the arm) and sensory (i.e., 

current position and momentum of the target) information. 

In the sections below, we detail the known neural mechanisms thought to 

underlie responses in both the anticipatory and compensatory phases (Fig. 1.2). The 

central nervous system will be divided in 3 of its main areas: the cerebellum, the cortex, 

and subcortical regions. The involvement of each area will be described for both 

anticipatory and compensatory phases.  
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Figure 1.1. Feedforward and feedback control diagram. Forward model of arm 

dynamics to control hand movements. In the example of stopping a tennis ball with a 

racket, the anticipatory phase starts with the hand location and the moving target 

location, which is constantly being updated by the visual system. Based on the desired 

outcome of stopping the ball, a forward model is used to estimate the needed motor 

plan. In the anticipatory phase, the motor command is executed without any additional 

information from the collision. The compensatory phase happens after the collision 

between the racket and the ball. When the collision happens the feedback controller 

uses additional sensory information from the collision to identify any error signals (ES) 

based on the predicted and the actual outcome to estimate the corrective command and 

execute compensatory movements as needed. Figure from Desmurget & Grafton 

(2000). 
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Figure 1.2. Neural control involved in anticipatory and compensatory phases of motor 

control. The main cortical areas involved in anticipatory control are: primary motor (M1), 

medial frontal (PF), and posterior parietal cortices. The main cortical areas involved in 

compensatory control are: primary somatosensory (S1), primary motor, posterior 

parietal areas 5 (5) and 7 (7), and premotor cortices (dorsal premotor, dPM; 

N ATU RE REVI EWS | NEUROSCIENCE VO LU M E 5 | JU LY  2004 | 5 3 5
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supplementary motor area, SMA). Cortical areas send direct projections to motor 

neurons in the spinal cord and indirect projections via the brainstem to influence muscle 

activity. The cerebellum (C) and basal ganglia (BG) each play distinct roles in both the 

anticipatory and compensatory phases. Together, there are multiple circuits involving 

connections between the cortex, basal ganglia, thalamus, cerebellum, and brainstem 

that continually integrate sensory information with motor output during anticipatory and 

compensatory control. V1: visual cortex; RN: red nucleus; RF: reticular formation; VN: 

vestibular nuclei. Figure from Scott, 2004. 

 

Neural Mechanisms of the Anticipatory Phase 

Anticipatory (or feedforward) control is mediated by a highly interconnected 

network between the cerebellum, cortex, and subcortical regions. In this section, we will 

review the known functions of these regions and describe how they are hypothesized to 

contribute to anticipatory control.  

Cerebellum 

The cerebellum is involved in temporally-specific learning, playing an important 

role as a sensorimotor predictor (Bastian, 2006; Ohyama et al., 2003; Pisotta & Molinari, 

2014) to modulate the feedforward response. There is also evidence that it might be 

involved in a network that processes cognitive prediction, with its output being projected 

to the prefrontal cortex through the thalamus (Fautrelle et al., 2011). 

Several internal models have been proposed to explain the cerebellum’s role in 

motor learning and control (Ebner & Pasalar, 2008; Miall et al., 1993). The internal 

model hypothesis proposes the need of an inverse dynamics model to explain the 
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execution of fast and coordinated movements that could not be executed by biological 

feedback loops alone (Kawato, 1999; Tanaka et al., 2020). There are two different types 

of internal models—forward and inverse models. There are advantages to each type of 

internal models when considered individually, and there is also evidence on the 

advantages of a computational model that has multiple paired forward and inverse 

models (as reviewed in Wolpert et al., 1998).  

Forward internal models take the efference copy of the motor command to 

predict the sensory consequences; meaning that given the current state of the system 

and the motor command, it predicts the next state, allowing preparation of the 

musculoskeletal system for successful movement execution (Kawato, 1999; Pisotta & 

Molinari, 2014; Wolpert et al., 1998). An experiment of eye-hand coordination provides 

evidence of cerebellar areas, including the paramedian and biventer lobules (VIII), and 

the vermis (VII), playing a role in learned eye-hand tracking tasks (Miall & Jenkinson, 

2005). This learning is suggested to be achieved with a forward model based on a 

predictive signal originated in the cerebellar area controlling the leading effector (eye or 

hand). 

Inverse internal models calculate and provide the necessary motor command to 

achieve a desired change in state (Kawato, 1999; Wolpert et al., 1998). In a study with 

predictable perturbations while holding an object with precision grip, Monzée & Smith 

(2004) observed that the interpositus nucleus in the cerebellar white matter and the 

intermediate zone of the cerebellar cortex are involved in the generation of an internal 

inverse dynamics model that compensates for predictable perturbations in grasping and 

object manipulation (Monzée & Smith, 2004). In this case, the necessary motor 
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command to resist the perturbation would be calculated from an inverse model of the 

arm, hand, and object. 

Experiments with patients with cerebellar deficits performing goal-directed arm 

movements such as reaching have been instrumental in determining the role of the 

cerebellum in motor control and learning. Studies that exposed participants to force 

fields while reaching showed that motor adaptation to external forces is impaired in 

patients with cerebellar degeneration. In contrast to healthy adults, who implicitly adapt 

to the force field after a few trials, in cerebellar patients changes in motor commands 

from trial to trial were random and unrelated to the previous trial error (Maschke et al., 

2004; Smith & Shadmehr, 2005). Also, this impairment is highly correlated with the 

progression of the cerebellar degeneration (Maschke et al., 2004). Movement planning 

has also shown to be impaired in both predictable and unpredictable aiming movements 

with the contralateral arm of patients with unilateral cerebellar hemisphere stroke 

(Fisher et al., 2006).  

In a series of experiments, Lang and Bastian (1999, 2001) tested catching 

performance in healthy individuals and individuals with lesions to cerebellar regions. In 

one experiment, participants were instructed to catch a ball that would eventually 

change in weight but not in appearance. Patients with cerebellar damage presented a 

specific impairment in the generation of appropriate anticipatory muscle activity, which 

was not the case for participants without the lesion (Lang & Bastian, 1999). In a follow-

up experiment, participants received preparatory information about the ball by having 

them hold and release the ball with their non-catching hand, thus providing information 

about the weight and height of the ball, as well as release time. Despite this advanced 
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information about the object’s properties, patients with cerebellar lesions showed the 

same impairment in adjusting the muscle activity in preparation for the impact (Lang & 

Bastian, 2001), suggesting an inability to appropriately modulate feedforward control 

based on previous experience. 

Cortical areas 

In eye-hand coordination tasks, before the hand movement even begins there is 

cortical activity along frontoparietal networks corresponding to the processing of 

sensory stimuli and motor planning (Gallivan & Culham, 2015). During the execution of 

the task, parietal, premotor, and primary motor cortical areas will show additional activity 

related to the sensorimotor integration and motor execution. Cortical representations of 

both eye and hand movements in parieto-frontal circuits are widespread and 

overlapping, enabling coordination (Filimon, 2010). In this section we will describe which 

cortical areas are involved in the anticipatory phase, including the preparation time 

before motor execution (before the object release in a catching task) up to the contact of 

the object with the hand (time between object release and catch). 

In the anticipatory phase of a free-falling catching task, a study with middle-aged 

adults showed there was cortical activity integration seen in the contralateral left 

hemisphere (for right hand catches) in three main areas: primary motor, medial frontal 

cortex, and posterior parietal cortices. The activity in these areas, measured with 

electroencephalography, increased during the period of expectancy before the release 

of the ball, and significantly decreased after the drop of the ball (but before the catch) 

(Machado et al., 2008). 
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The primary motor cortex has reciprocal connections with other cortical regions, 

such as the supplementary motor cortex and the premotor cortex, as well as 

connections with thalamic nuclei (Brunia, 1999). These cortico-cortical and thalamo-

cortical loops not only explain the well-known function of the primary motor cortex in 

motor execution, but they also result in anticipatory activity related to sensory facilitation 

and implicit memory processes in preparation for motor actions (Brunia, 1999; Machado 

et al., 2008; Zang et al., 2003). For example, when preparing a hand motor action, there 

is evidence of distinct hand representations in dorsal and ventral premotor areas, that 

provide the major sources of input from the frontal lobe to the primary motor cortex 

(Dum & Strick, 2005; Hoshi & Tanji, 2007). In a repetitive transcranial magnetic 

stimulation study, premotor cortex was shown to play a causal role in using prior 

expectations to aid in preparation for interception (de Azevedo Neto & Bartels, 2021).  

The left supplementary motor cortex has also been shown to be involved during the 

preparation period in a 2D manual catching task that involved feedforward control 

(Tombini et al., 2009). 

Primary motor cortex receives top-down influence from prefrontal areas via 

dense connections with premotor cortices. Activity in contralateral medial frontal cortex 

is related to planning and preparation of a motor action, especially for self-generated 

movements and timing (Machado et al., 2008). Thus, this region may interact with more 

lateral premotor areas involved in attentional orienting and anticipation (Coull & Nobre, 

1998; Szurhaj et al., 2003) to control the timing and anticipatory postural adjustments 

for catching. 
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Lastly, during the expectancy period in a catching task, there is activity seen in 

the posterior parietal cortex in the contralateral left hemisphere (Machado et al., 2008). 

In accordance with Machado et al. (2008), activation localized to the left hemisphere 

has been seen in preparation of praxis movements (tool use pantomime and 

communicative gestures) (Wheaton et al., 2005). Activation in both hemispheres in the 

posterior parietal cortex has demonstrated to play a role specifying the spatial location 

of the target as well as the location of the hand in the planning of a reaching movement 

requiring arm-finger coordination in eye-centered coordinate frames (Beurze et al., 

2007; Ramnani et al., 2001). Evidence from functional MRI in human subjects suggests 

that ipsilateral posterior parietal activation contributes to grip and load force coordination 

to provide grasp stability, which is essential in dynamic object manipulation (Ehrsson et 

al., 2003). Finally, along with the cerebellum, the posterior parietal cortex has been 

proposed as representing a forward model for rapid online motor control, predicting the 

current state of the moving limb as well as the sensory consequences of the movement 

(Desmurget et al., 1999; Mulliken et al., 2008).  

Subcortical areas 

The previously mentioned cortical and cerebellar areas involved in anticipatory 

responses have connections with several subcortical areas that aid in the preparation of 

these responses. The main subcortical areas that we will discuss in this section will be 

the thalamus and the basal ganglia. 

Structurally there is evidence of many basal ganglia-thalamocortical circuits. In 

general, these circuits have the following organization in common: specific areas in the 

cortex send excitatory projections to the striatum, including the putamen, the caudate 
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nucleus, and the ventral part of the striatum (Spencer, 1976). The striatum discharges 

and sends inhibitory projections through the other nuclei in the basal ganglia, such as 

the globus pallidus, the substantia nigra pars reticulata and the ventral pallidum, which 

in turn projects to the nuclei in the thalamus. Finally, the thalamus sends excitatory 

projections back to the cortex (Alexander & Crutcher, 1990a; Brunia, 1999). However, 

there is also evidence of some of these circuits act as loops, where the path back to the 

cortex has not only the thalamocortical circuit described above, but also a nonreciprocal 

corticothalamic pathway (McFarland & Haber, 2002). 

The basal ganglia motor circuit, specifically, has projections from the primary 

motor cortex, premotor cortex, supplementary motor area, and somatosensory cortex to 

the putamen. These projections have a somatotopic organization in the putamen 

(Alexander & Crutcher, 1990a; Brunia, 1999). Then the putamen sends projections to 

four nuclei of the thalamus via the globus pallidus and the substantia nigra pars 

reticulata, which then project back to the cortex. Specifically, the ventral anterior 

mangnocellular nucleus of the thalamus projects to the supplementary motor area, the 

ventral anterior parvocellular nucleus projects to the premotor cortex, the centromedian 

nucleus projects to the motor cortex, and the pars oralis of the ventral posterolateral 

nucleus projects to all three cortical areas (Schell & Strick, 1984; Strick, 1976). 

In behavioral studies, there is evidence of activation in the putamen not only 

when executing movements, but also during preparation. The preparatory activity for 

visually-guided arm movements in this area has shown selective directionality—both 

limb-dependent, where the activity encodes specific limb movements irrespective of 

target location, and target-dependent, where the location of the target is encoded 
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irrespective of the limb movement needed to reach it (Alexander & Crutcher, 1990b). 

This same preparatory activity seen in the putamen was simultaneously seen in the 

supplementary motor area and primary motor cortex, indicating parallel processing 

(Alexander & Crutcher, 1990b). This parallel processing is supported by the structural 

organization and functional specificity seen in the basal ganglia (Alexander et al., 1986; 

Haber, 2010). 

The thalamus has different nuclei that send excitatory projections to the cortex. 

The reticular nucleus, however, does not have projections to the cortex, instead it plays 

an inhibitory role within the thalamic relay nuclei. This inhibitory control is believed to aid 

with selective attention and motor preparation by inhibiting irrelevant information and 

enhancing relevant information (Brunia, 1999). The involvement of the thalamus in 

movement preparation has been shown in a study with patients with deep brain 

stimulation electrodes in the thalamus. There is activation seen in the movement 

preparation phase in this area before performing a self-paced wrist extension movement 

(Paradiso et al., 2004). 

Muscle Activity During the Anticipatory Phase 

Muscle activity prior to a catch is typically measured with surface EMG to define 

both the amplitude and timing of the anticipatory response. Amplitude refers to 

quantifying the strength of the response before the impact, whereas timing typically 

refers to quantifying when the muscle activity increases above baseline in relation to the 

contact of the ball with the hand. Both parameters are important to understand what 

variables are taken into consideration when preparing an anticipatory response. The 
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muscle activity anticipatory response will also vary depending on the muscle that is 

being measured and the role it plays, i.e., whether it is an agonist or an antagonist. 

In previous studies with free-falling balls, the amplitude of the EMG responses in 

muscles involved in this type of catching, such as the wrist flexors, has constantly been 

shown to increase with higher ball weights. This amplitude-dependent response is 

observed when participants are given prior information on the weight of the ball or 

perform the task in a block design (Berg & Hughes, 2017, 2019; Eckerle et al., 2012; 

Kazennikov & Lipshits, 2010b). In contrast, there are inconsistencies in the findings 

when catching balls of unknown weights. Some studies showed an intermediate EMG 

activation relative to the maximum EMG needed for the task (i.e., EMG was 92.8% of 

the activation used to catch the heaviest ball) (Berg & Hughes, 2017; Eckerle et al., 

2012), whereas others showed an EMG amplitude activation as if anticipating to catch 

the heaviest load (i.,e EMG was 99.7% of the activation used with the heaviest ball) 

(Berg & Hughes, 2019; Kazennikov & Lipshits, 2010b). These findings suggest that 

participants use prior expectations about the mass of the object to-be-caught to scale 

the amplitude of the anticipatory EMG response. 

In a series of experiments, Lacquaniti & Maioli (1989b) not only manipulated the 

mass of the ball, but also the height of the ball drop. With these experiments they were 

able to create similar values of ball momenta (mv: mass x velocity at impact) at impact, 

by using different combinations of ball masses and drop heights. They found a linear 

relation between ball momentum and mean amplitude of late EMG anticipatory 

responses (computed during the 50 ms interval before impact) from the biceps, triceps, 
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and flexor and extensor carpi radialis. This suggests that the momentum of the ball 

modulates the amplitude of the EMG anticipatory response. 

Shiratori & Latash (2001) conducted a similar study that manipulated both the 

mass and height of the load. In this study, however, they also estimated the kinetic 

energy (mgh: mass x gravity constant x release height), which is not dependent on the 

velocity of the object during the fall but can be estimated in advance with the available 

information of the mass and distance between the object and the hand. When 

correlating the anticipatory EMG magnitude with both the momentum and the kinetic 

energy, the kinetic energy showed a higher correlation than the momentum under the 

condition where the experimenter released the load. This condition provided some 

uncertainty on the exact load release time since it happened randomly between 1-3 s 

after a warning tone. However, there were no differences in the correlations under the 

self-release condition, where the participant released the load with their other hand. 

This suggests that under time constraints, like in the experimenter-release condition 

(the exact release time was unknown and the release height was smaller than that in 

the Lacquaniti & Maioli (1989b) experiments), the anticipatory response might have 

been planned based on the available information prior to the release, suggesting 

predictive processes. In contrast, in the self-release condition, the release time is 

known, allowing the participant to use the flight information to estimate the momentum 

at the time of contact, suggesting more reactive processes. 

To estimate the timing of the anticipatory EMG activation during catching, some 

studies calculate the total amount of muscle activity (EMG integral) for different intervals 

of time preceding the drop and the catch, and in other studies the onset of muscle 
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activity (increase above baseline values) is analyzed in relation to the object drop or to 

the contact between the object and the hand. Each type of analysis provides 

complementary information about response timing and its underlying mechanisms. 

The first approach was used in a study by Berg & Hughes (2017), where they 

analyzed total muscle activity in three separate fixed time intervals: 500 - 100 ms (far) 

and 100 ms (near) prior to the ball drop, and ~400 ms after the drop but before the 

catch. By looking at different muscles involved in catching and stabilizing, they were 

able to identify the earliest time period in which modulation related to the characteristics 

of the catch occurs. They found that in both the far and near pre-drop intervals, the 

biceps, triceps, and anterior deltoid (arm stabilizing muscles), and the lumbar erector 

spinae (posture stabilizing muscles) did not modulate their response based on the 

weight of the ball, whereas the wrist flexors (main catching muscles) did. In the interval 

after the drop and before the catch, in addition to the wrist flexors, the biceps, triceps, 

and the anterior deltoid also showed modulation based on the weight of the ball. 

