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Embodied L2 processing and learning from a neurocognitive perspective
Ana Zappa & Cheryl Frenck-Mestre

Abstract

Numerous studies have shown that physical activity facilitates lexical integration (i.e., the “enactment
effect”), indicating that action boosts memory performance and supports language encoding. This
phenomenon has more recently been described as “embodied learning,” or learning that involves self-
performed or self-generated action that is directly linked to the learned content. Embodied semantics posits
that cognition is grounded in multimodal representations originating in human experience and that motor
processes play an essential role in language processing. Much of the evidence for this lies in neuroimaging
studies showing that sensory and motor systems are recruited during lexical processing, both during
development and in adults. Studies of adult second language (L2) learners have generally shown that
sensorimotor networks are also involved in L2 processing, but less so than in the L1. It has been suggested
that this is likely due to L2 learning often being decontextualized, compared to L1 acquisition. Recently,
there has been a growing interest in the neurocognitive processes behind facilitated embodied learning and
their implications for L2 learning. In this chapter we review the main results reported by behavioral and
neurocognitive studies exploring embodied language processing and learning both in native language
processing and in adult L2 learners.

1. Embodied Semantics

Finding the key to how we associate concepts to linguistic labels is fundamental for our understanding of
how we acquire a first language and, later in life, learn a second one (see also Tokowicz & Tkacikova, this
volume). Despite decades of research there is still little consensus as to how the human brain associates the
acoustic signal (e.g., [g1'ta:]) to a specific concept (e.g., GUITAR) (Saussure, 1916; Shapiro, 2011). There
are currently two opposing views, which differ in relation to the type of representation that is constructed
for conceptual information. According to classic amodal theories, cognition is a computational process that
creates meaning from perception and for action through the manipulation of mental symbols (Fodor, 1998;
Landauer & Dumais, 1997). This has been described via the “sandwich model” metaphor: sensorimotor
systems simply perceive information (input) and subsequently produce action (output) (Hutley, 1998).
Meanwhile, cognition is sandwiched between the two in order to 1) transform perceived input into amodal
symbols and link them to relevant information in our semantic memory and 2) perform operations on these
symbols for output. In essence, knowledge is stored in an isolated semantic memory system, independent
from sensorimotor processes . Classical amodal theories do not, however, provide an explanation for how
we understand the real-world meaning of these symbols, themselves defined by other symbols.

Challenging some of the fundamental beliefs of traditional cognitive research, embodied theories stipulate
that conceptual symbols must, at some point, relate to the real world and be grounded in sensorimotor
experience (Hauk & Tschentscher, 2013). According to embodied semantics, conceptual representations
are highly influenced by or even dependent on sensorimotor processes, and linguistic forms are grounded
in our body’s system of perception and action planning (Barsalou, 1999). One of the key concepts behind
this is the “correlational learning principle,” according to which the co-occurrence of action-perception and
meaning results in the common firing of neurons, forming neural connections, or distributed neural
networks that subserve semantic processing (Pulvermuller, 1999; 2013). In short, “What fires together, wires
together” (Hebb, 1949) so, for instance, if a child often hears the word “kick” while kicking a ball, lexico-
semantic networks responsible for processing the word “kick” and those responsible for preparing and
executing the movement necessary to kick a ball, will become a shared network over time. This could also
apply to more abstract concepts such as freedorz, which are, at least initially, tied to personal experience (e.g.,
a child extracting herself from a playpen and hearing “You’re free!”). This idea stands in stark contrast to
amodal theories, which claim that representations used for conceptual knowledge and language are
independent from the body and its experiences. Whereas the embodied vs. disembodied debate was
originally quite black and white, recent research in this area has become more nuanced and focused on when
and Jow language is embodied, as illustrated by many of the studies described in this chapter.



