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Mathematical problem-solving places heavy demands on children’s developing 

working memory capacity. This review examines how offloading numerical 

information using embodied (e.g. finger counting) or external tools (e.g. manipulatives) 

can reduce cognitive load and improve mathematical task performance. Strategic 

offloading emerges in childhood; however, it is less often observed in children with 

lower working memory or mathematics ability. Scaffolding and encouraging children’s 

use of cognitive offloading strategies may promote mathematical competency.  

Mathematical problem-solving is heavily reliant on the ability to simultaneously store, 

manipulate, and update numerical information in working memory (WM) (Peng et al., 2016). 

Indeed, the relationship between WM capacity and mathematical skill is well-established 

(Friso-van den Bos et al., 2013; Lee & Bull, 2016), with highly replicated evidence 

demonstrating that WM capacity predicts mathematical competence across the school years 

(Lee & Bull, 2016; Raghubar et al., 2010; J. Zhang et al., 2024). WM is a temporary storage 

space subject to capacity limits that increase with age (Ahmed et al., 2022; Reynolds et al., 

2022). Managing the demands of mathematical problem-solving can therefore be challenging 

for children (Spiegel et al., 2021), particularly when learning unfamiliar and increasingly 

complex applications of mathematical concepts (Raghubar et al., 2010). This challenge is 

reflected in research demonstrating that WM is heavily taxed when children possess a novice 

understanding of a mathematical concept across all years of their schooling (Peng et al., 2016; 

Spiegel et al., 2021). This review focuses on the role that cognitive offloading, the outsourcing 

of mental demands to external tools (Risko & Gilbert, 2016), plays in reducing children and 

adolescents’ WM load during mathematics.    

 Benefits of Strategic Cognitive Offloading  

Cognitive offloading is a highly effective method of reducing WM load during learning and 

memory tasks across age groups (Armitage & Gilbert, 2024; Gilbert et al., 2023). For instance, 

when tasked with recalling letter strings of increasing length, the accuracy of letters recalled by 

11- to 12-year-old children increased when offloading was permitted by writing down letters 

during their presentation (Iley & Medimorec, 2024). A similar pattern of results was observed 

in adults, wherein the accuracy of letters recalled from WM increased when given the 

opportunity to offload (Risko & Dunn, 2015). There is also evidence that for children aged 8 to 

11 with low WM capacity, reducing extraneous load (i.e., load on WM imposed by the 

presentation of information in the environment) improves performance in a WM task (Berry et 

al., 2019). Ball et al. (2022) demonstrated that young adults with lower WM capacity perform 

equally well as their counterparts with higher WM during prospective memory tasks when 

permitted to offload. This result was replicated in later research which concluded that offloading 

has the potential to circumvent the impact of low WM capacity in tasks requiring participants 

to remember information in prospective and retrospective memory (Richmond et al., 2025).   

 Although the benefits of offloading in alleviating WM demands are well-

established, developmental research indicates that the ability to strategically offload to mitigate 

the impact of insufficient cognitive resources does not emerge until the ages of 9–10 (Redshaw 

et al., 2018). In fact, research shows that younger children typically fail to spontaneously and 

strategically use compensatory strategies to overcome cognitive limitations (Armitage & 

Gilbert, 2024), despite the ability to accurately evaluate the difficulty of a task relative to 
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personal ability emerging during the preschool years (Gardier & Geurten, 2024). Although the 

use of offloading strategies becomes more sophisticated with increasing age (Armitage et al., 

2020; Armitage & Redshaw, 2022), there is also evidence that children aged 11–12 occasionally 

overlook the benefits of offloading (Iley & Medimorec, 2024). Furthermore, children with low 

WM capacity do not always not recognise the benefits of offloading without explicit instruction 

(Berry et al., 2019). Overall, this research suggests that until adolescence, children are likely to 

require scaffolding to support their use of offloading strategies when performing tasks that place 

a heavy burden on their WM.  

In the context of mathematical problem-solving, offloading information could alleviate 

demands on WM by redistributing numerical computations to external referents (Kirsh, 2010). 

For example, instead of holding sequential solutions in WM during active problem-solving, 

children could represent them on their fingers (i.e., offloading via embodied cognition) or even 

write them down (i.e., offloading to the environment via external artefacts) (Pouw et al., 2014). 