Together, the results of this study suggest that with a short yet constant flight time, the 

only muscles preparing for the expected impact in a predictive way are the main 

catching muscles, whereas once the ball is released the arm stabilizing muscles are 

also engaged. 

Similar to the above mentioned study, D'Andola et al. (2013) showed that when 

catching balls with short flight times, the anticipatory EMG activation reflected a 

combination of both reactive and predictive processes. In this case, participants had to 

catch flying balls projected frontally with different flight times. Their results showed that 

arm and shoulder muscles were activated mainly in two phases: an early phase of 
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activation was generated in response to the detection of the ball launch and involved 

muscles used to raise the hand from the resting position to the region of interception. 

The late phase was timed with the hand-ball impact and involved muscles that guided 

the hand to the interception point.  

In accordance to these results, Lacquaniti & Maioli (1989b) ball-drop experiments 

showed that the latency of EMG anticipatory responses had two phases with time fixed 

components relative ball release and impact. The early phase was fixed at about 130 

ms after the release of the ball independently of release height. The late phase 

however, did show an increase in mean latency values with height. This result was 

replicated by Shiratori & Latash (2001) in a paradigm in which the same load was 

dropped from different heights. The height of the drop showed to influence the timing of 

the EMG activation prior to the catch, with the muscle activation starting earlier for the 

largest release height. 

Force Responses During the Anticipatory Phase 

Measuring arm and hand forces during real-life catching tasks is not as straight 

forward as measuring muscle activation. Because of this, to get an idea of the 

anticipatory force response when interacting with moving objects with momentum, 

experimenters have come up with different experimental set-ups to simplify the 

movement and isolate groups of muscles. 

Finger grip force is one of the most commonly studied measures for investigating 

anticipatory control. Catching grip force studies typically use a protocol where 

participants hold a receptacle with their fingers, and a load is dropped into it. In this 

case, the force applied against the receptacle is measured when holding the receptacle 
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alone in preparation for the load perturbation. With this type of setup Johansson & 

Westling (1988) and Kazennikov & Lipshits (2010b) showed similar results in 

anticipatory force latency and amplitude. For the latency, the increase in grip force was 

recorded about 150-200 ms prior to the impact of the load with the receptacle, and this 

latency was not affected by the mass of the load, even when the participants were not 

aware of the load. Both studies showed amplitude modulation according to the weight of 

the ball, with greater anticipatory force seen with the heavier loads. Johansson & 

Westling (1988) included in their study different drop heights, finding that the height of 

the drop influenced grip force, with longer anticipatory periods of grip force increase 

seen in higher drops. On the other hand, Kazennikov & Lipshits (2010b) included 

different load knowledge conditions, where verbal information about the mass of the 

load was provided prior to the drop in some trials. They found that in the absence of 

mass information, the grip force amplitude was adjusted to receive the impact of the 

heavier load. 

Kazennikov (2011) performed different variants of the finger grip force protocol to 

vary the release height, availability of visual information, and the load release time. In 

the first variant, the setup was the same as the described in the two previous studies, 

but a wide range of drop heights were tested. For the greater heights (>70 cm), the grip 

force latency was associated with the time of the impact and varied with height, with grip 

force increase starting closer to the impact with increasing heights. However, for the 

smaller heights, the latency was associated with the time of the drop and did not vary 

with height. In the second variant, participants released the load but were deprived of 

visual information during the fall. In this case, the latency of the grip force was 
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associated with the time of the impact, based on previous experience. In both variants, 

the amplitude of the grip force showed modulation based on the height of the drop, with 

greater amplitude seen at the moment of the impact in the trials with greater heights. 

Smooth Pursuit Eye Movements (SPEM) During the Anticipatory Phase 

SPEM is used for accurate perception of object characteristics during a 

sensorimotor task involving a moving target. In tasks involving stopping projectiles, 

SPEM primarily contributes to the anticipatory response, though few studies have 

measured eye movements during free-falling catching. In this section we will define the 

main features of SPEM, describe the neural pathways that process visual information 

gathered with SPEM, and discuss the role of SPEM in perception-action paradigms. 

The main goal of SPEM is to avoid retinal motion when tracking moving targets 

(Souto & Kerzel, 2021). For the initiation of SPEM, if the moving target cannot be 

anticipated, or its trajectory cannot be predicted, the onset of SPEM will lag about 100 

ms, because of delays in the visual system (Thier & Ilg, 2005). SPEM will often utilize 

on-line gain (eye velocity over target velocity) adjustments when tracking moving targets 

that experience perturbations or sudden changes in the motions (Ono, 2015). There are 

two recognized different phases in SPEM: the initiation or open-loop phase, and the 

steady state or closed-loop phase. The open-loop and closed-loop phases are driven by 

retinal versus extraretinal control signals, respectively (Lisberger, 2010).  

The initiation or open-loop phase happens at the beginning of the movement, 

typically defined as first 100 ms. This phase consists of constant acceleration to be able 

to match the target’s velocity and foveate it, and then usually ends or is followed by a 

catch-up saccade. Importantly, during this phase the eye movements are not affected 



 

 22 

by visual feedback or compensatory eye movements. In relation to the stages in motion 

integration, the initiation phase is driven by first-order motion signals (i.e., a pattern 

defined by luminance) (Souto & Kerzel, 2021; Thier & Ilg, 2005). 

In the following phase, the closed-loop or steady state, the velocity of SPEM is 

closer to the velocity of the object, thereby decreasing the retinal position error; 

however, this error is not kept constant or eliminated. Usually the SPEM gain is kept 

around 0.95 at its highest (Collewijn & Tamminga, 1984), with the eye lagging in relation 

to the target. This phase can be driven by second-order motion signals, suggesting it is 

sensitive to top-down attention, unlike the open-loop phase (Souto & Kerzel, 2021). 

Neural pathways for SPEM 

Many brain structures contain anatomically differentiated regions specialized for 

either saccades or SPEM. Saccades and SPEM are driven by shared retinal inputs and 

controlled by distinct yet overlapping brain regions, pointing to an integrated system that 

combines both pathways to achieve a main goal when tracking a moving object (Orban 

de Xivry & Lefevre, 2007). In this section we will describe specifically the cortical and 

subcortical pathways specialized in SPEM, since this eye movement is of the most 

interest to us. 

Sensory information from moving targets is identified through retinal motion. 

Neuroreceptors in the retina transmit this information via the optic nerve to the lateral 

geniculate nucleus (LGN), where the information is divided in six different layers. The 

inputs from these layers arrive in the primary visual area (V1) in the cortex. Two of 

these LGN layers correspond to magnocellular pathways, which have motion-
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processing information as their input (Bassi & Lehmkuhle, 1990; Merigan & Maunsell, 

1993). 

The middle temporal visual area (MT), also known as area V5, in the cortex 

receives direct projections from V1. MT specializes in the processing of visual motion 

and contains neurons that have a high degree of direction and speed selectivity 

(Maunsell & Van Essen, 1983). In this area, the representation of object motion occurs 

relative to the retina (retina-centered coordinates). In contrast, the neighboring middle 

superior temporal area (MST), which receives input from MT, represents object motion 

in relation to the world (world-centered coordinates) (Ilg et al., 2004; Thier & Ilg, 2005). 

MST is divided in two main areas that have different functions—the lateral-anterior part 

of MST (MSTl) and the dorsal-medial part of MST (MSTd).  

Neurons in MSTl have small receptive fields and respond at short latencies (~50-

80 ms) from target motion onset (Ono & Mustari, 2011). Neurons in this area are 

responsible for the integration of visual signals with ocular and head motion, allowing to 

represent targets in world-centered coordinates (Thier & Erickson, 1992). On the other 

hand, MSTd contains neurons that have large visual receptive fields and have 

directional selectivity (Ono, 2015). Activation in this area is often present 50 to 100 ms 

after eye movement onset, suggesting no involvement in the initiation, but rather in the 

maintenance of SPEM (Newsome et al., 1988; Ono & Mustari, 2011). Neurons in this 

area have shown sensitivity to nonretinal information such as pursuit of imaginary 

targets or pursuit of targets that briefly disappear (Ilg & Thier, 2003; Newsome et al., 

1988).  
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After visual motion signals are processed in MST, these are transformed into eye 

movement commands, initiating and controlling SPEM through different descending 

pathways (Krauzlis, 2005; Thier & Ilg, 2005). One of the pathways has projections from 

MST to the frontal lobe, specifically to the frontal eye field (FEF) and supplementary eye 

field (SEF).  

SPEM in the FEF has been shown to be represented in the arcuate fundus and 

posterior bank, approximately at the level of the principal sulcus (Gottlieb et al., 1994). 

Neurons in this area contribute to SPEM initiation and maintenance, as well as the 

modulation of gain signals at different stages of processing (Gottlieb et al., 1994; 

Tanaka & Lisberger, 2002a, 2002b). FEF neurons also aid in the prediction of target 

trajectories, as compensation for long delays in visual motion processing (Fukushima, 

Yamanobe, Shinmei, & Fukushima, 2002). Furthermore, an area of FEF encodes eye 

movements in three-dimensional cartesian representations, in addition to the separate 

encoding of frontal pursuit (both eyes moving in the same direction) and vergence 

tracking (eyes moving in opposite direction for depth) common in other cerebral cortex 

and brainstem areas (Fukushima, Yamanobe, Shinmei, Fukushima, et al., 2002; Gamlin 

& Yoon, 2000).  

SEF is located in the most anterior dorsal aspect of the supplementary motor 

area (Shook et al., 1990). Neurons in SEF have been shown to facilitate anticipatory 

SPEM by increasing eye velocity and decreasing the eye movement latency only when 

target motion is predictable; however it is not able to trigger SPEM initiation if the target 

motion is not expected (Missal & Heinen, 2004). Both FEF and SEF have known direct 
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and indirect connections to pre- and paraoculomotor areas of the brain stem (Shook et 

al., 1990). 

The main subcortical structures known to be involved in SPEM control include 

the superior colliculus, basal ganglia, pontine nuclei, and some other premotor nuclei 

(Krauzlis, 2005; Thier & Ilg, 2005). A direct projection from the cortex to the brain stem 

is through the superior colliculus. The rostral area of the superior colliculus seems to 

coordinate the initiation of SPEM through buildup activity (Krauzlis, 2003) determined by 

a position signal through a real-time estimation of the retinal location (Basso et al., 

2000; Krauzlis, 2001, 2005). 

Nuclei within the basal ganglia, such as the substantia nigra pars reticulata (SNr) 

and the caudate nucleus, are not only involved in the production of saccades, but also 

play a role in SPEM. The FEF subregion encoding SPEM has efferent connections to 

the caudate nucleus in the basal ganglia, with only limited overlap with the terminal 

fields from the FEF subregion encoding saccades (Cui et al., 2003). SNr has been 

shown to receive input from both the SPEM subregion of the FEF (Basso et al., 2005) 

as well as the caudate nucleus (Lynd‐Balta & Haber, 1994). The SNr provides a 

permissive disinhibition, with neurons showing a reduced discharge rate during the 

initiation and maintenance of SPEM (Basso et al., 2005). 

The two main pontine nuclei that play an important role in SPEM are the 

dorsolateral pontine nucleus (DLPN) and the nucleus reticularis tegmenti pontis 

(NRTP). The DLPN receives input related to metrics of SPEM, such as position, 

velocity, acceleration, and gain control, from cortical areas MT and MST, and projects 

as mossy fibers to the flocculus of the cerebellum (Glickstein et al., 1994; Mustari et al., 
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1988; Ono & Mustari, 2007; Ono & Mustari, 2011). Lesions in the DLPN produce deficits 

in the initiation, maintenance, and adaptation of SPEM (May et al., 1988; Ono & 

Mustari, 2007). The NRTP receives input from the FEF and the superior colliculus, and 

projects to the cerebellar vermis. Lesions in the NRTP has been shown to be involved in 

the initiation and maintenance of SPEM (Suzuki et al., 1999; Thielert & Thier, 1993). 

The cerebellar flocculus plays a role in the transmission of visual motion 

information used for the initiation of SPEM, and it also provides gaze velocity feedback 

during the steady state phase of SPEM aiding in the process of maintaining eye velocity 

(Stone & Lisberger, 1990). Cerebellar vermal lobules VI and VII (oculomotor vermis) 

integrate eye movement and spatial orientation information from all major precerebellar 

nuclei, allowing it to coordinate saccades and SPEM, contributing to the tracking of 

moving objects (Shinmei et al., 2002; Takagi et al., 2000; Thielert & Thier, 1993).  

After all this information is integrated in the cerebellum, it is relayed through 

connections with brainstem pre-motor circuits, mainly with the vestibular nuclei, which is 

involved in the programming of eye movements (Keller & Heinen, 1991; Miles, 1974). 

Vestibular nuclei neurons are essential for SPEM generation both during eye-only 

tracking (head-restrained) and eye-head tracking (unrestrained), supporting the 

hypothesis that these nuclei are the final neural integrators used by the oculomotor 

system to communicate the motor plan to the motoneurons (Cannon & Robinson, 1987; 

Cullen et al., 1993; Lisberger et al., 1994; Roy & Cullen, 2003). 

SPEM in perception-action 

The effect of SPEM on motion perception is still under debate. Some evidence 

show that SPEM impairs motion perception, whereas others suggest SPEM enhances 
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perception, and some evidence showing no effect (Spering & Montagnini, 2011). In this 

section we will share some evidence for each of those different findings. 

An example of the impairment of motion perception with SPEM is the Aubert-

Fleischl phenomenon identified decades ago, where an object is perceived to move 

more slowly when it is tracked with SPEM compared to when it is viewed during fixation 

(Gibson et al., 1957). Similarly, there is evidence of eye movements affecting the 

perceived speed of a distal stimuli. A distal stimulus is perceived as slower when the 

eyes are moving in the same direction as the stimulus, compared to when the eyes are 

still. When the eyes move in the opposite direction as the stimulus, the perception of 

speed depends on the on the size of the stimuli, with small stimuli increasing the 

perception of speed and large stimuli decreasing the perception of speed (Turano & 

Heidenreich, 1999). 

In other contexts, perception can be enhanced with SPEM. For example, a virtual 

paradigm (“eye soccer”) in which participants had to judge whether a target would hit or 

miss a vertical line showed that motion direction prediction was significantly different 

depending on eye movements. Specifically, motion prediction was significantly better 

when tracking the target than when fixating on it (Spering et al., 2011). Estimation of 

time to contact in a prediction motion task is enhanced when pursuing the object rather 

than fixating at the arrival location, showing the importance of extra-retinal and retinal 

input for this task (Bennett et al., 2010). Another aspect of perception being enhanced 

with pursuit over fixation is for perceptual coherence (integration of local features into 

global constructs), shown in a task where participants were presented with a chevron 

symbol moving behind an occluder with two apertures (Hafed & Krauzlis, 2006). 
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In a prediction motion paradigm where the time to contact of an accelerating 

object had to be estimated with a motor response by pressing a button, SPEM does not 

seem to benefit this temporal prediction, but it does not impair it either (Benguigui & 

Bennett, 2010). In the same way, perceptual direction discrimination did not differ with 

SPEM or fixation, with similar direction thresholds and perceptual performance for both 

eye movements (Krukowski et al., 2003). 

Neural Mechanisms of the Compensatory Phase 

Cerebellum 

As previously discussed, the cerebellum plays an important role as a predictor 

using internal forward models. In this section, we will consider the cerebellum’s role in 

the correction of motor errors in response to the difference between the sensory 

feedback information and the desired planned outcome from the forward model. 

In a study with patients with cerebellar ataxia and control subjects, participants 

were asked to perform a hand pursuit task where the movement in their wrist 

determined the direction of the cursor (Kakei et al., 2019). They had to maintain the 

cursor position inside the moving target as much as possible while the target moved at 

a constant speed in a determined pattern that they had practiced. Using this task, both a 

predictive and feedback component of the pursuit movement could be extracted. The 

results showed that as expected, the predictive control component was missing in the 

patients with cerebellar ataxia as expected. In contrast, a corrective control based on 

sensory feedback was similar for both patients and control subjects, suggesting no 

impairment in feedback control. 
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Therefore, the cerebellum may not play a role in sensory feedback control 

directly, which is why even when cerebellar damage is present, in tasks that don’t 

require a predictive component, we are still able to identify motor errors when sufficient 

sensory information (e.g., visual errors in visuomotor adaptation tasks) is available to 

see the discrepancy between our end goal and current state. However, the inability to 

use sensory prediction for our motor plans does have consequences in the 

characteristics of our movements (ataxia) and ultimately our sensory prediction error 

learning is impaired (Therrien & Bastian, 2019). This suggests that the cerebellum does 

play a role reducing future prediction errors by adapting to the difference between the 

actual sensory information and the one predicted from the forward model (Desmurget & 

Grafton, 2000). 

Cortical areas 

The cortex is the main structure involved in feedback control. Feedback control in 

sensorimotor tasks require processing of somatosensory and visual information to 

influence our ongoing motor actions. The main cortical areas that we will discuss in this 

section are the primary somatosensory cortex and the primary motor cortex as sensory 

receptors; and the dorsal premotor, primary motor, and posterior parietal cortices, as 

effectors of the corrections. 