2. Embodied leaming

The role of the body in encoding new linguistic information has been examined from an embodied
semantics point of view. Similarly to the above-described Hebbian theory of associative learning, Zwaan
and Madden’s (2005) theory of experiential traces posits that when linguistic labels co-occur with our
interactions with the environment, ‘experiential traces’ are formed and associated with these labels. Later,
when we encounter the same linguistic labels, these experiential traces are automatically reactivated.
Supporting these theories, behavioral studies conducted in the last 40 odd years have amply demonstrated
that when new linguistic content is learned with congruent physical movement, retention is improved. This
is often referred to as the “enactment effect” (Engelkamp & Krumnacker, 1980; Engelkamp & Zimmer,
1984). As carly as 1980, Engelkamp and Krumnacker showed that verb phrases (e.g., “shuffle the cards”)
were better memorized when representative gestures were performed during learning, as opposed to
watching someone else perform the action, imagining the action or just listening to the sentence. Encoding
new information with action has more recently been termed “embodied learning”. Truly embodied learning
is thought to involve “self-performed” or “self-generated” action that is congruent with learned content
(James & Bose, 2011; James & Swain, 2011; Johnson-Glenberg & Megowan-Romanowicz, 2017). In line
with studies showing that mathematical (Kontra et al., 2015) and scientific (Johnson-Glenberg & Megowan-
Romanowicz, 2017) principles are better integrated with physical activity compared to just verbally, language
learning has also been shown to be enhanced by action and gestures, which we will discuss in sections 3.3
and 3.4. But first we will review empirical research on embodied semantics more generally, in first (L1) and
second (L2) language processing in sections 3.7 and 3.2.

3. Embodied semantics in the L1 and L2

3.1 Behavioral evidence of embodied language processing

With the goal of putting embodied semantics to the test, several behavioral studies have manipulated both
the timing and compatibility of semantic and motor processes to examine motor-semantic interactions. L1
studies combining these two processes have found effects of both facilitation, as shown by facilitated
movement primed by compatible meaning (Boulenger et al., 2006; de Vega et al., 2013; Diefenbach et al.,
2013; Kaschak & Borreggine, 2008; Zwaan & Taylor, 20006), and inhibition, as illustrated by hindered
movement when motor and linguistic processes overlap (Buccino et al., 2005; Boulenger et al., 20006). These
interactions have generally been interpreted as evidencing that motor and semantic processes share
resources. While the inhibition resulting from motor-semantic interactions may seem counterintuitive, the
Hand-Action-Network Dynamic Language Embodiment (HANDLE) model (Garcia and Ibafiez, 2016)
holds that when motor and linguistic processes occur simultaneously, competition for shared neural
resources causes interference (Garcfa & Ibafiez, 20106).

A few behavioral studies have reported a similar pattern of effects in L2 learners (see Kogan et al., 2020 for
a review). One such study, reported by Buccino and colleagues (2017), assessed the modulation of motor
responses in proficient bilinguals during the processing of both auditory nouns and visual images as a
function of the properties of these stimuli. As has been found in L1 speakers (Marino et al. 2014), L2
speakers’ motor responses (i.e., the time needed to manually indicate whether the stimuli represented real
objects) was delayed for graspable objects, whether depicted by images or auditory words. Similarly, in line
with L1 studies showing that detecting a target is facilitated if the location of the target matches the location
of a word’s referent (Kaup et al.,, 2012), words referring to a known location (e.g., “star”) facilitated
congruent motor responses (upward response for “star”) in the L2 (Dudschig et al., 2014). These results
imply that physical experiences are reactivated during language processing in an L2, as in an L1,

However, embodied effects in an L2 are sometimes attenuated compared to L1 effects and may be at least
partially contingent on language proficiency. Vukovic (2013) showed that the time needed to identify L.2
verbs as the correct translation of L1 verb primes was significantly affected by the ovetlap of parts of the
body between the L2 verb and the response mode. Manual responses were inhibited by L2 verbs involving
the hand (e.g., “write”) but not by L2 verbs involving the mouth (e.g., “bite”); conversely, .2 verbs involving
the mouth but not those involving the hand inhibited oral responses. This pattern of inhibition was only
found, however, for participants with high I.2 proficiency . In line with the Hebbian theory of associative
learning, the authors suggested that the difference between their L2 participants stemmed from the amount
of “real-life” usage of the L.2, which over time becomes more situated due to being used in varied contexts,



and hence leads to co-activation of extra-linguistic neural substrates, including the motor cortex. Despite
possible differences between L1 and L2 embodiment as a function of L2 proficiency, motor-semantic
effects in both the L1 and the L2 have been interpreted as evidencing shared neural resources for motor
and semantic processes. Nevertheless, behavioral studies are limited in revealing the underlying
neurocognitive mechanisms that govern embodied processes in language comprehension.