To be able to identify a mismatch between our goal and our current state, we 

need continuous information of our interaction with the environment through 

somatosensory and proprioceptive signals. The primary somatosensory cortex 

constantly receives limb afferent signals like cutaneous information, helping us identify, 

for example, stretching of the skin in the case of a perturbation (Omrani et al., 2016). 
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The primary motor cortex, on the other hand, receives proprioceptive afferent signals 

from the different body parts giving the current status of the musculoskeletal system for 

fast feedback control (Scott & Kalaska, 1997). 

The dorsal premotor cortex has shown to play a role in goal-directed corrections 

in response to mechanical perturbations, showing perturbation-related activity about 30 

ms after the perturbation. In cases when the perturbation was used as the signal to 

initiate a movement into a target, the dorsal premotor cortex seems to play a role in 

selecting the appropriate action based on the sensory feedback (Omrani et al., 2016). 

More evidence of the involvement of this area in feedback control is seen with its 

deactivation by cooling, where the corrections to perturbations become slower and less 

accurate (Takei et al., 2021).  

The primary motor cortex has shown to be able to integrate afferent information 

into motor commands that account for the limb’s mechanical properties. In the case of a 

perturbation, these motor commands evidence fast feedback control, appropriately 

countering the torque within 50 ms (Pruszynski et al., 2011). In unperturbed reaching, 

the primary motor cortex also shows activity that seems to be modulated by the sensory 

feedback from the limb (Takei et al., 2018). 

Posterior parietal cortex has been shown to be involved in online adjustments of 

hand trajectory contributing to the estimate of limb kinematics (Archambault et al., 

2011). Deactivation of the posterior parietal cortex showed impaired spatial accuracy by 

increasing the endpoint error when making corrections to unexpected mechanical 

perturbations (Takei et al., 2021). 
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Subcortical areas 

The current knowledge of the role of the basal ganglia in feedback control is 

oriented towards the use of offline feedback control in learning. Specifically, the basal 

ganglia is involved in processing the motor output of a trial to influence future trial 

performance. Specifically, the subthalamic nucleus shows greater activity with 

movements that have small motor errors (a positive outcome), influencing the 

programming of subsequent trials (Brown et al., 2006; Kempf et al., 2007). These 

findings point to the role of the basal ganglia in using feedback from accurate responses 

for selecting motor parameters for future movements (Brown et al., 2006). 

The thalamus, on the other hand, does seem to have a role in online feedback 

control through the processing of sensory information. Several nuclei in the dorsal 

thalamus show topographic representations of skin, muscle, and joint receptors of the 

contralateral body, with projections to anterior and posterior parietal somatosensory 

areas in the cortex (Padberg et al., 2009). 

Muscle Activity During the Compensatory Phase 

Compensatory muscle activity is observed in direct response to the increase in 

load generated by the impact. Depending on the latency of the muscle activity, the 

compensatory activity can be categorized as reflexive (20-105 ms after perturbation) or 

voluntary (120 ms after perturbation). The reflex activity happens in response to the 

stretching of agonist muscles as a result of the impact. The reflexive responses can be 

further categorized as short-latency (20 - 45 ms) and long-latency (45 -105) responses 

(Cluff & Scott, 2013; Pruszynski et al., 2008). The short-latency period engages spinal 

circuits in response to the lengthening of the muscle, whereas the long-latency period 
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engages cortical areas, which allows for movement corrections depending on the 

circumstances (Scott et al., 2015). 

Before the muscle activity increases in response to the impact, there is a 

depression in activation seen right before and after the moment of impact (10 ms) 

(Johansson & Westling, 1988; Shiratori & Latash, 2001). This decrease in muscle 

activity is seen despite the previous increase in EMG activation due to the anticipatory 

response. The decrease in the activity is thought to indicate that the drive of the 

involved muscles is accurately timed to the impact (Johansson & Westling, 1988). 

Muscle activation in the compensatory stage has been studied in the context of 

catching free-falling objects. Berg & Hughes (2017) defined the compensatory response 

by analyzing the overall activity in a 500 ms period after the ball drop under different 

conditions. They found that there was greater compensatory muscle activity when 

catching heavier masses. In addition, the uncertainty of the mass modulated the 

compensatory activity, with greater muscle activity seen in the trials where the mass of 

the load was not known in advance. Specifically in the short-latency window, the mean 

amplitude of the compensatory response has seen to be 13 times the activity seen in 

the baseline amplitude (Lacquaniti & Maioli, 1989b). The baseline values for this 

analysis were calculated as the average over 20 ms centered on impact time. 

Compensatory muscle response amplitude has also shown to be sensitive to visual 

information. In the absence of vision, long-latency compensatory muscle activity was 

greater compared to when visual information was available (Lacquaniti & Maioli, 1989a). 

The latency of the compensatory muscle activity observed tends to vary across 

the different experiments and the muscles used in the task; however, the majority of the 
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compensatory activity is generally isolated to the short-latency window. Lacquaniti & 

Maioli (1989b) found that both flexor and extensor muscles had latencies between 15-

20 ms, with a return to baseline values between 40-60 ms after impact. Kazennikov 

(2011) saw activity in the biceps brachii starting at 20-25 ms, and in the extensor carpi 

radialis at 25-28 ms after impact. Shiratori & Latash (2001) saw latencies between 35-

45 ms for flexor and extensor arm muscles. Finally, Johansson & Westling (1988) found 

differences in latencies between proximal and distal arm muscles, with shorter latencies 

between 35-40 ms for the proximal muscles (triceps brachii, brachioradialis), and 

latencies in the long-latency window between 55-65 ms for the distal hand muscles 

(abductor pollicis brevis, first dorsal interosseus). 

Force Responses During the Compensatory Phase 

Depending on where the force sensors are placed, some protocols allow for the 

recording of both anticipatory and compensatory catching forces. For example, in the 

protocol described above where participants hold a receptacle in which a load is 

dropped, compensatory forces in response to the load perturbation can be measured in 

addition to anticipatory forces applied to the receptacle. Protocols where participants 

are directly catching a load can also provide compensatory force information. Since in 

this case, the load has the force sensors itself, more specific information of object 

manipulation can be extracted, but force information can only be recorded after the 

contact between the load and the hand (i.e., only the compensatory response is 

measured). 

When holding a receptacle where a load was dropped, grip force reached its 

maximum value 54 ms after the hit with the receptacle (note that the latency of the grip 
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force was before the impact), and this value did not depend on the mass of the load or 

previous knowledge of the load. Instead, the compensatory peak grip force depended 

on the mass of the load when the load was known, with higher values for the heavier 

loads. However, this effect was only found when preliminary mass information about the 

load was provided (Kazennikov & Lipshits, 2010b). 

In the absence of visual information during the fall and timing of the drop, 

success rates were low, resulting in a high number of receptacle slips. In the successful 

trials no anticipatory activity was present, and grip force latency varied between 70-80 

ms (Johansson & Westling, 1988) and 63-71 ms after the onset of the impact, reaching 

its peak value at about 100 ms (Kazennikov, 2011).  

Nowak & Hermsdörfer (2004) looked at compensatory finger grip force when 

directly catching a free-falling load either released by the participants opposite hand or 

by an experimenter. In both conditions the load was released within 3 s of a verbal “go” 

signal provided by the experimenter. This study showed that there was a difference in 

the maximum rate of grip force increase and maximum grip force between conditions, 

with greater values seen in the experimenter-release condition. The time to reach 

maximum grip force (relative to the time point from the first detectable grip force signal) 

was longer in the experimenter-release condition. These findings indicate a greater 

insecurity when the load was not manipulated by the participant before the drop, which 

would provide more accurate information about the mass of the load, and the precise 

time of release, even with this protocol where the weight did not vary between trials, and 

visual information about the object and hand of the experimenter were always available. 
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Experimental Overview 

In real-life interactions, we are used to dealing with objects with mass moving at 

non-constant speeds. For example, when catching an object following a projectile 

motion, we always have to take into consideration the acceleration and deceleration 

caused by gravity. Similarly, we need to account for the friction between the object and 

the surface when intercepting an object rolling toward us, which causes the speed of the 

object to change. Most catching tasks used to study motor control concern catching 

falling objects, which by necessity will occur under accelerating conditions (Berg & 

Hughes, 2017; Lacquaniti & Maioli, 1987; Lang & Bastian, 1999; Shiratori & Latash, 

2001). However, previous experiments involving some aspect of catching using virtual 

environments typically involve interception tasks with massless objects moving at 

constant speeds, or do not include limb kinetics associated with the projectile 

kinematics of the target (Bosco et al., 2012; Faisal & Wolpert, 2009).  

To better mimic real-world interactions with projectiles in virtual environments, it 

is necessary to incorporate force conditions and acceleration to the moving objects. To 

bridge the gap between real-world catching and virtual interception studies, we 

developed a virtual paradigm that we called Mechanical STopping Of Projectiles 

(MSTOP) (Fig. 1.3). This paradigm simulates the physics of mechanical interactions 

between the hand and a projectile moving in a horizontal plane. This paradigm allows 

us to control object characteristics, such as speed, acceleration, and mass, that affect 

the impulse experienced by the hand when interacting with a projectile, and to look at 

motor responses such as force, EMG activity, and eye movements.  
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The MSTOP task leverages an augmented-reality robotic manipulandum 

(KINARM End-Point Lab, KINARM, Kingston, ON, Canada) with integrated eye-tracking 

(Eyelink 1000; SR Research, Ottawa, ON Canada). Figure 1.4 depicts the general set-

up used for the MSTOP task. Participants are seated with their forehead resting on the 

top of the apparatus (to facilitate accurate eye-tracking) while they view virtual targets 

displayed on horizontal screen. Participants interact with the virtual targets by grasping 

the robotic handle with their right hand and moving the handle to control the position of 

a virtual cursor displayed on the screen. The robotic handle both applies and records 

force data. EMG electrodes are placed on their right arm to capture muscle activity 

while performing the task. 

Our ability to stop moving objects in real-world conditions depends on our 

estimation of the object properties, and in particular, object acceleration. One appealing 

hypothesis that humans have an internal model of gravity, stating that the lifelong 

exposure to this constant acceleration is internalized and learned through experience 

(Zago & Lacquaniti, 2005a). Our estimation of the time-to-contact with objects 

accelerating under gravity conditions is good; however previous research has shown 

that our visual system’s ability to identify arbitrary accelerations is not very accurate 

(reviewed in Zago & Lacquaniti, 2005b). Because of this, in the second experiment we 

included acceleration conditions, positive and negative, to see if it had any effect on the 

motor responses, particularly on the timing of the anticipatory responses. 

Experiment 1 (Chapters 2 and 3):  

The aim of this experiment was to determine how varying the momentum of a 

projectile by changing its speed or mass affected the anticipatory and compensatory 
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responses. We hypothesized that the amplitude and timing of force and EMG 

anticipatory responses would be scaled by the momentum of the object regardless of 

how the momentum was modified, as well as the compensatory force response. We 

also hypothesized that participants would use SPEM to better estimate the time of 

contact with the object, and that its gain would be lower with higher speeds. 

Experiment 2 (Chapter 4):  

The aim of this experiment was to examine anticipatory and compensatory motor 

responses when stopping a projectile with different accelerating conditions. We 

hypothesized that the motor responses would be affected by the type of acceleration of 

the moving objects. We predicted that the use of early visual information, as well as the 

poor accuracy in identifying arbitrary accelerations, would cause participants to 

underestimate the object’s momentum when it was accelerating, and to overestimate 

the momentum when the object was decelerating. We also hypothesized that SPEM 

responses would be similar for the different acceleration groups because of our visual 

system’s poor ability to identify arbitrary accelerations.
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Figure 1.3. Main goal of the Mechanical STopping Of Projectiles (MSTOP) task. The 

majority of virtual tasks (left) that study timing of motor responses when interacting with 

moving objects are based on interception of massless objects. These tasks typically do 

not require postural adjustments or measure limb kinetics. Real-world catching of falling 

objects tasks (right), have the advantage of a real physical interaction between the ball 

and the hand. However, the motor responses will always be shaped to objects 

experiencing gravity-specific acceleration The MSTOP task was created to bridge the 

gap between current virtual and real-world tasks. It simulates the physics of mechanical 

interactions with projectiles, but also has the advantage the virtual environment, where 

objects do not need to conform to the laws of nature. The top left figure was taken and 

modified from Malla, Smeets & Brenner (2017), and the top right figure from Lang & 

Bastian (1999).  
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Figure 1.4. Robotic manipulandum used for the MSTOP task. The KINARM End-Point 

Lab (KINARM, Kingston, ON, Canada) was used to develop the MSTOP task. The 

robotic handle applies and records force data, while gaze data is collected with an 

embedded eye-tracking system (Eyelink 1000; SR Research, Ottawa, ON Canada) and 

EMG activity is recorded from four muscles of the right arm. Figure from Barany et al., 

(2020). 
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CHAPTER 2 

OBJECT MOTION INFLUENCES FEEDFORWARD MOTOR RESPONSES DURING 

MECHANICAL STOPPING OF VIRTUAL PROJECTILES: A PRELIMINARY STUDY 
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Abstract 

An important window into sensorimotor function is how humans interact and stop 

moving projectiles, such as stopping a door from closing shut or catching a ball. 

Previous studies have suggested that humans time the initiation and modulate the 

amplitude of their muscle activity based on the momentum of the approaching object. 

However, real-world experiments are constrained by laws of mechanics, which cannot 

be manipulated experimentally to probe the mechanisms of sensorimotor control and 

learning. An augmented-reality variant of such tasks allows for experimental 

manipulation of the relationship between motion and force to obtain novel insights into 

how the nervous system prepares motor responses to interact with moving stimuli. 

Existing paradigms for studying interactions with moving projectiles use massless object 

and are primarily focused on quantifying gaze and hand kinematics. Here, we 

developed a novel collision paradigm using a robotic manipulandum where participants 

mechanically stopped a virtual object moving in the horizontal plane. On each block of 

trials, we varied the virtual object’s momentum by increasing either its speed or mass. 

Participants stopped the object by applying a force impulse that matched the object 

momentum. We observed that arm force increased as a function of object momentum 

linked to changes in virtual mass or speed, mirroring results from studies involving 

catching free-falling objects. In addition, increasing object speed resulted in later onset 

of hand force relative to the impending time-to-contact. These findings show that the 

present paradigm can be used to determine how humans process projectile motion for 

hand motor control.



 

 42 

Introduction 

An important visuomotor task that humans perform with relative ease is stopping 

projectiles. For example, in everyday contexts humans may be tasked with stopping a 

door with a spring from closing shut or catching a saltshaker slid across the table. 

Similarly, many sports rely on stopping moving objects, such as a hockey goalie 

stopping a puck with their stick or a soccer player stopping the ball with their foot. These 

actions require that the activity of antagonist limb muscles be appropriately scaled and 

precisely timed to absorb the projectile momentum during contact. 

In a series of seminal studies, Lacquaniti and colleagues showed that projectile 

kinematics directly influenced activation of muscles both before and during impact 

(Lacquaniti et al., 1991, 1992; Lacquaniti et al., 1993; Lacquaniti & Maioli, 1989a, 

1989b). They showed two interesting results. First, the anticipatory muscle responses 

were tuned parametrically to the estimated momentum (mass x speed) of the projectile 

(reviewed in Fig. 3, Zago and Lacquaniti 2005a) such that the consequent increase in 

limb impedance stabilized the arm during the large and transient transfer of momentum 

from the projectile to the arm. Second, projectile speed appeared to have little to no 

effect on the timing of anticipatory muscle activation prior to contact (reviewed in Zago 

and Lacquaniti 2005a). However, since these studies primarily used balls falling freely 

under gravity, they could not manipulate the motion of the projectiles to test how motion-

processing of moving projectiles contributes to timing and scaling of limb motor 

responses.  

The goal of the present study is to understand how the visuomotor system 

transforms motion signals to control interactions between the body and moving objects. 
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To that end, we developed an augmented-reality based paradigm. We simulated the 

physics of mechanical interactions between the hand and a projectile moving in the 

horizontal plane (no acceleration). We call this the Mechanical STopping Of virtual 

Projectiles (MSTOP) paradigm. This paradigm allows us to replicate the mechanical 

interaction between a projectile and the hand when humans apply limb force to stop 

moving projectiles. In our paradigm, we programmed a robotic manipulandum to 

replicate the mechanical interaction between a projectile and the hand during collision. 

We did that by simulating the physical equivalence between momentum and applied 

impulse (area under force-time curve) defined by Newton’s Second Law. We also 

adopted an explicit and strict task criterion - to successfully stop the projectile, 

participants must apply a force impulse within a 5% margin of error to the momentum of 

the projectile. Our paradigm is different from existing paradigms that use massless 

virtual objects to quantify how humans prepare and execute interception movements to 

moving objects (Brenner & Smeets, 2011; Mrotek & Soechting, 2007; Tresilian, 2005). 

Specifically, our paradigm also allows us to measure how humans control limb force 

and stabilize posture during interactions with moving projectiles. 