3.2 Neurocogunitive evidence of embodied language processing

Neurocognitive studies have provided further support for the concept of embodied semantics by showing
motor-semantic interactions during native language processing. These studies suggest that linguistic
processes may employ the same neural substrates as those used in perception and action. Given its high
spatial resolution, functional magnetic resonance (fMRI) can reveal cerebral cortical networks and their
organization, which can be key in embodied studies, allowing for the observation of networks that underlie
semantic and motor processes, and their possible overlap. Indeed, in their seminal fMRI study, Hauk and
colleagues (2004) showed that, during passive reading, action verbs referring to actions performed with the
mouth, hand/arm or foot/leg (e.g., lick, pick or kick) specifically activated overlapping or adjacent areas to
those responsible for planning and executing actions involving those specific areas of the body. Several
other fMRI studies have since shown similar somatotopical activation along the motor strip during action
verb processing (Boulenger et al., 2009; Esopenko et al., 2012; Raposo et al., 2009). These activations would
suggest that sensory and action language automatically triggers the areas involved in sensorial processes or
action execution.

A handful of fMRI studies have since compared the neural correlates of L1 and L2 processing. Native
Dutch speakers and German learners of Dutch performed a lexical decision task in which they saw Dutch
action and non-action verbs (De Grauwe et al, 2014). Both groups showed greater motor and
somatosensory area activation for action verbs, independent of cognate status, indicating that 1.2 semantic
representations are embodied and cause motor activations. In contrast to this study, Zhang and colleagues
(2020) found smaller effects in the L1 compared to the L2. L1 and L2 speakers of English performed a
semantic judgment task while being scanned. L1 speakers outperformed L2 speakers behaviorally when it
came to both accuracy and speed of response. Importantly, L1 speakers recruited a larger cortical network
during the task and showed more strongly engaged connections between the “semantic integration hub”
(see Patterson & Ralph., 2016 for an explanation of the “hub-and-spoke” model) and sensorimotor regions
than L2 speakers. The authors concluded that weaker connections between the semantic integration hub
and sensorimotor regions during L2 processing indicated that embodiment in the L2 differs from that of
the L1.

Despite its spatial accuracy, fMRI is limited as concerns temporal precision (see Kousaie & Klein, this
volume), making it difficult to pinpoint the processing stage at which these activations occur (Hauk &
Tschentscher, 2013). Indeed, classical models of language processing often argue that the activations
described above are post-lexical and do not play a causal role in understanding language (Mahon &
Caramazza, 2008). Electroencephalography (EEG; see Dickson & Pelzl, this volume) on the other hand,
offers much higher temporal resolution and can better identify cortical activity that contributes to earlier
semantic processes, beginning around 150-200 msec after word onset (Amsel et al., 2013; Moseley et al.,
2013, Pulvermtller et al., 2009). EEG has proven well-suited for measuring early occurring motor-semantic
interactions that could be interpreted as showing that motor processes influence semantic processes or vice
versa, as opposed to motor resonance indexing post-lexical effects. For example, Boulenger et al. (2008)
presented action verbs and nouns subliminally as participants performed a grasping movement. EEG
analyses showed that very early motor planning, as shown by the “readiness potential” (indexing motor
preparation 200 msec prior to actual movement) was disrupted by linguistic processing as a function of
word type (reduced motor preparation for action verbs as compared to nouns). This was interpreted as
showing interference due to motor and semantic processes occurring simultaneously. Similarly, Aravena and
colleagues (2010) manipulated action and language compatibility to examine the brain markers of the
bidirectional impact between linguistic and motor processes. Participants processed sentences describing
hand actions while performing hand actions using a congruent or incongruent hand position (fist or open
hand). As predicted, not only was motor preparation facilitated by compatible meaning, incompatible
language/action pairs produced semantic interference, as shown by an N400-like effect. These results were



interpreted as revealing clear bidirectional impact between language and motor processes, and hence shared
resources for these processes.