In this paper, we introduce this new motor control paradigm with a simple 

experiment. We tested how systematically varying the momentum of a projectile by 

changing either its speed or its mass affected limb force. We varied the mass and 

speed of virtual objects moving towards the participant in different blocks and measured 

limb forces before and during contact between the hand and the virtual object. Based on 

previous reports (reviewed in Zago and Lacquaniti 2005a), we predicted that the 

amplitude of the feedforward limb forces prior to the contact would scale with object 
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momentum whether the momentum increased due to speed or mass. Our results 

confirmed this expectation; participants increased limb force prior to impact based on 

the momentum of the object. In addition, our virtual paradigm allowed us to decouple 

the mass and speed of the object to test the prediction that motor response timing is 

based on a continuous estimate of time-to-collision (Lee, 1976; Tresilian, 1991). In 

contrast to reports on catching free-falling objects that found timing is invariant to object 

motion characteristics (Lacquaniti & Maioli, 1989b), we observed that participants 

increased limb force closer to the time of impact at higher momentums, especially when 

the increase in object momentum was due to an increase in its speed. These proof-of-

concept results will allow us to test specific hypotheses in the future to probe how 

humans control limb forces in anticipation of a mechanical interaction with moving 

projectiles.  

Methods 

Participants 

Twenty participants (20.6 ± 2.04 years; 10 ♀) completed the study. All 

participants were right-handed, had no history of neurological disorders, and had no 

current injuries or pain of the upper limbs. Each participant provided written informed 

consent prior to participating and were compensated for their time. All procedures were 

approved by the local Institutional Review Board of the University of Georgia, Athens, 

GA. 

Apparatus 

The task was performed on a robotic manipulandum (KINARM End-Point Lab, 

KINARM, Kingston, ON, Canada) that participants grasped with their right hand. The 
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robotic arm could be moved in a horizontal plane and a mobile arm support 

(SaeboMAS, Saebo Inc., Charlotte, NC, USA) was used to support the weight of the 

participant’s arm to avoid fatigue. Visual objects were generated using an online Gabor-

patch generator (https://www.cogsci.nl/gabor-generator), with fixed parameters 

(orientation: 90°, size: 96 pixels, Gaussian envelope, standard deviation: 24 pixels, 

frequency: 0.1 cycles/pixel, and phase: 0 cycles). The color scheme of the object was 

used to differentiate the object’s assigned virtual mass (see below). Note that unlike true 

Gabor patches, the object had a clear boundary and was easily detectable in the 

workspace (see Fig. 2.1). 

Task Design 

Participants performed a Mechanical STopping Of Projectiles (MSTOP) task 

where the objective was to “stop” a virtual circular object moving in the negative Y 

direction (towards the body, Fig. 2.1A) by applying a force pulse to bring object 

momentum to 0. We assigned a virtual mass to an object and then multiplied it with its 

speed (in the KINARM frame of reference) to obtain a momentum for the virtual object. 

Since the change in momentum and applied impulse (area under force-time curve) are 

equivalent (Eq. 1, Newton’s Second Law), we converted the momentum of the object 

into an impulse template (see Fig. 2.1B) that the KINARM robot applied to the 

participant’s hand when the object contacted the hand (right panel, Fig. 2.1A). This 

allowed us to replicate critical aspects of mechanics of catching.  

 

m × ∆V = ∫ F(t)dt
t=∆t

t=0
  (1) 
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Here, the term on the left-hand side is the change in momentum; the term on the 

right-hand side is the impulse, the integral of force and time. To bring an object 

approaching the body with a speed V and an assigned mass ‘m’ to a complete stop, the 

hand will have to apply a time-varying force F(t) over ∆t s. We fixed ∆t to 90 ms. When 

the object contacted the hand, the robot applied the impulse on the left-hand side of Eq. 

1 over 90 ms with a 10 ms long rise time and fall time and a 70 ms steady state force. 

Participants experienced that impulse as simulating a contact between the object and 

the hand. During the contact between the hand and the object, participants were 

instructed to try to match that impulse applied by the robot as closely as possible (±5% 

of the impulse applied by the robot) to bring the object to a stop. Exemplar force profiles 

applied by the robot are shown in Figure 2.1B (left panel) for objects with different 

speeds and masses. 

Object momentum (Low or High) was varied across experimental blocks via 

changes to either the object’s speed or mass (right panel of Fig. 2.1B and Table 2.1). 

The momentum difference between the Low (0.41 kg.m/s) and High (0.58 kg.m/s) 

momentum conditions was ~41%. For each condition, there were two sub-conditions: 

one in which the difference between Low and High momentum was due to object speed 

(Speed Low vs. Speed High) and one in which the momentum difference was due to 

object ‘mass’ (Mass Low vs. Mass High). Object mass was visually represented by 

using different colors for Mass High (dark blue with gray lines on the Gabor patch) and 

Mass Low (light blue with gray lines). In the Speed sub-conditions, the object was 

always red with yellow lines to denote no changes in mass. The purpose of the sub-

conditions was to explore whether any differences in limb motor control observed with 



 

 47 

increases in momentum depended on specific features of the object dynamics. 

Importantly, this decoupling of speed and mass can only be achieved in augmented-

reality environments. 

 

Table 2.1 

Object mass, speed, and momentum/robot impulse values for the experimental sub-

conditions. 

Sub-

condition 

Mass (kg) Speed (m/s) Momentum 

(kg.m/s) or 

Impulse (N.s) 

Speed Low 2.32 0.18 0.41 

Speed High 2.32 0.25 0.58 

Mass Low 1.87 0.22 0.41 

Mass High 2.65 0.22 0.58 

 

 

Procedure 

At the beginning of each trial, participants moved the cursor representing their 

hand location into a designated collision area (5 x 10 cm, rectangle) and maintained a 

static hold until the end of the trial. If their hand escaped the rectangle, the trial was 

aborted and repeated. When participants entered their hand in the rectangle, a 

background load (4 N in the -Y direction, see Fig. 2.1A) was applied and stayed on for 

the remainder of the trial. Background loads were applied to stabilize the hand prior to 
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the presentation of the moving object (Barany et al., 2020; Singh et al., 2017) and to 

minimize unnecessary anticipatory hand movements that would affect the measurement 

of force onset. After a fixed delay of 1,700 ms, a fixation cross appeared in the middle of 

the screen (20 cm away from the center of the rectangle). Participants were instructed 

to fixate on the cross until it disappeared (600 ms). Then the circular object (1 cm 

radius) appeared on the same position 200 ms after the cross disappeared and 

immediately started moving in the -Y direction towards the middle of the collision area 

(Fig. 2.1A).  

Participants were asked to stop the object by matching the force impulse applied 

by the robot. The precise instruction given to the participant was “match the force 

applied to the hand so that the object stops.” Participants were allowed to move their 

hand as long as the hand stayed within the rectangle. It is important to note that the 

mechanical interaction during the contact is primarily determined by feedforward 

commands to muscles and muscle’s intrinsic viscoelastic properties (Burdet et al., 2013) 

because the 90 ms contact duration is too short for voluntary feedback correction. 

Though fast feedback corrections are observed in muscle activity within the first 50-100 

ms after mechanical perturbations (reviewed in Scott 2012; Kurtzer 2015), hand force is 

likely low-pass filtered by the musculoskeletal system (Burkholder, 2016) and 

consequently may not include effects of feedback responses.  

The performance of a participant in three different trials of the Speed Low sub-

condition along with the impulse applied by the robot (Robot Force as a function of time) 

is shown in Figure 2.2A. For ideal task performance, the limb force should mirror the 

robot force. However, ideal performance is almost never achieved because Newton’s 
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Third Law does not apply to a free limb, i.e., a limb is not a rigid body. Other groups 

have also modeled non-rigid mechanical interactions during collision between the hand 

and a moving projectile using Hooke’s Law (Kuling et al., 2019). Thus, because the two 

reactive forces (object on hand and hand on object) are not equal, we provided a ±5% 

force error margin for participants to be successful on a trial. Note that the 5% error 

margin was a fairly strict criteria as the Weber fraction for force production is between 

10-20% (Debats et al., 2012; Jones, 1986). 

Participants were given two forms of feedback – one with the object and another 

one with a visual scale (see Fig. 2.2B). Object feedback had three different levels: if the 

impulse was matched within a ±5% margin of error (see Eq. 2), that would imply that an 

appropriate impulse was applied to match the momentum of the object and the object 

would stop after the contact (reflecting a successful stop). If the impulse applied by the 

participant was higher than the 5% margin of error, that would imply that more than the 

necessary impulse was applied, and the object would “fly back” and move in the +Y 

direction (overshoot). Lastly, if the impulse applied by the participant was lower than the 

margin of error, the object would continue unabated on its original trajectory in the -Y 

direction towards the participant (undershoot).  

 

−5 ≤ ∑ (
FHand∆t−FRobot∆t

FRobot∆t
)t=90 ms

t=1 ms × 100 ≤ 5   (2) 

 

In addition to discrete object feedback, participants were provided a more 

continuous measure of performance by adding a visual analog scale that had a green 

center region surrounded by red region. The scale was set up based on Eq. 2, with the 
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green region indicating the ±5% margin of error and the red regions indicating how low 

or high the applied impulse was from the impulse required to bring the object to rest. 

Feedback was displayed for 1,700 ms, followed by an inter-trial delay of 2,500 ms.  

Participants performed two blocks of 35 trials for each of the four sub-conditions 

(8 blocks, 280 trials total). The block order was counterbalanced across participants 

such that half of the participants performed the four Mass sub-condition blocks first and 

the other half performed the four Speed sub-condition blocks first. Within each sub-

condition, the block order (e.g., Momentum High or Low) was randomized for each 

participant and across participants. 

Data recording and analysis 

All analyses were performed in MATLAB (Mathworks R2020b, Natick, MA). We 

treated the first three trials in each block as practice and only performed analyses on 

the remaining 32 trials. Hand kinetics and kinematics were sampled at 1 kHz and 

digitally low-pass filtered (second-order, dual-pass Butterworth, 50 Hz effective cutoff). 

For each sub-condition, we calculated the number of trials in which the hand impulse (1) 

successfully matched the robot impulse within the 5% margin of error (correct), (2) was 

above the margin of error of the robot impulse (overshoot), and (3) was below the 

margin of error of the robot impulse (undershoot). For each trial within a block, we 

calculated the overall hand impulse applied as well as the percentage difference 

between the impulse applied by the robot and the participant (see Equation 2), 

∆Impulse (%).  

Participants typically increased their hand force and moved their hand slightly 

toward the object (1-3 cm) right before contact. Thus, we quantified when the hand 
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force and hand speed increased above baseline values in anticipation of the contact 

with the object during the static hold. Since analyses based on hand speed produced 

similar results to analyses of hand force, we used the force data for all subsequent 

analyses. 

We first calculated the mean force applied against the background load in an 

interval (t = [-500, -400 ms]) prior to the contact and then subtracted it from the peak 

force recorded from the force sensor during contact. Then starting from the point of 

contact (t = 0), we went backward in time and defined hand force onset as the first time 

point when the hand force dropped below 5% of the peak force value (Fig. 2.3). 

We then calculated two parameters for the feedforward control of hand force. 

First, we calculated the peak hand force at contact (t = 0) and called it the anticipatory 

peak force (APF). We then fit a first order polynomial to the force data between the 

hand force at the time of hand force onset and APF and computed the slope of the fitted 

line. This slope provided a measure of rate of force development (RFD) between hand 

force onset and APF. 

Finally, we calculated the distance along the Y-axis between the hand and the 

object at hand force onset. We then computed the time of hand force onset, TOFO, by 

dividing this variable by object speed (see Equation 3) (Lee, 1998; Tresilian, 1999).  

 

TOFO =
yobject−yhand

object speed
        (3) 

Statistics 

We conducted two-way repeated measures ANOVAs using object momentum 

(Low or High) and sub-condition (Mass or Speed) as within-subject factors to compare 
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collision performance, hand impulse, ∆Impulse, RFD, APF, and TOFO across 

conditions. The level of significance was set at a = 0.05 and effect sizes are reported 

using generalized η2. Post-hoc comparisons were performed using paired t-tests, with 

adjusted p values using the Bonferroni method. All values are reported as mean ± SE. 

All statistical analyses were performed in R (version 4.0.4).  

Results 

Limb force during collision depends on object momentum  

Participants applied impulses within the acceptable range of 95-105% of the 

impulse applied by the robot in 48.07 ± 1.40% across all conditions. There was a small 

main effect of object momentum on the percentage of correct trials (F(1,19) = 5.35, p = 

0.03, η2 = 0.01). Post-hoc comparisons showed participants performed better in the 

Mass High (51.3 ± 2.6%) than in the Mass Low (46.4 ± 2.96%) sub-condition (p = 0.01), 

and no difference between the Speed High (47.7 ± 2.88%) and Speed Low (46.9 ± 

2.83%) sub-conditions (p  = 1.00). On trials that participants did not match the robot 

impulse correctly, they were more likely to apply too much force (overshoot) at the Low 

momentum conditions (main effect of momentum: F(1,19) = 48.91, p < 0.001, η2 = 0.16) 

and to not apply enough force (undershoot) in the High momentum conditions (main 

effect of momentum: F(1,19) = 24.03, p < 0.001, η2 = 0.08). Post-hoc comparisons 

showed that this pattern of overshooting and undershooting the ideal impulse was 

consistent for both Mass and Speed sub-conditions (all p’s < 0.05) (Fig. 2.4A). 

On average, participants were able to match the applied robot impulses of 0.41 

N.s (Low) and 0.58 N.s (High) almost exactly: there was a large main effect of object 

momentum on the limb impulse (F(1,19) = 2980.05, p < 0.001, η2 = 0.96), with larger 
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hand impulses for Mass High (0.58 ± 0.004 N.s) and Speed High (0.57 ± 0.004 N.s) 

than Mass Low (0.42 ± 0.005 N.s) and Speed Low (0.41 ± 0.003 N.s) p’s < 0.001). This 

confirms that the task was doable in that participants proportionately increased their 

hand impulse with an increase in object momentum due to increases in either speed or 

mass (Fig. 2.4B). 

There was a significant main effect of object momentum on ∆Impulse (F(1,19) = 

23.65, p < 0.001, η2 = 0.08). The average ∆Impulse was slightly positive in the Mass 

Low sub-condition (0.66 ± 0.68%), whereas it was significantly smaller and negative in 

the Mass High sub-condition (-0.92 ± 0.57%) (p = 0.03). Similarly, there was a 

significant difference in the average ∆ Impulse between the Speed Low (0.09 ± 0.70%) 

and Speed High (-1.78 ± 0.70%) sub-conditions (p = 0.004), reflecting the tendency to 

overshoot the ideal force at lower momentum and undershoot the ideal force at higher 

momentum (Fig. 2.4C). 

Motor response amplitude and timing scales with object momentum 

The rate of force increase between hand force onset and anticipatory peak force 

(APF) at collision, RFD, was higher in the High momentum conditions (main effect of 

momentum: F(1,19) = 82.58, p < 0.001, η2 = 0.12) for both mass (Mass Low: 27.4 ± 

3.02 N/s; Mass High: 36.2 ± 3.54 N/s, p < 0.001) and speed (Speed Low: 26.3 ± 2.87 

N/s; Speed High: 39.1 ± 3.87 N/s, p < 0.001) (Fig. 2.5A). There was a small but 

significant interaction such that the increase in RFD was larger when the increase in 

momentum was due to changes in speed than due to changes in mass (interaction: 

F(1,19) = 10.50, p = 0.004, η2 = 0.005). APF was also significantly higher in the High 

momentum conditions (main effect of momentum: F(1,19) = 247.45, p < 0.001, η2 = 
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0.15), for both changes due to mass (Mass Low: 6.15 ± 0.16 N; Mass High: 6.69 ± 0.16 

N, p < 0.001) and speed (Speed Low: 6.16 ± 0.17 N; Speed High: 6.84 ± 0.19 N, p < 

0.001) (Fig. 2.5B). However, in terms of absolute magnitude, this difference was rather 

small (9-11%) compared to the 41% increase in object momentum from the Low to the 

High momentum conditions (see Table 2.1).  

There was a significant interaction between momentum and mass/speed sub-

condition on the time of limb force onset, TOFO, (F(1,19) = 71.69, p < 0.001, η2 = 0.04). 

While TOFO decreased from Low to High momentum for both mass (Mass Low: 0.25 ± 

0.02 s; Mass High: 0.24 ± 0.02 s, p = 0.004) and speed (Speed Low: 0.29 ± 0.02 s; 

Speed High 0.22 ± 0.02 s, p < 0.001), this decrease was much larger for the speed sub-

conditions (Fig. 2.5C). Note that the average TOFO for both of the Mass sub-conditions 

was between the Speed Low and Speed High conditions, reflecting that the selected 

object speed for the Mass sub-conditions was an intermediate value (0.22 m/s) between 

Speed Low (0.18 m/s) and Speed High (0.25 m/s) (see Table 2.1). Together, this 

suggests that in preparation for contact between the object and the hand, participants 

increased hand force above baseline levels much closer to the time of contact when 

anticipating a higher momentum collision, especially when the higher momentum was 

due to the object traveling at faster speeds. The distance of the target from the hand at 

which the hand force increased above baseline levels was similar across the different 

sub-conditions (Mass Low: 55 ± 4 mm; Mass High: 53 ± 4 mm; Speed Low: 53 ± 4 mm; 

Speed High: 53 ± 4 mm), suggesting that participants may have increased hand force 

when the target was at a certain distance from the hand. There was no main effect of 

momentum or any effect of the sub-condition.  
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Discussion 

In the current study, we introduced the Mechanical STopping of Projectiles 

(MSTOP) paradigm that simulated the mechanics of the interaction between the object 

and the hand based on Newton’s Second Law. This paradigm replicates the physics of 

the mechanical interaction between a projectile and the hand. We simulated the 

interaction such that the “momentum” (mass x velocity) of the object could be stopped 

by applying an equivalent mechanical impulse (integral area of force-time curve). If the 

applied impulse exceeded the object momentum, the object bounced back. If it was less 

than the object momentum, the object continued on its original trajectory. Note that the 

range of required performance was very strict, ±5% of the target, which is well below the 

standard Weber fractions for static force, ±10%, and led to many error trials, ~50%. This 

demanding paradigm was useful since it allows us to precisely control object dynamics. 

Unlike the real-world, where laws of motion exclusively dictate the mechanical 

interaction between projectiles and the arm, in augmented-reality we can decouple the 

physics of that interaction to systematically probe the relationship between object 

dynamics and limb motor control.  

In different conditions, we either varied the speed or the mass of the object to 

alter its momentum. We hypothesized that visual system processes object momentum 

(mass x velocity) and feeds that information to the limb motor system to prepare 

postural responses. The prediction from this hypothesis was that the amplitude of the 

feedforward motor response would scale with the momentum of the object, regardless 

of whether the momentum increased due to speed or mass. Our results supported this 

prediction.  
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APF and RFD scaled with momentum in both the Speed and Mass sub-

conditions - participants increased the hand force right before contact for objects with 

higher momentum, regardless of whether the momentum increased due to object speed 

or mass. This is consistent with the results of a previous study (Lacquaniti & Maioli, 

1989b).  

We also predicted that the timing of the motor response initiation would be 

invariant to object motion and momentum. Our prediction was incorrect. We observed 

that when the object traveled at faster speeds, participants increased hand force closer 

to the time of contact. The distance of the object from the hand at the time of force 

increase was similar across all conditions, suggesting that participants may have 

initiated the force response when the objects were at a fixed distance. Previously, Port 

and colleagues showed that for objects moving at slow speeds, humans use a time-to-

contact threshold to initiate hand movements, whereas for comparatively faster moving 

objects, they use a distance-to-contact threshold (Port et al., 1997). Our preliminary 

results support the distance-to-contact threshold in our augmented-reality paradigm. In 

the four experimental conditions, the mean values of the distance of the target at the 

point of hand force increase were within 2-3 mm of each other. The human eye can 

discern spatial distances separated by about 0.016° (1 arc minute). That would 

correspond to approximately 1.1 mm at a distance of 15 cm from the eye in the 

KINARM environment (30 cm depth). However, the magnitude of reaching errors made 

under memory-guided and open-loop (without visual feedback) conditions at that same 

distance tends to be ~4-10 mm (Heath et al., 2004). This suggests that the 

proprioceptive system could not have reliably differentiated the 2-3 mm difference that 
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we saw across conditions. Thus, it seems very likely that participants initiated a force 

response when the object was at a fixed distance from the hand.  

During many activities of daily living, humans interact with objects that are in 

relative motion with the body. These transient interactions require the limb to produce 

precise forces to stop the motion between the object and the body. Previously, 

researchers have used paradigms involving mechanical collisions between the hand 

and virtual objects (Bowman et al., 2009; Kuling et al., 2019; White et al., 2011) and 

hand and real projectiles (Lacquaniti & Maioli, 1989b) to probe how the motor system 

stabilizes posture before and during collisions. In some of these paradigms, collisions 

have been modeled using Hooke’s Law assuming both the hand and the object are non-

rigid. This is accomplished by programming a robot to apply position- (stiffness) and 

velocity-dependent (viscosity) forces on the limb during the collision.  

A key feature of these existing paradigms is that collision between the hand and 

the object is primarily treated as a perturbation to the motor system to quantify pre-

collision anticipatory and compensatory stretch-reflex like feedback responses during 

the collision. However, the mechanical interaction during the collision itself that dictates 

how force is transferred to projectiles from the hand has not to date been a focus of 

investigation. During this interaction, the limb produces a reactive force in response to 

the force generated by the object over the very short collision duration. Quantifying this 

interaction is important to better understand how humans acquire complex motor skills 

that require simultaneous force control and posture stabilization. 

The present MSTOP paradigm has been designed to probe how humans control 

this force. We integrate the force applied over a short but modifiable time duration (fixed 
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at 90 ms in this study) in real-time to calculate the net force impulse that is then 

transferred to the virtual object to change its momentum (Newton’s Second Law). More 

importantly, this paradigm allows us to manipulate object dynamics to systematically 

probe how humans learn and form novel sensorimotor maps to interact with moving 

objects. Future studies with this paradigm are well-positioned to address novel 

questions about control by manipulating object dynamics across trials and blocks to 

define how the sensorimotor maps between motion and force control are formed.  

Conclusion 

In summary, we developed a new augmented-reality based mechanical stopping 

of projectiles (MSTOP) task which replicates the physics of a stopping task, but not the 

movement of the hands that are required to stop projectiles in the real-world. Using this 

paradigm, our study shows that object speed influences both the timing and amplitude 

of motor responses. We found that faster moving objects delayed the onset of the hand 

force response closer to the time of contact between the object and the hand. We also 

found that object momentum scaled the amplitude of the feedforward force response 

regardless of whether the momentum was increased due to speed or mass. Our results 

suggest that the timing and amplitude of hand motor responses in this virtual catching 

task are affected by different features of object motion. Future experiments using this 

paradigm will help us understand the mechanisms underlying these sensorimotor 

processes. 
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Figure 2.1. Experimental setup. A) Once participants moved their hand into the 

rectangular box and stabilized their arm against the background load, a fixation cross 

appeared (not shown). Participants had to fixate on the cross until it disappeared (600 

ms). 200 ms after a circular object appeared at the same position and moved towards 

the participant. Participants were instructed to match the force applied by the robot 

during the contact. B) Force-time curve for the perturbation applied by the robot. The 

area under the curve, the impulse, is exactly equal to the momentum carried by the 

virtual object. The right panel shows the mass and speed values assigned to each sub-

condition.
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Figure 2.2. Performance feedback. A) Exemplar trials from a participant in three 

different situations when the participant applied less than 95% of the required impulse 

(left, undershoot), an impulse within 95-105% of the desired impulse (middle, correct), 

and more than 105% of the impulse (right, overshoot). The red shaded area is the 

impulse applied by the robot and the cyan area is the impulse applied by the participant. 

The red and cyan curves are the force applied by the robot and the hand, respectively. 

B) The corresponding feedback provided to participants for the three trials in A. The 

black bar on the horizontal line indicated how far performance for that trial deviated from 

the ideal impulse (middle of green section of the horizontal line).
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Figure 2.3. Performance variables for subsequent analysis. The y-axis shows the force 

applied by the participant in the Y direction (grey curve) to counter the impulsive force 

applied by the robot (red curve) during the contact with the virtual object. The shaded 

area indicates the impulse applied by the robot (red) and participant (grey). The triangle 

indicates the hand force onset. The circle indicates the anticipatory peak force (APF). 

Rate of force development (RFD) is the fitted slope between hand force onset and APF. 

Time of force onset (TOFO) is defined as the distance between the hand and object at 

hand force onset, divided by object speed.
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Figure 2.4. Limb force during collision. A) In unsuccessful trials participants tended to 

overshoot the hand impulse for Low momentum conditions, and to undershoot High 

momentum conditions. B) On average, participants’ hand impulse matched the robot’s 

impulse. C) Percentage difference between the impulse applied by the participant and 



 

 63 

the robot. The shaded area indicates the error margin allowable for a trial to be 

categorized as correct. Post-hoc differences (Bonferroni-adjusted): * indicates p < 0.05, 

** indicates p < 0.01, *** indicates p < 0.001.
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Figure 2.5. Motor response amplitude and timing. A) The rate of force development 

(RFD) scaled with object momentum. B) APF also scaled with momentum 
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independently on how the momentum was manipulated. C) Hand force was increased 

above baseline levels closer to the time of contact in anticipation of higher momentum 

collisions. Post-hoc differences (Bonferroni-adjusted): * indicates p < 0.05, ** indicates p 

< 0.01, *** indicates p < 0.001.
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CHAPTER 3 

EFFECT OF OBJECT MOMENTUM ON MUSCLE ACTIVITY AND SMOOTH PURSUIT 

EYE MOVEMENTS 

Introduction 

 We interact with moving objects daily, and even though we may not be aware of 

the laws of physics, we apply them with great success to get moving objects to stop. 

Examples of this can be seen in many sports, such as lacrosse players catching a ball 

with their stick or a volleyball player blocking an attack hit. These types of actions 

require an estimation of the moving object’s momentum to prepare impending contact 

with the object. In both examples, we often move our eyes to gather reliable visual 

information to know where the ball is and the speed at which it is traveling to estimate 

the time of contact. And based on the impact that we expect, we need to increase our 

postural stability to be able to counteract that impact. 

 Previous studies involving catching a free-falling ball have varied momentum by 

changing the mass of the ball and/or the height of fall. These studies have shown a 

positive linear relation between the mean anticipatory electromyography (EMG) activity 

and the momentum of the object (Lacquaniti & Maioli, 1989b; Shiratori & Latash, 2001). 

These anticipatory EMG responses during catching have shown a dependency on 

vision and knowledge of the properties of the object, such as its mass, if these 

properties are not evident by looking at it (Kazennikov & Lipshits, 2010b; Lacquaniti & 

Maioli, 1989a). In response to the impact, compensatory EMG activity of both agonist 
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and antagonist muscles has shown to also scale with momentum during catching (Berg 

& Hughes, 2017; Lacquaniti & Maioli, 1989b). 

When we want continuous and accurate motion perception information of a 

moving object, we will naturally engage in smooth pursuit eye movements (SPEM), 

which will provide us with high-acuity vision of the object as well as extraretinal input 

(Fooken et al., 2021). In a real-world catching study, higher SPEM durations were 

associated with a higher probability of success (Cesqui et al., 2015). However, eye 

movements are not always predictors of manual interception accuracy. As reviewed in 

Fooken et al. (2021), it seems that the predictive role of eye movements is mainly 

pertinent for tasks with higher object motion uncertainty, for example when the object 

follows a complex motion trajectory or is occluded. 

As introduced in the previous chapter (Chapter 2), we created a virtual 

Mechanical STopping Of Projectiles (MSTOP) task where participants have to “stop” an 

object moving towards their hand (negative Y direction) by applying a force pulse to 

bring the object’s momentum to 0. The momentum of the object was varied by changing 

its speed and virtual mass. In Chapter 2 we showed that this new paradigm replicates 

hand force responses seen in studies involving catching free-falling objects. The aim of 

the current study is to understand how responses of the effectors either directly (arm 

muscle activity) or indirectly (eye gaze) involved in the task are affected when 

systematically varying the momentum of the projectile. 

We hypothesized that, as with force, the amplitude of the responses would be 

scaled by the momentum of the object regardless of how the momentum was modified. 

This hypothesis predicted that the amplitude of muscle co-contraction before and after 
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the collision would be higher when the momentum of the object was higher, regardless 

of the momentum being increased by a higher speed of the object or a higher assigned 

mass. In relation to the eye-tracking, we hypothesized that participants would have a 

more difficult time tracking objects moving at higher speeds, resulting in a lower smooth 

pursuit gain for the higher speeds. We also hypothesized that participants would rely 

mainly on smooth pursuit eye movements to track the moving object to determine the 

time of force onset. This hypothesis predicted that there would be a correlation between 

SPEM duration and time of force onset. 

Methods 

Participants 

The data for this study are a subset of the data used for Chapter 2. Data were 

collected in 20 participants (20.6 ± 2.04 years: 10 women). Participants were right-

handed and had no history of neurological disorders. They had no current injuries or 

pain of the upper limbs or back and had normal or corrected to normal vision. All 

participants provided informed consent of their voluntary participation. All procedures 

were approved by the Institutional Review Board of the University of Georgia. 

Apparatus 

The task was executed on a robotic manipulandum (KINARM End-Point Lab, 

KINARM, Kingston, ON, Canada). Participants were seated on a chair and grasped the 

robotic arm with their right hand while moving in the horizontal plane. To prevent 

fatigue, a mobile arm support (SaeboMAS, Saebo Inc., Charlotte, NC, USA) was placed 

on their forearm to support the weight of their arm. EMG activity was collected with 

bipolar surface electrodes (Bagnoli, Delsys Inc., Boston, MA, USA). Monocular eye 



 

 69 

position was recorded with a video-based remote eye-tracking system (Eyelink 1000; 

SR Research, Ottawa, ON Canada). 

Procedure 

Detailed procedures are explained in Chapter 2. In brief, participants performed a 

task called “Stop the ball”, in which they had to apply a force pulse to “virtually stop” an 

object moving towards them in the negative Y direction. To replicate the mechanics of a 

projectile interaction in our virtual task, the object was assigned a virtual mass which 

was multiplied by its speed, providing us with a momentum value. This momentum was 

applied to the participant’s hand when the object was in contact with the hand during the 

collision. The hand’s force during the time window of the collision was used to calculate 

the applied impulse. 

At the beginning of each trial, participants moved a rectangular cursor that 

represented their hand location into a designated box where they experienced a 

background load (4 N in the -Y direction) until the end of the trial. After a fixed delay of 

1700 ms, a fixation cross appeared in the middle of the screen. Participants were asked 

to maintain fixation on the cross until it disappeared. Then a circular object appeared 

200 ms after on the same position and immediately started moving towards the middle 

of the box. When the moving object reached the Y position of the hand cursor, 

participants experienced a force during a fixed window of time (90 ms), for which they 

were told to “match the force applied to the hand so that the object stops”. Importantly, 

no instruction was given about where to position the eyes after object appearance. This 

meant that participants were free to decide whether to track the moving object with their 

eyes (engaging SPEM) or not. 
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The hand’s impulse during the collision was calculated and compared against the 

object’s momentum. If the impulse was matched within a ±5% margin of error the trial 

was classified as successful. Participants received feedback on their performance after 

each trial, both by means of the trajectory of the object after the collision (stop, ‘bounce 

back’, or continue moving on its original trajectory), and also a visual analog scale 

representing how far off they were from matching the momentum. 

There were different Conditions and sub-conditions of the task (Table 3.1). In the 

Speed condition the object’s momentum was manipulated by varying the object speed 

(Low or High) with a constant mass, and in the Mass condition the momentum was 

manipulated by varying the virtual mass (Low or High) with a constant speed. In the 

Mass condition, the different sub-conditions were represented with moving objects of 

different colors. Participants performed three blocks of each sub-condition, for a total of 

12 blocks, with 35 trials in each block. The order of the conditions was counterbalanced 

across participants, with half of the participants completing all blocks within the Mass 

condition first and the other half completing the Speed condition first. 

Data acquisition and analysis 

 EMG signals were recorded from 4 muscles: biceps brachii, triceps brachii, 

anterior deltoid, and posterior deltoid. Before placing the electrodes, the skin surface 

over each muscle was exfoliated and then cleaned with alcohol. The electrodes were 

attached to the skin over the muscle belly using double-sided tape, and the ground 

electrode was placed on the olecranon. 

 

 



 

 71 

Table 3.1  

Object mass, speed, and momentum/robot impulse values for the experimental sub-

conditions. 

Sub-

condition 

Mass (kg) Speed (m/s) Momentum 

(kg.m/s) or 

Impulse (N.s) 

Speed Low 2.32 0.18 0.41 

Speed High 2.32 0.25 0.58 

Mass Low 1.87 0.22 0.41 

Mass High 2.65 0.22 0.58 

 

 

EMG signals were collected at 1,000 Hz, with an amplifier gain of 104. The signal 

was band-pass filtered between 20 and 450 Hz with a 6th order Butterworth filter, with a 

forward/backward pass to eliminate delays. After filtering, the signal was full-wave 

rectified and normalized. For each trial, the baseline activity in response to the 

background load was calculated during a 200 ms window that the fixation cross was on 

and averaged to subtract it from the raw muscle activity. 

The processed EMG signals for each muscle were then ensemble averaged over 

all trials for each block and then averaged over the three blocks. To calculate the 

muscle onset activity, we used the same process used for APF (detailed in Chapter 2), 

but with a 15% cutoff instead of 5% to account for the higher levels of noise in the EMG 

signals. To quantify shoulder and elbow stabilization before (anticipatory) and during 
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collision (compensatory), an index of co-contraction was calculated with the mean of the 

rectified EMG signals; for the shoulder joint, we averaged the anterior and posterior 

deltoids and for the elbow joint, we averaged the biceps and triceps muscles. A moving 

average window of 20 ms was used for the EMG data plots. 

The hand kinematic variable of time of force onset (TOFO) was used to see its 

relationship with gaze variables. Details on the data collection, processing and 

calculation for this variable are included in the previous chapter (Chapter 2). 

Gaze position was collected at 500 Hz and low-pass filtered at 15 Hz. Details on 

gaze data processing and event identification are provided in detail in previous work 

(Singh et al., 2016). Briefly, the data was processed to remove blinks, one-sample 

spikes, and screen outliers. Gaze events were identified as saccades, smooth pursuit, 

and fixations using adaptive velocity and acceleration thresholds (Singh et al., 2016). 

Since the object started moving towards them as soon as it appeared, the main gaze 

variables analyzed in this study were related to SPEM. The SPEM gain, a measure of 

SPEM quality, was calculated as the gaze angular velocity divided by the object angular 

velocity, and average gain was quantified for the closed-loop phase, which was the 

period between 100 ms after object onset and TOFO. The SPEM duration was 

calculated as a percentage of the time between object onset and TOFO in which the 

participant was pursuing the target. A lower SPEM duration suggests participants spent 

more time in fixation, had more catch-up saccades during SPEM, or a combination of 

both. The cut-off to calculate our SPEM variables was TOFO because we were 

interested in the effect SPEM variables had on the initiation of motor responses. The 

term SPEM will be used in this study even though the movements that were quantified 
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were head and eye movements together, due to no head movements being restricted in 

the apparatus used.  Gaze data from one participant was excluded from the processing 

because of the low quality. 