Ibafiez and colleagues (2010) showed that linguistic embodied processes were affected by L2 proficiency,
as illustrated by a differences in semantic effects as a function of motor-semantic congruency. While
watching videos combining literal and metaphorical expressions with congruent and incongruent gestures,
high and low proficiency L2 speakers showed an N400 effect for metaphorical vs. literal sentences. More
importantly, this effect was present for congruent vs. incongruent gestures, though only for advanced 1.2
speakers, indicating shared resources between visual and linguistic processing in an L2 for high-, but not
for low-proficiency speakers. Similarly, Birba and colleagues (2020) examined the effect of age of acquisition
and proficiency on the recruitment of embodied processes during reading. They measured functional
connectivity (temporal coincidence) using EEG during naturalistic reading of action vs. neutral texts and
were particularly interested in observing motor-related connectivity across central electrodes and source-
space activity modulations in motor regions. In the L1, action texts produced greater motor connectivity,
which the authors associated with participants reenacting sensorimotor experiences described by language.
Although no effects emerged for L2 speakers (i.e., differences between action and neutral texts) , a positive
correlation was found between enhanced motor-related connectivity and L2 proficiency during action text
reading. Similarly, a negative correlation was found between motor-related connectivity and age of L2
acquisition. Both studies described above indicate that although non-native speakers can show embodied
effects in 12 processing, proficiency of the L2 is likely what leads robust and reliable effects (Kogan et al.,
2020).

Time-frequency analysis has often been used to measure motor activation during language processing.
Suppression, or desynchronization, of the p (8-13Hz), and 8 (13-30Hz) rhythms (see Pfurtscheller & Lopes
da Silva, 1999 for an explanation) reflects activity in the sensorimotor cortex, associated with performing
and observing movement (Caetano et al., 2007; Niccolai et al., 2014; Pfurtscheller & Lopes da Silva, 1999)
as well as motor imagery (Matsumoto et al., 2010). In the L1, action-related sentences produced early p and
B Event-Related Desynchronization, suggesting that motor resonance occurs during the retrieval of lexical-
semantic information, as opposed to post-lexical imagery (van Elk et al., 2010). Other L1 studies have
contrasted action and abstract language and shown greater motor activation for action language (Alemanno
et al., 2012, Moreno et al, 2015). In order to go beyond langauge comprehension and observe motor-
language interactions using real action, we combined virutal reality and EEG in a novel paradigm (Zappa et
al., 2019).Participants heard action verbs prior to manipulating virtual objects using real and varied actions,
in a virtual environment. We found p and § ERD during verb processing, and prior to movement propet,
for both Go and Nogo trials, but u ERD was greater for Go trials, suggesting an involvement of motor
processes in language comprehension. Finally, a study comparing bilinguals’ L1 and L2 processing during a
silent reading task, showed significantly greater u ERD over the left hemisphere for action compared to
abstract words, around 150 msec post-stimulus, for both languages (Vukovic & Shtyrov, 2014). Once again,
the early onset of motor activation was interpreted as indicating that it was involved in lexico-semantic
access as opposed to post-lexical processes, such as mental imagery. Interestingly, in the right hemisphere,
effects were greater for the L1 in comparison to the L2. While verb-processing induced motor activation in
both languages, these results confirm that such effects are weaker in the L2 than in the L1.

Generally, both behavioral and neurocognitive studies have found similar embodied effects in the L2 and
the L1. However, these effects are often attenuated in the L2, and language proficiency seems to have a
significant impact on the extent to which they resemble L1 embodiment. Furthermore, there is no
consensus as to why these differences exist. Numerous possibilities have been put forward such as L2
speakers relying on mechanisms like lexical association or shallow translation instead of embodied
mechanisms, or less experience leading to a poorer representational system in the L2 compared to the L1.
The studies above point to the importance of taking proficiency and possibly age of acquisition into account
when examining embodied effects in the L2. Indeed, similarities between effects across the L1 and the L2
seem to be contingent on these factors, which could have important implications for both embodied
semantics and the L2 processing literature. As we will further discuss in section 3, one way of gaining
understanding as regards the relationship between language proficiency and embodied effects (i.e., how eatly
on these effects emerge) is to examine these effects from the very beginning of new word encoding.