The first three trials in each block were not included in the analysis. All analyses 

were performed in MATLAB (Mathworks R2021b, Natick, MA). 

Statistics 

Two-way repeated measures ANOVAs were conducted with sub-condition (Mass 

or Speed) and object momentum (Low or High) as within-subject factors to compare 

EMG onset, EMG co-contraction, SPEM gain, and SPEM duration across conditions. 

Significance level was set at  = 0.05, effect sizes are reported using generalized 2. 

When appropriate post-hoc comparisons were performed using paired t-tests, with 

adjusted p values using the Bonferroni method. Shapiro-Wilk test was used to test 

normality for each variable. If this test was significant, the data were first normalized 

using a logarithmic transformation before the analysis. Pearson correlations were 

conducted between TOFO and SPEM gain; and between TOFO and SPEM duration. All 

values are reported as mean ± SE. All statistical analyses were performed in R (version 

4.0.4).  

Results 

Object momentum modulated timing of muscle activation and co-contraction 

before the collision 

Participants moved their hand toward the object by executing shoulder flexion, 

mainly driven by the anterior deltoids, and by extending their elbow, driven by the 

triceps. The difference in EMG onset prior to the collision was analyzed for each muscle 
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(Fig. 3.1). The anterior deltoids (F(1,14) = 22.136, p < 0.001, 2 = 0.04) and the triceps 

(F(1,16) = 31.154, p < 0.001, 2 = 0.05) showed small but significant main effects of 

object momentum. Post-hoc comparisons showed participants increased their muscle 

activity above baseline closer to the time of collision for the High momentum sub-

conditions. In the case of the anterior deltoids this difference was only seen in the 

Speed sub-conditions (p = 0.001), and in the triceps for both Speed (p = 0.02) and Mass 

(p < 0.001). Both posterior deltoids and biceps showed no significant interaction or main 

effects, indicating no differences between the sub-conditions in EMG onset for the 

antagonist muscles. 

The anticipatory co-contraction was measured in the [-100, 0] ms time window 

before the collision. We observed a significant main effect of object momentum in the 

anticipatory co-contraction of the proximal muscles (deltoids) (F(1,17) = 18.363, p < 

0.001, 2 = 0.02), as well as the distal muscles (biceps and triceps) (F(1,17) = 20.743, p 

< 0.001, 2 = 0.04) (Fig. 3.2). The post-hoc analysis for the proximal muscles showed 

an increase in co-contraction for the High momentum sub-conditions for both mass 

(Mass Low: 3.93  0.53; Mass High: 4.84  0.59, p = 0.04) and speed (Speed Low: 3.99 

 0.48; Speed High: 4.67  0.65, p = 0.008). The same increase was seen in the distal 

muscles with the increase in momentum for mass (Mass Low: 2.03  0.35; Mass High: 

2.66  0.43, p = 0.002) and speed (Speed Low: 1.87  0.25; Speed High: 2.31  0.31, p 

< 0.001). Together, these results suggest an increase in arm stability in preparation for 

the stopping the higher momenta objects. 

The compensatory co-contraction was measured for a short-latency ([25-50] ms) 

and a long-latency ([50-100] ms) time window after the beginning of the collision (time = 
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0) (Fig. 3.2). We observed no significant differences in the compensatory co-contraction 

for either time windows of the proximal muscles between the sub-conditions. For the 

distal muscles, we saw a small main effect of momentum in the short-latency window 

(F(1,17) = 5.568, p = 0.03, 2 = 0.04) with the Mass High (2.21  0.42) shower higher 

co-contraction than the Mass Low (1.73  0.35) sub-condition (p = 0.03). For the long-

latency window of the distal muscles, we also saw a small main effect of momentum 

(F(1,17) = 14.779, p = 0.001, 2 = 0.02). The post-hoc analysis showed increased 

activity for the High momentum in both mass (Mass Low: 1.40  0.33; Mass High: 1.94 

 0.37, p = 0.01) and speed (Speed Low: 1.64  0.39; Speed High: 1.96  0.46, p < 

0.01) conditions. 

Pursuit gain was higher at lower object speed 

 SPEM gain showed an interaction effect (F(1,17) = 40.54, p < 0.001, 2 = 0.07) 

(Fig. 3.3A). Post-hoc analysis revealed a significant difference between Speed Low 

(0.74  0.03) and Speed High (0.61  0.03) (p < 0.001) which had an object speed of 

0.18 m/s and 0.25 m/s respectively; as well as a difference between Speed Low (0.74  

0.03) and Mass Low (0.60  0.03) (p < 0.001), which were driven by differences in 

object speed for these two conditions (0.18 m/s and 0.22 m/s, respectively). This 

showed that participants were worse at matching higher object speeds with their gaze. 

There were no differences seen between the momentum sub-conditions for Mass, 

which is expected since the object in both sub-conditions was moving at the same 

speed (0.22 m/s). 
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 SPEM duration, representing the percentage of time that participants were 

tracking the object between object onset and each trial’s TOFO, showed no significant 

differences between the sub-conditions (Fig. 3.3B).  

Pursuit duration, not quality, predicts time of force onset 

On average, participants pursued the objects for 63.7  1.84% of the time across 

all conditions. The percentages of SPEM duration ranged from values of 27 to 97% 

across all conditions, showing very different approaches on which eye movement to rely 

on in between participants. Closer qualitative examination of the eye movements across 

trials revealed two general strategies: participants tended to either make multiple 

saccades between the target and the upcoming contact location (low SPEM duration) or 

tried to track the target as closely as possible throughout the trial (high SPEM duration). 

These two strategies are exemplified in Figure 3.4. The first sample trial (left panel Fig. 

3.4) is a trial from the Speed High sub-condition. For this trial, the participant had a 

SPEM duration of 20.74%, with a 0.12 s TOFO, and a 0.71 SPEM gain. The plot shows 

a large saccade ahead of the position of the object after the object appears, and then a 

second saccade once the object reaches the gaze position. The second sample trial 

(right panel Fig. 3.4) shows a trial from a Speed Low sub-condition. In this trial the 

participant had a SPEM duration of 99.86%, with a 0.52 s TOFO, and a 0.83 SPEM 

gain. The plot for this trial shows how right after the object starts moving, the participant 

engages in SPEM all the way leading up to TOFO. 

To determine whether these two eye movement strategies affected hand timing, 

we correlated SPEM duration and TOFO, calculating the mean SPEM duration and 

TOFO for each participant and condition separately. There was a small but significant 



 

 77 

positive correlation between SPEM duration and TOFO (r = 0.24, p = 0.04) (Fig. 3.5B). 

This indicates that overall, participants who relied more on SPEM increased their hand 

force earlier, whereas participants who relied more on saccades and fixations increased 

their hand force closer to the time of contact. Note that this correlation is not likely to be 

driven by differences across conditions, we did not find any differences between the 

sub-conditions for SPEM duration (Fig. 3.3B). Further, this correlation was specific to 

SPEM duration. There was no significant correlation between SPEM gain and TOFO (r 

= -0.04, p = 0.73) (Fig. 3.5A), suggesting that while engaging in pursuit, pursuit quality 

did not predict time of hand force onset. 

Discussion 

In this study we used a novel virtual paradigm, MSTOP, that replicates the 

mechanical interaction between a projectile and the hand. In the current study’s 

protocol, the momentum of the object was modified by changing the object’s speed and 

virtual mass. We aimed to determine if varying the momentum of the projectile affected 

the muscle activity and SPEM responses, as well as determining if the cause of the 

change in momentum (speed or virtual mass) influenced these variables.  

For the muscle activity, we hypothesized that the amplitude of the responses 

would scale with the momentum of the object irrespective of the cause of the change in 

momentum. Our results support this hypothesis, showing an increase in anticipatory co-

contraction with momentum, for both proximal and distal arm muscles. The 

compensatory EMG activity only showed a difference between momentum sub-

conditions in the elbow stabilizing muscles. This could indicate that the stiffness of the 

shoulder from the anticipatory activity was enough to stabilize the arm for the impact, 
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and the increase in elbow stiffness alone was enough to counteract the force during and 

after the impact. The anticipatory and compensatory increases in muscle activity seen 

with higher momentum is in line with previous studies, where both agonist and 

antagonist muscles showed an increase in EMG when interacting with moving objects 

(Berg & Hughes, 2017; Eckerle et al., 2012; Lacquaniti & Maioli, 1987, 1989b). 

For EMG onset, we only observed differences between the momentum sub-

conditions in the agonist muscles (anterior deltoid and triceps), with the EMG onset 

happening earlier for the Low momentum sub-condition. This earlier activation with 

lower momentum is not in accordance with previous studies that showed the opposite 

trend of earlier activations corresponding to objects with higher momentum (Lacquaniti 

& Maioli, 1989b). Even though our results show statistically significant differences, these 

are very small time differences of no more than 13 ms. This difference can also be 

caused by the fact that the actual hand movements required for a real-life interaction 

with a projectile are not replicated with this virtual task. 

In relation to the SPEM responses, we hypothesized that participants would rely 

primarily on SPEM and would have a lower SPEM gain when tracking objects moving at 

higher speeds. Our results show as expected, that the objects with higher speeds had a 

lower SPEM gain, replicating previous findings (Cesqui et al., 2015; Lisberger et al., 

1981; Schröder et al., 2021). There was no difference in SPEM duration between the 

sub-conditions, indicating that on average SPEM duration was similar independent of 

the speed of the object. However, the range of SPEM duration percentages was very 

wide (27-97%), suggesting the use of different strategies between the participants, with 

some relying more on SPEM and others on saccades and fixations. The fact that 



 

 79 

participants did not always rely on SPEM for this task could be explained by the 

predictability of the trajectory of the target, which was the same for all the trials, and the 

consistency of object speeds within one block (Fooken et al., 2021).  

Finally, we showed that pursuit duration, but not pursuit gain, predicted the time 

of force onset. We found that participants with longer SPEM durations also showed 

earlier force onsets. The time of force onset, as seen in Chapter 2, changes according 

to the object’s speed, but that was not the case for SPEM durations. Future work can 

further explore whether trial-by-trial SPEM is coupled with hand timing, as is often the 

case with saccades (Jana et al., 2017).  It is also worth exploring if each individual 

participants utilized the same strategy across the different conditions, or if the strategies 

depended on the task parameters. The strength of eye-hand coupling often depends on 

task context, though most of the previous studies investigating this phenomenon have 

used tasks involving reaching movements to static targets (De Brouwer & Spering, 

2022). One previous catching study that analyzed eye movements showed large 

differences in ocular behaviors across participants observed (Cesqui et al., 2015), 

suggesting that SPEM behavior may similarly be task-dependent. 

Conclusion 

In summary, we used the MSTOP paradigm to determine if varying the 

momentum of the projectile affected the muscle activity and SPEM responses. At the 

same time, we determined if the cause of the change in momentum influenced these 

variables. Our study shows anticipatory and compensatory increases in muscle activity 

with higher momentum. For the agonist muscles only, muscle activity onset showed 

differences between the momentum sub-conditions, with the muscle activity onset 
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happening earlier for the Low momentum sub-condition. Finally, SPEM gain was 

affected by object speed, showing lower gains for faster moving objects, and SPEM 

duration, predicted the time of force onset.
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Figure 3.1. Point of EMG increase above baseline value. The upper panel shows the 

activity for antagonist posterior deltoids (positive) and agonist anterior deltoids 

(negative). The lower panel shows the activity for the antagonist biceps (positive) and 

agonist triceps (negative). The blue plots represent the High momentum sub- 

conditions, and the purple the Low momentum. The black vertical line (time = 0) 

indicates the time of collision between the hand and the object. The colored vertical 

lines indicate EMG onset with its corresponding value. Post-hoc differences (Bonferroni-

adjusted): * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001.
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Figure 3.2. EMG co-contraction was higher for higher object momentum. The blue plots 

represent the High momentum sub-conditions, and the purple the Low momentum. The 

black vertical line (time = 0) indicates the time of collision between the hand and the 

object. The red vertical lines indicate short- and long-latency windows. Post-hoc 

differences (Bonferroni-adjusted): * indicates p < 0.05, ** indicates p < 0.01, *** 

indicates p < 0.001.
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Figure 3.3. Smooth pursuit quality and quantity between conditions. A) SPEM gain was 

lower for higher speed moving objects. B) The percentage of time spent pursuing the 

target was on average similar between sub-conditions. Post-hoc differences 

(Bonferroni-adjusted): *** indicates p < 0.001.
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Figure 3.4. Sample trials of gaze and object position. Gaze Y position in relation to the 

object’s Y position from two different participants in two different sub-conditions. The 

blue vertical lines indicate the time in which the different events occurred.
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Figure 3.5. Relationships between TOFO, and SPEM gain and duration. A) There is no 

correlation between SPEM gain and TOFO. B) There is a significant positive correlation 

between SPEM duration and TOFO. * indicates p < 0.05 
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CHAPTER 4 

ACCELERATING AND DECELERATING OBJECTS SHOW A SIMILAR EFFECT ON 

MOTOR RESPONSES DURING MECHANICAL STOPPING OF PROJECTILES 

Introduction 

 Projectiles in the real world are usually not moving at constant speeds 

(acceleration = 0 m/s2). Projectiles will experience changes in acceleration caused by 

external forces like gravity, air resistance, or friction with surfaces. Even without explicit 

knowledge of the equations specifying how much an object will speed up or slow down 

based on these external forces, humans are capable of using internal models based on 

previous experience to account for these changes. Therefore, the goal of this study is to 

extend our virtual paradigm to study objects moving at non-constant velocities.  

Previous grip force studies have shown that in response to a ball being dropped 

in a receptacle being held by the participants fingers, both the anticipatory and 

compensatory force amplitude responses increase with the increase in object 

momentum caused by an increase of the ball’s mass (Johansson & Westling, 1988; 

Kazennikov & Lipshits, 2010b). In these studies, the ball undergoes a free-fall, starting 

at 0 m/s and experiencing acceleration due to gravity, ending with a higher speed at the 

moment of contact. To our knowledge, there are no studies measuring hand force motor 

responses when interacting with a decelerating physical object. 

With the same experimental design, the timing of the anticipatory force response 

was also measured. The force onset was between 150-200 ms before the impact, and 
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was constant across momentum conditions when the momentum was varied by 

changing the mass (Johansson & Westling, 1988; Kazennikov & Lipshits, 2010b). This 

indicates that timing of the force response under accelerating (gravity) conditions is not 

modulated by the momentum the participant is about to experience. A previous virtual 

interception task examining the timing of motor responses showed that the response 

was triggered earlier when the ball was falling from above, congruent with the 

acceleration caused by gravity in a free-fall, than when it was rising from below, 

congruent with the deceleration caused by gravity when throwing an object upwards, 

independent of the ball’s real acceleration (1 gravity, -1 gravity, 0 acceleration) (Senot et 

al., 2005). This is consistent with an application of gravity-related knowledge (internal 

model of gravity) that would predict that the interceptive response should occur earlier 

because of the higher speed of the object. 

It has previously been shown that in a prediction motion task, the object 

acceleration is not taken into account for the prediction of the time to contact (Benguigui 

& Bennett, 2010). In this task, the object experienced either positive or negative 

accelerations, and the object was tracked with smooth pursuit eye movements (SPEM). 

One possibility that acceleration information is not used for prediction is that that our 

visual system is not very accurate at identifying arbitrary accelerations (Zago & 

Lacquaniti, 2005b). A second possibility is that we do discriminate between the 

accelerations, but do not use this information for the estimation of the time to contact 

and to drive our manual response (Benguigui et al., 2003). 

We previously introduced a virtual Mechanical STopping Of Projectiles (MSTOP) 

task in Chapters 2 and 3, and showed the motor responses linked to stopping a 
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projectile moving at constant speeds (acceleration = 0 m/s2). The aim of this study is to 

examine anticipatory and compensatory motor responses when stopping a projectile 

with different accelerating conditions. For this we modified the MSTOP paradigm by 

systematically varying the acceleration of the object across conditions. One group of 

participants performed the task with moving objects accelerating toward their hand, and 

the other group with objects decelerating (same magnitude, but opposite sign). 

We hypothesized that the motor responses would be affected by the type of 

acceleration of the moving objects. We predicted that the use of early visual information, 

as well as the poor accuracy in identifying arbitrary accelerations, would cause 

participants to underestimate the object’s momentum when it was accelerating, and to 

overestimate the momentum when the object was decelerating. We based this 

prediction on the fact that if participants use the early visual information of the object’s 

speed, and are not able to correctly estimate the acceleration, participants in the 

positive acceleration group would base their motor responses on lower speeds 

compared to the negative acceleration group. This would be seen in the amplitude of 

the hand force before and after the collision, as well as the timing of the hand force 

before the collision. We also hypothesized that SPEM responses would be similar for 

the different acceleration groups because of our visual system’s poor ability to identify 

arbitrary accelerations, showing no effect of acceleration. 

Methods 

Participants 

Data was collected on 22 participants who were divided in 2 groups of 11 

participants each: Positive acceleration (mean age 19.3  1.5 years; 3 males) and 
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Negative acceleration (mean age 20.9  2.9; 3 males). They were all right-handed with 

no history of neurological disorders. Participants reported no current injuries or pain of 

the upper limbs or back and had normal or corrected to normal vision. All participants 

provided consent for their voluntary participation and received compensation for their 

time. All procedures were approved by the Institutional Review Board of the University 

of Georgia. 

Apparatus 

The task was executed on the KINARM End-Point Lab (KINARM, Kingston, ON, 

Canada), a robotic manipulandum. Participants were seated on a chair and with their 

right hand grasped the robotic arm which moved in the horizontal plane. To support the 

weight of their arm and prevent fatigue, a mobile arm support (SaeboMAS, Saebo Inc., 

Charlotte, NC, USA) was placed on their forearm. EMG activity was collected with 

bipolar surface electrodes (Bagnoli, Delsys Inc., Boston, MA, USA). Monocular eye 

position was recorded with a video-based remote eye-tracking system (Eyelink 1000; 

SR Research, Ottawa, ON Canada). 

Procedure 

Detailed procedures are explained in Chapter 2. In this section we will only 

highlight the changes made to the protocol for this experiment, such as the acceleration 

value, the color of the object, the aspect of the object for the Mass sub-conditions, the 

number of momentum sub-conditions, and the number of trials per block. Another 

difference was the fact that this was a two-day experiment. The two visits were 

separated by no more than 72 hours from each other. During Day 1 both groups 

(Positive and Negative acceleration) performed the same No acceleration conditions, 
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like in the experiment in Chapter 2 (Table 4.1). This first day was used primarily as a 

training day for participants to mitigate the effects of learning. Because of this, the data 

for Day 1 will not be analyzed in this chapter.  

For Day 2, there were different Sub-conditions of the task (Table 4.1). The 

biggest change compared to Day 1 and the experiment in Chapter 2, is that we added 

an acceleration value (Positive or Negative) to the object. The Positive acceleration 

values were chosen so that the object would start at a speed of 0 m/s and accelerate to 

the collision location with a speed equal to the constant speed from the sub-conditions 

for Day 1. This was done to ensure that momentum values would be the same (as Day 

1) at the time of the collision. The Negative acceleration magnitude was the same as 

the Positive group but with opposite sign. Based on the acceleration, the initial speed 

was calculated so that the object would start at a higher speed and decelerate to the 

point where the speed at the time of collision was the same as Day 1 (and the Positive 

acceleration sub-conditions). 

In the Speed condition, the object’s momentum was manipulated by varying the 

object’s final speed (Low, Medium, or High) with a constant mass, and in the Mass 

condition the momentum was manipulated by varying the virtual mass (Low, Medium, or 

High) with a constant final speed across sub-conditions. In Chapters 2 and 3, there 

were only two momentum sub-conditions (0.41 kg.m/s – Low, and 0.58 kg.m/s – 

previously identified as High, identified as Medium in the current chapter). We identified 

the need for a third sub-condition to be able to identify not only if the modulation of 

responses depended on the momentum but also to see if there was a linear modulation. 

This led to a series of piloting test to add a third momentum sub-condition. We decided 
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to add a higher (High in the current chapter) sub-condition where the difference in 

momentum between Low and Medium was the same as the difference between Medium 

and High. 

Unlike in Chapter 2, where the different assigned virtual masses were denoted by 

changes in color, here the different sub-conditions were represented with moving 

objects of different sizes. The corresponding radius of the moving objects were Mass 

Low – 0.8 cm, Mass Medium – 1.1 cm, Mass High – 1.4 cm, all Speed sub-conditions – 

1 cm. The color of the circular object was uniform (purple) for all conditions, rather than 

using multiple colors to mimic a Gabor path. 

Participants performed three blocks of each sub-condition, for a total of 18 blocks 

(9 for Mass and 9 for Speed), with 25 trials in each block. The order of the conditions 

was counterbalanced across participants. On Day 1, half of the participants started with 

the Mass condition and the other half started with the Speed condition. Participants 

completed 5 blocks of the first condition, then 9 blocks of the other condition, and finally 

4 blocks of the initial condition. For Day 2, the order was flipped. 
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Table 4.1 

Object mass, speed, acceleration, and momentum values for the experimental sub-

conditions. 

Sub-

condition 

Mass 

(kg) 

Initial 

speed 

(m/s) 

Final 

speed 

(m/s) 

Average 

speed 

(m/s) 

Acceleration 

(m/s2) 

Momentum 

(kg.m/s) 

Day 1 - No acceleration 

  Speed Low 2.32 0.18 0.18 0.18 0 0.41 

  Speed Med 2.32 0.25 0.25 0.25 0 0.58 

  Speed High 2.32 0.32 0.32 0.32 0 0.75 

  Mass Low 1.87 0.22 0.22 0.22 0 0.41 

  Mass Med 2.65 0.22 0.22 0.22 0 0.58 

  Mass High 3.41 0.22 0.22 0.22 0 0.75 

Day 2 - Acceleration 

Positive       

  Speed Low 2.32 0 0.18 0.09 0.08 0.41 

  Speed Med 2.32 0 0.25 0.13 0.17 0.58 

  Speed High 2.32 0 0.32 0.16 0.28 0.75 

  Mass Low 1.87 0 0.22 0.11 0.13 0.41 

  Mass Med 2.65 0 0.22 0.11 0.13 0.58 

  Mass High 3.41 0 0.22 0.11 0.13 0.75 

Negative       

  Speed Low 2.32 0.25 0.18 0.21 -0.08 0.41 

  Speed Med 2.32 0.35 0.25 0.30 -0.17 0.58 

  Speed High 2.32 0.46 0.32 0.39 -0.28 0.75 

  Mass Low 1.87 0.31 0.22 0.27 -0.13 0.41 

  Mass Med 2.65 0.31 0.22 0.27 -0.13 0.58 

  Mass High 3.41 0.31 0.22 0.27 -0.13 0.75 
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Data acquisition and analysis 

Hand kinematics and kinetics were collected at 1,000 Hz and low-pass filtered 

with a second-order, dual-pass Butterworth filter with a 50 Hz cutoff. Gaze position was 

collected at 500 Hz and low-pass filtered at 15 Hz. Details on gaze data processing and 

event identification are provided in detail in previous papers and in Chapter 3 (Singh et 

al., 2016). EMG signals were collected for 4 muscles: biceps brachii, triceps brachii, 

anterior deltoid, and posterior deltoid; but were not included in the analysis in this 

Chapter. The main variables of interest are accuracy,  impulse, anticipatory peak 

force, time of force onset, SPEM gain, and SPEM duration. The data analysis for the 

hand variables of interest is the same as in Chapter 2, and for the gaze variables the 

same as in Chapter 3. The first three trials in each block were excluded from the 

analysis. All analyses were performed in MATLAB (Mathworks R2021b, Natick, MA). 

Statistics 

Three-way mixed ANOVAs were conducted with sub-condition (Mass or Speed) 

and object momentum (Low, Med, or High) as within-subject factors, and acceleration 

(Positive or Negative) as between-subject factors to compare collision performance,  

impulse, anticipatory peak force (APF), time of force onset (TOFO), SPEM gain, and 

SPEM duration across conditions. Post-hoc comparisons were performed using two-

way ANOVAs and paired t-tests with adjusted p values using the Bonferroni method.  

Significance level was set at  = 0.05, effect sizes are reported using generalized 2. 

Values are reported as mean ± SE. All statistical analyses were performed in R (version 

4.0.4).  
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Results 

The percentage of overshoot trials decreased with the increase in momentum 

 On average across all conditions, participants had 52.4  1.42% of correct trials 

where they were able to match the robot’s impulse within 95-105% (Fig. 4.1). For 

correct trials and for trials that were identified as undershoots, there were small main 

effects of object momentum (Correct: F(2,40) = 8.955, p < 0.001, 2 = 0.04; Undershoot: 

F(2,40) = 19.682, p < 0.001, 2 = 0.08). Both of these variables showed no main effect 

of acceleration (Correct: F(1,20) = 0.176, p = 0.68, 2 = 0.01; Undershoot: F(1,20) = 

1.421, p = 0.25, 2 = 0.06). The overshoot trials showed a stronger main effect of object 

momentum (F(2,40) = 68.290, p < 0.001, 2 = 0.43), where all but two of the pairwise 

comparisons were significantly different (p’s < 0.05). This replicates our previous 

findings that as the object’s momentum increases, the number of overshoots decreases. 

The main effect of acceleration was also not significant for the overshoot trials (F(1,20) 

= 3.072, p = 0.10, 2 = 0.08), the generalized effect size is slightly larger than the one 

for Correct and Undershoot trials. When averaging the overshoot trials across 

momentum and mass/speed sub-conditions we see a larger percentage of overshoots 

in the Negative group (22.4  1.57%) compared to the Positive group (17.1  1.39%). 

Particularly, the biggest difference is seen between the Negative Mass Low (35.4  

3.38%) and Positive Mass Low (25.3  2.40%) sub-conditions. 

 There was a significant main effect of object momentum on  Impulse (F(2,40) = 

41.316, p < 0.001, 2 = 0.27). Post-hoc statistical differences between object 

momentum sub-conditions are highlighted in Figure 4.2. Overall, the higher the object 

momentum, the more negative the  Impulse values, reflecting the tendency to 
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overshoot less (and undershoot more) on higher momentum trials. The main effect of 

acceleration was not significant (F(1,20) = 2.962, p = 0.10, 2 = 0.09), however, when 

looking at the mean values across momentum and mass/speed sub-conditions for the 

different groups, the biggest difference is seen when comparing the Negative Mass Low 

(1.98  0.72) and Positive Mass Low (-0.03  0.75) sub-conditions. Though although 

these results did not reach statistical significance, the trend is consistent with the 

previous result of more overshoots seen in the Negative group. 

Limb force amplitude and timing before the collision scale with momentum 

 Anticipatory peak force (APF) at collision increased with object momentum (main 

effect of momentum: F(2,40) = 222.262, p < 0.001, 2 = 0.43) (Fig. 4.3). Post-hoc 

statistical differences between object momentum are highlighted in the corresponding 

figure. The main effect of acceleration was not significant (F(1,20) = 0.068, p = 0.80, 2 

= 0.003). On average across sub-conditions (Mass and Speed) and acceleration 

(Positive and Negative) Low momentum had a force of 5.96  0.08 N (compared with 

the 5.1 N force of the robot), Medium momentum 6.57  0.09 N (7.3 N robot force), and 

High momentum a force of 7.25  0.11 N (9.4 N robot force). Thus, though APF scales 

with object momentum, it does not do so strictly linearly: at lower momentum APF is 

higher than the robot force, whereas at higher momentum the APF is lower than the 

robot force. 

 The timing of the force onset (TOFO) showed a small but significant two-way 

interaction between object momentum and mass/speed sub-conditions (F(2,40) = 7.962, 

p = 0.001, 2 = 0.005) (Fig. 4.4). While across groups TOFO decreased as the 

momentum increased for both mass (Mass Low: 0.13 ± 0.01 s; Mass Medium: 0.11 ± 



 

96 

0.01 s; Mass High: 0.10 ± 0.01 s) and speed (Speed Low: 0.14 ± 0.01 s; Speed 

Medium: 0.11 ± 0.01 s; Speed High: 0.09 ± 0.01 s), the decrease in the speed sub-

conditions had a greater effect size (Mass: 2 = 0.08; Speed: 2 = 0.15). The main effect 

of acceleration was not significant (F(1,20) = 0.214, p = 0.65, 2 = 0.01). This shows 

that participants increased their hand force above baseline levels closer to the time of 

contact in anticipation of a higher momentum collision. 

Pursuit gain decreased with higher speeds 

 There was a three-way interaction for SPEM gain (F(1.39,27.82) = 7.138, p = 

0.007, 2 = 0.03) (Fig. 4.5). Further two-way analysis revealed a significant interaction 

between object momentum and acceleration only for the speed sub-condition 

(F(1.49,29.8) = 8.18, p = 0.003, 2 = 0.08), with main effects of momentum 

(F(1.49,29.8) = 39.5, p < 0.001, 2 = 0.28) and acceleration (F(1,20) = 33.0, p < 0.001, 

2 = 0.08). This pattern of results indicates that SPEM gain decreases with the increase 

in momentum when that increased momentum is generated by increasing the object’s 

speed. In addition, the overall SPEM gain is lower in the Negative acceleration 

condition, which have higher average speeds compared to the Positive acceleration. 

Post-hoc statistical differences between object momentum can be seen in Figure 4.5. 

 SPEM duration also showed a small three-way interaction (F(2,40) = 5.132, p = 

0.01, 2 = 0.02) (Fig. 4.6). Further analysis revealed that this interaction was driven by 

the low mean value of the Negative Speed High sub-condition. Pairwise comparisons 

showed a significant difference between Negative Speed High (43.8 ± 3.95%) and 

Negative Mass High (59.7 ± 5.59%) (p = 0.002), as well as a difference between 

Negative Speed High and Positive Speed High (63.7 ± 6.38%) (p = 0.046). Despite the 
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three-way interaction, the mean values for the sub-conditions were similar. As in 

Chapter 3, there was considerable variability in mean SPEM durations across all 

conditions, ranging from 15-94%. 

Discussion 

In the current study, we used the MSTOP paradigm to examine anticipatory and 

compensatory motor responses while systematically changing the object’s acceleration. 

One group of participants experienced objects moving with positive acceleration, and 

another group experienced objects moving with negative acceleration. The initial speed 

values were selected so that the object speed at the time of the collision was the same 

for both groups, i.e., participants in each group experienced the same range of 

momentum values at collision (and the same momentum at collision as their constant 

speed training blocks), but with different object kinematics leading up to the collision. 

Hand force and SPEM were analyzed to see the effect of the accelerations. 

Our hypothesis for both compensatory and anticipatory force amplitude was that 

participants would underestimate the object’s momentum in the Positive acceleration 

group, and overestimate the momentum in the Negative acceleration group, causing 

them to have overall lower force values for Positive acceleration and higher force values 

for Negative acceleration. We also expected to see an effect of object momentum with 

higher force values for higher momentum objects. 

The compensatory phase results from our accuracy variables (undershoot, 

correct, overshoot) and  Impulse show only a significant main effect of object 

momentum, with no main effect of acceleration. However, we do see some non-

significant partial support for our acceleration hypothesis with an overestimation of 
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momentum in the Negative acceleration group. This is exemplified in the Mass Low sub-

conditions, where there were more overshoots and the highest  Impulse value in the 

Negative group. This trend that we see should be further examined with a larger sample 

size per acceleration group, to determine if the absence of the main effect of 

acceleration is due to an underpowered analysis. 

For the amplitude of anticipatory hand force response, our results partially 

support our predictions, showing higher APF values for higher momentum conditions, 

but no acceleration effect. However, the object momentum modulation shown is not 

strictly linear, showing higher APF compared to the robot force for the Low momentum, 

in contrast to lower APF compared to the robot force at higher momentum sub-

conditions. Overall, the main effect of object momentum is consistent with our finding for 

no acceleration conditions (Chapter 2), as well as previous catching literature 

(Lacquaniti & Maioli, 1989b). 

In relation to the timing of the hand force response, we hypothesized that there 

would be an effect of acceleration, where the Positive acceleration group would show 

results that more closely resemble real-world catching results, where the timing of the 

hand force is invariant to object motion characteristics (Lacquaniti & Maioli, 1989b). In 

contrast we do not see an effect of acceleration between the groups. In both 

acceleration condition groups, participants increased their hand force above baseline 

levels closer to the time of contact in anticipation of a higher momentum collision, and 

that this effect was stronger when the increase in momentum was caused by a higher 

acceleration value (Speed sub-condition). These results replicate our previous finding 

(Chapter 2) seen with objects moving at constant speeds, where the timing of the force 
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onset is modulated by momentum. In that case, it seemed that participants were using a 

distance-to-contact threshold (Port et al., 1997) since the mean values of the distance 

between the hand and the target at the time of force onset for the different sub-

conditions only varied within 2-3 mm of each other. In the current study however, the 

mean distances across conditions ranged from 45-59 mm, clearly indicating that the 

force response was not fixed to a distance between the object and the hand. 

Finally, we hypothesized that the SPEM responses for the different acceleration 

groups would be similar because of our visual system’s poor ability to identify arbitrary 

accelerations and therefore poorer ability to use this information to guide motor 

responses. Our results show a decrease in SPEM gain with the increase in momentum 

in the Speed sub-condition, which has higher object speeds compared to the Mass sub-

condition. SPEM gain values were also lower in the Negative acceleration group 

compared to the Positive, which is also mainly driven by the object speeds being higher 

in the Negative acceleration group. This is a consistent finding where higher speeds 

show a lower SPEM gain (Cesqui et al., 2015; Lisberger et al., 1981; Schröder et al., 

2021). Despite much poorer quality SPEM in the Negative acceleration group, there 

were no differences between groups in the hand motor responses. Suggesting that 

specifically for this task, SPEM quality does not play a role on the hand motor 

responses. In relation to the SPEM duration, other than a low mean value seen in the 

Negative Speed High sub-condition, overall, the mean SPEM duration was not affected 

by acceleration or momentum. As in Chapter 3, there was large range of SPEM duration 

percentages (15-94%), which suggests that there are different gaze strategies among 
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participants, and that this does not necessarily have an effect in accuracy or motor 

behavior for the current task. 