3.3 Behavioral evidence of embodied language learning

Studies using gestures to teach artificial languages and novel vocabulary in the L1 and the 1.2 have provided
behavioral evidence that enacted or embodied learning enhances memory performance, in line with
embodied semantics (Macedonia & Knésche, 2011; Mayer et al., 2015; de Nooijer et al., 2013; Tellier, 2008).
Association between sensorimotor experiences (eg. the location of an object) during novel word-learning
have been shown to be reactivated during retrieval (Ottl et al.,2017). Along similar lines, gesture studies
have investigated the influence of learning new vocabulary with concurrent gestures as form of embodied
learning. Children showed improved semantic encoding of L2 words when these were learned with iconic
gestures, compared to images (Tellier, 2008), and imitating gestures during encoding and retrieval helped
children to learn novel verbs describing object manipulation (but not abstract words or words describing
locomotion) (de Nooijer et al., 2013). As for adults, performing a congruent gesture to word meaning (or
“enactment”) supports learning an artificial language or novel words as evidenced by short and long term
retention, as well as accessibility in memory (Macedonia, 2003; Macedonia & Kndsche, 2011).

But is improved encoding for words learned with action is simply a result of motor activation, independent
of its meaning, during learning? A handful of studies have suggested that words learned with iconic gestures
are better retained, both short and long-term, compared to those learned with meaningless gestures (“devoid
of any symbolic image related to the words semantics”) (Macedonia et al., 2011) or no gestures (Garcia-
Gamez & Macizo, 2019). This indicates that the learning advantage associated with iconic gestures does not
merely rely on motor processes but on their semantic content, or their zofor image. Another frequent question
is whether the learning advantage is a result of performing gestures or simply seeing them be performed
(Macedonia & Kndsche, 2011). Indeed, it has been argued that inducing a mental simulation of performing
an action, or motor imagery, is enough to benefit recall (Kormi-Nouri, 2000). Sweller and colleagues (2020)
taught participants L2 verbs verbally compared to a condition where they also saw iconic gestures and one
where they saw and performed iconic gestures. Short and long-term recollection was improved for both
gesture conditions compared to the verbal condition. Interestingly, no differences in learning were found
between these two gesture conditions, suggesting that observing gestures may sufficiently activate the
sensorimotor system to benefit learning.

On the other hand, Morett et al. (2018) found that, although viewing gestures did not enhance learning,
retention was significantly improved when gestures were spontaneously produced, possibly due to a more
direct involvement of the motor system. This implies that encoding new L2 words with action links motor
traces to meaning, in line with the Hebbian and experiential trace theories (Hebb, 1949; Pulvermiiller 1999;
Zwaan & Madden, 2005). The discrepancies between the results from Morett et al. (2018) and Sweller et
al.”s (2020) studies may be due to Sweller et al. asking participants to imitate gestures versus Morett et al.
observing the effect of spontancously produced gestures on learning. Sweller and colleagues suggested that
conscious imitation may have minimized embodied benefits. That said, most of the gesture studies showing
a learning advantage for performing gestures also involved conscious imitation of iconic gestures. Further
investigation is necessary to better understand whether and in which cases self-performance is a pre-requisite
for benefitting from an embodied advantage in language learning.

3.4 Neurocognitive evidence of embodied language learning

As is the case with embodied language processing, cortical measures allow for a deeper examination of the
neural correlates of embodied language /larning. All in all, there is no clear answer as to whether words
learned with action directly reactivate sensorimotor information, nor whether a correlation exists between
motor activation post-embodied word learning and improved learning outcomes. Both Fargier et al., (2012)
and Bechtold et al. (2018) taught participants novel words in association with self-performed actions and
then measured motor activation as participants process these novel words post-training. Neither study
clearly indicated that learning with actions lead to greater motor activation post-training. Very recently,
Garagnani and colleagues (2021) explored the neural correlates of teaching participants to associate images
of objects and actions to novel spoken words. Post-training, fMRI results showed that listening to novel
object words associated with objects activated the primary visual cortex and secondary and higher visual
areas, indicating that associative semantic links had been established between the word forms and concepts,
and that the meaning of these newly learned object words was localized to the primary visual cortex. On
the other hand, contrary to the authors’ hypothesis, listening to action words did not yield significant



activation in the extrastriate body area, possibly because action words were not as successfully learned as
object words, as shown by behavioral results.