Conclusion 

In summary, we examined anticipatory and compensatory motor responses when 

stopping a projectile with different accelerating conditions, utilizing the MSTOP 

paradigm. Our anticipatory and compensatory hand motor responses did not support 

our main hypothesis of an effect of acceleration (Positive vs Negative). However, a 

slight trend is seen in support of the hypothesis, for which we recommend increasing 

the number of participants per group, in case the non-significance is due to an 

underpower in the analysis. Finally, our SPEM quality and quantity variables suggest 

that for this task SPEM is not important.  
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Figure 4.1. Accuracy for both Positive and Negative acceleration groups in the different 

sub-conditions. Overshoots: hand impulse greater than 95% of the robot’s impulse. 

Correct: hand impulse between 95-105% of the robot’s impulse. Undershoots: hand 

impulse lower than 95% of the robot’s impulse.  
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Figure 4.2. Limb force during collision. The shaded area indicates the error margin 

allowable for a trial to be categorized as correct. The upper panel shows the data for the 

Positive acceleration group, and the lower panel for the Negative acceleration group. 

Post-hoc differences (Bonferroni-adjusted): * indicates p < 0.05, ** indicates p < 0.01, 

*** indicates p < 0.001. Brackets placed between the Positive and Negative group in a 

momentum sub-condition, indicate differences for both Positive and Negative 

acceleration groups.  
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Figure 4.3. Limb force amplitude before the collision. APF scaled with object 

momentum. The upper panel shows the data for the Positive acceleration group, and 

the lower panel for the Negative acceleration group. Post-hoc differences (Bonferroni-

adjusted): *** indicates p < 0.001. Brackets placed between the Positive and Negative 

group in a momentum sub-condition, indicate differences for both Positive and Negative 

acceleration groups.  
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Figure 4.4. Timing of motor response before the collision. Hand force was increased 

above baseline levels closer to the time of contact for higher momentum trials. The 

upper panel shows the data for the Positive acceleration group, and the lower panel for 

the Negative acceleration group. Post-hoc differences (Bonferroni-adjusted): * indicates 

p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001. Brackets placed between the 

Positive and Negative group in a momentum sub-condition, indicate differences for both 

Positive and Negative acceleration groups.  
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Figure 4.5. Smooth pursuit quality. SPEM gain decreased with higher object speeds. 

The upper panel shows the data for the Positive acceleration group, and the lower panel 

for the Negative acceleration group. Post-hoc differences (Bonferroni-adjusted): ** 

indicates p < 0.01, *** indicates p < 0.001. Brackets placed between the Positive and 

Negative group in a momentum sub-condition, indicate differences for both Positive and 

Negative acceleration groups.  
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Figure 4.6. Percentage of time spent pursuing the moving object. SPEM duration was 

similar across conditions. The upper panel shows the data for the Positive acceleration 

group, and the lower panel for the Negative acceleration group.  
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CHAPTER 5 

GENERAL DISCUSSION 

The purpose of this dissertation was to develop a virtual paradigm, Mechanical 

STopping Of Projectiles (MSTOP) to simulate the physics of mechanical interactions 

with projectiles, allowing us to address novel questions about how varying the 

momentum of the projectile by changing its speed, acceleration, and virtual mass affect 

anticipatory and compensatory motor responses. For the anticipatory phase, we 

focused our analyses on hand force, arm muscles activation, and eye movements 

between stimulus motion onset and the collision. For the compensatory phase, we 

analyzed hand force and arm muscles activation in response to the collision. 

The goal of developing the MSTOP task is to bridge the gap between current 

virtual tasks and real-world projectile interaction tasks, by allowing us to isolate a 

particular component of visuomotor control that is necessary for successful interactions 

with projectiles. The majority of the virtual tasks that study timing of motor responses 

when interacting with moving targets are based on interception of massless targets 

(Benguigui & Bennett, 2010; Bosco et al., 2012; Fink et al., 2009; Le Runigo et al., 

2005; Senot et al., 2005; Witt & Sugovic, 2013). A limitation of this prior work is that the 

paradigms do not consider how the motor responses are shaped by the expected 

momentum (mass x velocity) of the object, and not only the kinematic characteristics. 

On the other hand, real-world projectile interaction tasks present the advantage of 

giving us information on motor responses based on the impact between the hand and a 
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real object (Berg & Hughes, 2017; Bockemühl et al., 2010; Cesqui et al., 2012; D'Andola 

et al., 2013; d’Avella et al., 2011; Eckerle et al., 2012; Kazennikov, 2011). However, in 

this case, the motor responses will always be shaped to objects experiencing gravity-

specific acceleration. 

Being able to decouple object motion properties with our novel virtual task has 

the potential of helping us identify specific visuomotor deficits in clinical populations, 

such as after brain injury or in neurodegenerative disease. The task framework allows 

for a fuller understanding of how we shape our responses as a consequence of different 

object characteristics, which could further guide the development of both behavioral-

based diagnosis tools and rehabilitation strategies. As a diagnosis tool, it would aid in 

the identification of which motor responses are being affected (e.g., eye movements, 

muscle activity timing, force amplitude), and if the deficit is specific to anticipatory or 

compensatory control. After the identification of the specific deficit, the task can also be 

used and modified to target that specific aspect with different degrees of complexity, to 

aid with the rehabilitation of the cortical or musculoskeletal deficits, or to help the patient 

develop compensatory strategies to overcome those deficits. 

Anticipatory Phase 

This phase involves the motor responses that occur in anticipation to what we 

think the impact between the object and the hand will be like. In all experimental 

manipulations across both experiments (Chapters 2 and 4), we found that the amplitude 

of the hand force scaled with object momentum. We observed that participants applied 

a higher hand force right before contact for objects with higher momentum, regardless 

of whether the momentum increase was due to object speed, acceleration, or mass. 
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This finding is consistent with results from previous studies of free-falling catching, 

where the momentum of the object determined the amplitude of the force response, 

regardless of what caused the change in momentum (Johansson & Westling, 1988; 

Kazennikov & Lipshits, 2010b; Lacquaniti & Maioli, 1989b). In these studies, the change 

in momentum was caused by changes in the object’s mass and the height of the drop—

since they were all under free-fall conditions, the objects were experiencing gravity’s 

constant acceleration. Our results with the MSTOP task not only replicate momentum-

dependent force responses in a virtual environment, but also generalize this finding to 

show that it occurs for objects moving at constant speeds (no acceleration), objects 

accelerating at rates different than that of gravity, and decelerating objects. 

In both experiments, our results showed that participants increased their hand 

force above baseline levels closer to the time of contact between the hand and the 

object in anticipation of higher momentum collisions. This was seen for objects moving 

at a constant speed as well as accelerating ones, and the effect was also seen if the 

increase in momentum was due to an increase in (virtual) mass. In the first experiment, 

where the objects were moving at constant speeds (no acceleration), the distance 

between the hand and the object at the time of force onset was very similar (no 

statistical difference) for all sub-conditions. For the second experiment, where objects 

were experiencing some type of acceleration, the distance at the time of force onset 

was not the same between the sub-conditions. These findings are contrary to what has 

been seen on previous studies, where the timing of the force onset is invariant to object 

motion and momentum (Kazennikov & Lipshits, 2010b; Lacquaniti & Maioli, 1989b). 

This difference can be due to the fact that our task is a virtual paradigm and participants 
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are well aware that the movement of the object is not being affected by natural gravity 

laws, so the responses differ from those of real-life tasks. One possible reason for this 

discrepancy is the force timing, but not amplitude, is dependent on a second-order 

internal model of gravity to estimate the time of contact between the hand and the ball 

(McIntyre et al., 2001). Our results suggest that in conditions in which object motion 

does not conform to the laws of gravity, humans base their responses on different 

internal models. 

Our anticipatory muscle activity results mirrored the results for hand force. There 

was an increase in co-contraction of the task-relevant muscles with an increase in 

momentum, for both the proximal and distal arm. This is in line with previous studies, 

where both agonist and antagonist muscles show an increase in EMG when interacting 

with higher momentum objects (Berg & Hughes, 2017; Eckerle et al., 2012). For the 

onset of the EMG signals we saw differences in the agonist muscles (anterior deltoid 

and triceps), such that the onset occurred earlier for the lower momentum sub-

conditions. Our results differ from free-fall catching studies that show an earlier muscle 

activation for balls dropped at higher heights (Lacquaniti & Maioli, 1989b; Shiratori & 

Latash, 2001). Considering that in free-falling the objects are accelerating, objects 

dropped at higher heights will be traveling at faster speeds at the time of contact, which 

explains the need to initiate the response earlier to account for the object’s speed. In 

our virtual task, the objects were moving at constant speeds, which might account for 

the discrepancy seen with catching studies. The differences might also be explained by 

the fact that our task does not simulate the hand movement required for real-life 

catching, which could be modifying the muscle activation patterns. 
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The final anticipatory phase variables examined concerned smooth pursuit eye 

movements (SPEM). SPEM gain, the variable measuring how well participants’ eye 

velocity matches the object’s velocity, was lower for objects moving at higher speeds, 

both for objects moving at constant speeds and with acceleration. This result is in 

accordance with previous findings when tracking both real and virtual objects (Cesqui et 

al., 2015; Lisberger et al., 1981; Schröder et al., 2021). SPEM duration showed no 

differences between the sub-conditions of both experiments. The mean values were 

similar across sub-conditions, however, the range of the values in both experiments was 

very wide, suggesting the use of different strategies between the participants. A 

previous catching study showed a large variability in ocular behaviors across 

participants (Cesqui et al., 2015), and this seems to be the case also for our study. 

However, they did show a relationship between SPEM duration and catching 

performance, where even if SPEM deteriorated with higher speeds, in these faster 

conditions SPEM duration became crucial for ball motion prediction. In our task, the 

non-significant differences in SPEM duration despite our different speed and 

acceleration conditions, and the high variability between participants, might suggest a 

non-necessity to rely on SPEM, which could be explained by the low complexity of the 

task in relation to object trajectory and consistency of speeds across trials in a block 

(Fooken et al., 2021). 

Overall, in the anticipatory phase we see variables such as APF and EMG 

amplitude that seem to be driven by a general principle: regardless of the presence or 

absence of gravity – or any arbitrary acceleration – we modulate our responses in a 

similar way. The timing of these responses however, seem to be context-dependent, 
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where as shown in real-life studies, responses are most likely driven by internal gravity 

related model, but this is not the case for our virtual experiments. 

Compensatory Phase 

This phase involves the motor responses that occur in response to the impact 

between the object and the hand. The compensatory response, as measured by forces 

after contact showed an increase with the increase in object momentum, regardless of 

the cause for the increase in momentum. This finding is similar to previous studies on 

catching falling objects with different masses (Kazennikov & Lipshits, 2010b).  

For the EMG amplitude, we examined co-contraction responses in short- ([25-50] 

ms) and long-latency ([50-100] ms) windows. For the distal arm muscles (biceps and 

triceps), we saw an effect of momentum in both short- and long-latency windows, with 

an increase in activity seen with higher momentum. This increase in EMG seen in 

response to higher momentum is similar to previous catching studies (Berg & Hughes, 

2017; Lacquaniti & Maioli, 1987). Together, this suggests that even in virtual 

environments, participants are primed for fast feedback control to mechanical 

perturbations in a momentum-dependent manner. 

The compensatory responses for both force and EMG amplitude follow the same 

pattern seen in the anticipatory responses for these variables. Before the collision, both 

force and EMG amplitude were already higher for higher momentum conditions. This 

indicates that the anticipatory information influenced the compensatory phase. To 

isolate feedback responses specific to the compensatory phase, the visual information 

immediately before the collision can be occluded to minimize the effect of the 

anticipatory responses. An alternative strategy is to design a task environment in which 
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the visual information during the anticipatory phase is incongruent with the actual 

momentum of the object to cause perturbations of the visuomotor system and record 

compensatory responses based on the proprioceptive and sensory feedback from the 

collision. 

Limitations 

There were methodological limitations in the current experiments. Because of our 

interest in gaze variables and the limited area in the display in which we can get reliable 

eye-tracking quality, we were limited in the maximum distance between the start of the 

moving object and the collision box, which in our case was 20 cm. This maximum 

distance also influenced the speed and acceleration conditions that we could include in 

the protocols, since we could not have the objects moving so fast that the participants 

would not be able to modulate their motor responses appropriately. These differs from 

real-world catching studies, in which balls are typically dropped from heights exceeding 

30 cm.   

Another limitation of our paradigm is that even though we replicate the physics of 

a stopping task, the movement of the hands that are required to stop projectiles in the 

real-world is not the same. In our augmented-reality set-up, participants use a tool (a 

handle) to receive the impact and counteract the force. Even though we have been 

using mainly real-world catching studies to compare our results, we are aware that our 

paradigm is certainly not a ‘catching’ task. Therefore, we recognize that this might limit 

the interpretation of our results, specifically the compensatory phase, as the response 

needed is in a sense completely different. However, compared to other virtual tasks, our 

paradigm mimics the forces we experience when interacting with a real object, and not 
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only the kinematics as seen in interception tasks. It gives us the advantage to be able to 

isolate a particular component of visuomotor control that is necessary for successful 

catching, and at the same time there is an advantage over real-life tasks, because of 

the possibility of manipulating kinetic and kinematic variables without environmental 

constraints. 

Future Directions 

We introduced the MSTOP paradigm and showed that it replicates the physics of 

stopping projectiles in the real-world. An advantage of MSTOP paradigm is that task 

parameters can be easily manipulated to better understand different aspects of how we 

interact with projectiles. The design that we used for the current set of experiments was 

a blocked design for the different sub-conditions, which allowed participants to use 

information from previous trials to tune their motor responses. This could also have 

influenced the fact that some participants did not rely much on pursuit eye movements 

because the target was moving at the same speed across trials in a block. Randomizing 

trials from different sub-conditions in a block would give insight into the dependence on 

eye movements to estimate the time-to-contact based on the different speeds and 

accelerations of the moving object.  

Another change that could be implemented is the specific instructions to the 

participants. In the current studies, the only requirement for the participants was to 

fixate on a cross before the moving object appeared. After the cross disappeared, 

participants were not instructed on what to do with their gaze, which resulted in large 

variability across participants, with some mostly tracking the object, and others relying 

mostly on saccades and fixations. In future studies, instructions on what to do when the 
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moving object appears would help standardize our eye movement measurements and 

give important information on gaze-dependent responses across task contexts. For 

example, the participants could be instructed to fixate on the cross for the entirety of the 

trial, making them use their peripheral vision to estimate the speed of the objects, or in a 

similar way, they could be instructed to pursue the object from the beginning to end. 

There are two main variables of interest about the collision itself that can be 

modified. The first is the size of the area in which the collision has to happen. This area 

specifies the amount of hand movement allowed before the collision. In the current 

tasks, the collision area has the dimensions of a 5 x 10 cm rectangle. These dimensions 

allowed for a maximum of about 3 cm of movement before the collision. This area can 

be modified so to further restricts the movement of the hand before the collision, or to 

allow a greater movement or a free range in the case that participants are told to wait 

outside the box but to intercept the target in a specific collision area. Collision duration 

is a second aspect that may affect the pattern of observed results. Currently, 

participants experience a collision of 90 ms between the hand and the object. This value 

can be modified to change the feel of the collision, for example to mimic collisions with 

different types of materials. 

Aspects about object motion distance, direction, and trajectory can also be 

modified. In the current task, the object moves in the negative Y direction following a 

linear path, and it starts at the same distance from the hand in every trial. Changing 

these factors could influence the object motion perception as well as the muscles 

needed to counteract the collision. 
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Lastly, this novel paradigm can be used as a diagnosis and/or rehabilitation tool 

for patients with visuomotor deficits. Once the characteristic behavior is identified in 

healthy population for different conditions in the new paradigm, deviations from this 

behavior can be identified in patient populations. With this, task conditions can be 

adjusted specifically for that patient to target specific deficits, and be used as a 

rehabilitation tool through repeated task practice. An example of this would be patients 

with cerebellar ataxia. These patients have trouble adapting their anticipatory responses 

when catching balls of different weights (Lang & Bastian, 1999) even when they receive 

prior information about the weight of the ball. Some patients show no adaptation at all, 

whereas others show a slower adaptation rate compared to controls. Depending on the 

extent of the damage of the cerebellum, the MSTOP task could be used in some 

patients as a rehabilitation tool. For example, with this task, multiple object kinematics 

can be presented to the patient, starting with easier conditions (blocked trials), and 

advancing to more complex protocols with randomized trials. Patients could then 

receive trial-by-trial performance feedback aimed at modulating anticipatory responses. 

Being exposed to this type of task-specific training could help foster strategies for 

improving anticipatory control, which could then generalize to improved motor 

performance in real-world tasks. 

Conclusion 

In conclusion, we developed a new augmented-reality based task which 

replicates the physics of a stopping a projectile task, but not the movement of the hand 

that is required for the interaction with projectiles in the real-world. With this task, we 

showed that the amplitude of force and EMG responses, both before and after the 
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collision, are similar to what we see in real-life catching studies. The timing of these 

motor responses in the anticipatory phase, however, are different to what we see in 

objects in the real-world experiencing acceleration because of gravity. Finally, pursuit 

eye movements did not seem to play a role modulating the hand motor responses under 

the conditions of our experiments. Together, our experiments present a viable 

framework for using virtual paradigms to mimic the physics of mechanical interactions 

needed for stopping a projectile, opening new possibilities for understanding how we 

prepare and update our visuomotor responses in dynamic environments. 
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