fMRI studies that focused on using iconic gestures during novel word encoding resulted in more reliable
neural evidence of how embodied processes support word encoding. Mayer and colleagues (2015) showed
that learning novel words was better supported when accompanied by self-performed congruent gestures
compared to more traditional learning using images, which were more efficient than verbal content alone
(Mayer et al., 2015). Most significantly, fMRI results showed a positive correlation between activity in
specialized visual and motor brain areas and improved behavioral performance, suggesting that learning
new linguistic content with accompanying gestures enhances learning by creating embodied representations
of those words. Along similar lines, Macedonia and colleagues (2019) used fMRI to compare the effects of
learning new L2 words through written translations of either printed or auditory words accompanied or not
by the visualization of semantically related gestures. As expected, behavioral results showed improved
learning for L2 words learned in conjunction with visualizing gestures. Imaging results revealed more
distributed sensorimotor networks contingent on the number of modalities to which the participants were
exposed during learning; this was interpreted as showing deeper encoding. As in Sweller and colleagues’
(2020) behavioral study, these results seem to indicate that an embodied learning advantage can result from
action observation alone. Finally, Macedonia and Mueller (2016) analyzed the BOLD response during the
recognition of the words learned with iconic gestures in order to identify the networks that subserve learning
these words. Results showed activation not only of the core language network, but of several premotor,
motor and sensorimotor areas during word recognition. Importantly, as participants heard and read the
novel words, a significant portion of the left premotor cortex, which is involved in movement preparation
and simulation, became engaged. These activations were attributed to the embodied encoding of novel
words engaging a complex sensorimotor network and improving retention.

In line with Macedonia et al. (2011), Krénke and colleagues (2013) aimed to identify the neural correlates
of novel object words learned with meaningful gestures, meaningless gestures and without gestures (purely
verbally). Although no behavioral differences were found between conditions, BOLD fMRI data showed
deeper semantic encoding for words learned with meaningful gestures (greater activation in a semantic
network including the left inferior frontal and inferior temporal gyri). This supports the idea that semantic
meaning of novel object names is grounded in brain networks responsible for processing experiences with
such objects. Finally, using event related potentials, Kelly and colleagues (2009) examined the impact of
gesture on learning 1.2 verbs. Words learned with iconic gestures were better learned compared to observing
meaningless gestures, as evidenced by a larger late positive complex in bilateral parietal regions, an index of
recollection. However, no differences were found as concerns the N400 component. These results were
interpreted as showing that embodied learning contributes to recollection of new L2 words, due to deeper
memory traces, but not to their familiarity, as shown by the lack of differences in the N400 component
(associated with familiarity, among other processes). The authors further speculated that rather than
facilitating memory for newly learned words and making them “superficially familiar”, gestures contribute
to a later stage in learning that involves meaning retrieval. Overall, the above-described studies provide
evidence that embodied learning, mostly through performing iconic gestures, improved retention of novel
words. Learning with gestures or action also resulted in greater activations in motor, pre-motor and
sensorimotor areas while processing learned words compared to control conditions. Importantly, embodied
learning can rapidly engage embodied mechanisms, sometimes even before behavioral effects can be seen
(Kroénke et al., 2013). These results seem to evidence a rapid, robust and lasting implication of sensorimotor
networks during action verb learning.

4. Current trends and future directions

Virtual reality to investigate embodied word learning

A major challenge faced by embodied language learning studies is that of attaining ecological validity while
maintaining strict experimental control. According to embodied semantics, physical contexts are essential
for language processing and learning. Hence the need for experimental protocols that are multimodal and
as close to real life as possible (Tromp et al., 2018; Peeters, 2019). VR has been thought to eliminate the
spatial divide between stimulus and participant, which is particularly relevant for investigating embodied
semantics (Peeters, 2019). L2 learning research has become increasingly invested in providing participants
with more ecologically valid, multimodal environments where they can engage in semi-natural actions,



leading to results that can generalize to everyday situations (Peeters, 2019; see also Jeong & Li, this volume).
The rationale behind this is that the more real-world and situated a language processing environment is, the
more physically involved and natural participants will feel and the more similar their behavior will be to real-
life processing. VR environments are both interactive and immersive, making them better suited to engage
the sensorimotor system, compared to traditional experiments, and elicit real-life responses (Bohil et al.,

2011).

The most appealing aspect of using virtual environments in this line of investigation is that they can be
manipulated to be ecologically valid and remain highly controlled. While computer monitors occupy a small
percentage of the learner’s visual field, the CAVE system visually surrounds and HMDs visually isolate
learners, creating a deeper sense of immersion (Repetto, 2014). Furthermore, these technologies can provide
a sense of agency, given participants’ ability to move their arms and hands freely and manipulate objects
(Johnson-Glenberg, 2018). One study taught adults pseudo-words describing graspable objects (Macedonia
et al., 2020). While immersed in a VR Deep Space cave, participants learned words verbally, with an added
projection of a virtual object or by also grasping the virtual object. Post-training, word recognition was faster
for words learned with grasping compared to the two other conditions. The authors suggested that this
learning enhancement was due to greater sensorimotor enrichment in this condition. However, a cued recall
showed no differences between conditions and, one month later, 1.1 translations of words learned with
grasping were better retained but not the novel words themselves.

In order to explore the neural correlates of L2 learning in virtual environments (VE), Legault and colleagues
(2019) examined structural brain changes during L2 processing, as a function of L2 learning context.
Participants who learned in a VE condition showed increased structural changes in the right inferior parietal
lobe (IPL) compared to those who learned via word-word association. Furthermore, two positive
correlations emerged for the VE group: one between cortical thickness of the right IPL and learning
performance across training sessions and the other between cortical thickness in the right supramarginal
gyrus and accuracy in the delayed retention test. Given the IPL’s association with embodied cognition
networks, VE learning was thought to stimulate the IPL’s involvement in interactive learning, which
simulates real-life learning (Li & Jeong, 2020). Another study used transcranial magnetic stimulation (TMS)
to examine the involvement of motor processes in L2 encoding more directly. Vukovic and Shtyrov (2019)
tested whether inhibiting the primary motor cortex (M1) would hamper action verb learning (see Pandza,
this volume, for more details about TMS). Participants learned novel labels for object nouns and action
verbs via an interactive VR computer game where they manually manipulated virtual objects. In line with
embodied semantics, the authors hypothesized that applying theta-burst TMS to the M1 prior to learning
would prevent a motor trace from forming for the verb labels, impinging on learning. Indeed, stimulating
the hand area of the left M1 lead to less successful encoding of novel verbs compared to nouns. This was
not the case for the two control groups, indicating that motor cortex activity could be involved in the early
stage of word encoding. Finally, Legault and colleagues (2019) used immersive VR (iVR) (i.e., encountering
kitchen items in a kitchen) to teach participants Mandarin words and compared this to word-word paired
association. Only less successful learners showed improved accuracy immediately post-training for words
learned in iVR, suggesting these learners might reap more benefits from embodied learning in iVR
environments than successful learners. iVR allows for a fine-grained examination of embodied language
learning through the manipulation of naturalistic movement and learning environments. In the future, the
combination of iVR and neural data would provide a novel and highly precise measure of the neural
correlates of embodied word learning,

5. Applications

The above evidence that embodied processes can be involved in both L2 processing and learning supports
pedagogical approaches that teach semantic content using physical action. For instance, the Total Physical
Response (TPR) method has children “act out” the meaning of L1 new vocabulary words using gestures,
facial expressions and props. Along similar lines, the Accelerative Integrative Method (AIM) uses drama,

singing, dance and creative writing to help children to learn an I.2. Children embody different characters in
plays and sing and act out stories in the I.2. Meanwhile, iconic gestures are associated to lexical items and

svntactic content, building a repertoire of gesture-verbal couples over time. Methods such these are thought

to decrease learners’ inhibition and increase their confidence engaging and motivating children both



https://www.theteachertoolkit.com/index.php/tool/total-physical-response-tpr
https://www.theteachertoolkit.com/index.php/tool/total-physical-response-tpr
https://www.aimlanguagelearning.com/

physically and emotionally during language learning. Examining the neurocognitive effect of embodied 1.2
learning using these methods would likely add to the ecological validity of embodied 1.2 learning research.

6. Further reading

As further reading we recommend: 1. Monaco and colleagues’ (2019) in-depth review of both behavioral
and neurocognitive L2 studies that consider embodiment. 2. A consensus paper by Bechtold et al., (iz press)
which covers a wide range of neurobiological studies that address the role of motor and perceptual processes
in language representation as indexed by language comprehension and learning. 3. A review by Li and Jeong
(2020) that examines the neural corelates of social L2 learning from a social cognitive perspective as well as
the contribution of virtual environments to such.
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