These strategies are a form of ‘extended cognition’ that free WM resources for immediate use 

(Clark & Chalmers, 1998). Given the evidence that some mathematical operations may impose 

larger demands on certain domains of WM (i.e., visual or verbal) at different ages (Y. Zhang et 

al., 2023), the utility of offloading tools may differ depending on age and problem-solving 

strategy. Understanding this is important as WM resources can become depleted during 

complex and successive computations (Chen et al., 2018), especially in early childhood when 

capacity is most limited (Cowan, 2016). The purpose of this review is therefore to consider how 

children use embodied cognition and external artefacts in mathematics and determine their 

utility as cognitive offloading tools to alleviate WM demands during active problem-solving.  

The Utility of Embodied Cognition as an Offloading Tool 

Extensive research has documented the utility of embodied cognition in learning, problem-

solving, and instructional practice (Castro-Alonso et al., 2024; Shapiro & Stolz, 2019). For 

instance, head tilting has been shown to increase task efficiency by alleviating the cognitive 

demand of mental rotation tasks (Armitage & Redshaw, 2022; Risko et al., 2014) and gesturing 

(e.g., pointing, mimicking, signalling) has proved highly effective in enhancing the retention 

and application of learning material across educational contexts (Castro-Alonso et al., 2024). 

Representing numerical quantities on the fingers (Crollen & Noël, 2015) is the predominant 

way embodiment can be used as a cognitive offloading strategy in mathematics.   

As finger use is ingrained in early mathematics instruction cross-culturally (Bender & 

Beller, 2012; Fischer et al., 2024), educational psychologists have long sought to determine the 

usefulness of finger counting for early mathematical learning. Cumulative evidence indicates 

that although not essential (Lafay et al., 2013), finger counting is highly-beneficial for the 

mastery of arithmetic skill and the efficient adoption of internal calculation strategies between 

the ages of 5 and 8 years old (Neveu et al., 2023; Thevenot et al., 2025). Embodied cognition 

researchers have attributed this benefit to a sensorimotor view of numerical cognition, which 

proposes that the abstract concepts of number sense, ordinality, and cardinality become 

grounded within sensorimotor neural pathways when counting on the fingers (Sixtus et al., 

2023; Soylu et al., 2018). Repeated finger use efficiently internalises these concepts (Soylu et 

al., 2018), before finger counting is abandoned in favour of mental strategies (Poletti et al., 

2022). Although well-established, this interpretation does not consider whether children use 

finger counting as a method of reducing WM demands during mathematics tasks.  

Compared to the emergence of strategic offloading in psychological tasks outside the 

educational context around 9 to 10 years old (Armitage & Gilbert, 2024), there is evidence that 

finger counting is strategically used to manage cognitive load in early childhood. For example, 

at the earliest stage of learning mathematics operations, children’s WM capacity is heavily 

burdened by the need to hold a problem in mind while concurrently recalling number sequence 
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and steps to be completed (Noël et al., 2004). At age 5, children reduce this burden during single 

digit addition by instantiating the quantities on separate hands (e.g., 5 + 3 is represented with 

three fingers raised on one hand and five on the other) and counting all raised fingers to find 

the total (Beller & Bender, 2011). As ordinality and cardinality become internalised, children 

begin to recognise the inefficiency of this method and shift to using their fingers to count 

onwards from the larger number (e.g., 5 + 3 is solved by raising three fingers one by one and 

counting 6, 7, 8) (Dupont-Boime & Thevenot, 2018). As children with higher WM capacities 

adopt the latter strategy before children with lower capacities (Dupont-Boime & Thevenot, 

2018), this indicates that finger counting methods reflect internal capability, with more efficient 

strategies being adopted as WM capacity increases in early childhood (Thevenot et al., 2025).  

In addition to increasingly sophisticated finger counting methods, there is evidence that 

when children use finger counting also becomes adaptive alongside increasing age and ability. 

For instance, a recent study showed that although finger counting is non-systematic when 

solving arithmetic problems at age 5, children begin to selectively count on their fingers when 

they recognise that internal strategies (e.g., arithmetic fact retrieval) are likely to be insufficient 

for problem complexity between the ages of 6 and 7 (Ollivier & Lemaire, 2024). Furthermore, 

longitudinal research has shown that finger counting is generally abandoned around age 8 or 

earlier for children with high WM capacities as mental calculation becomes automatised (Poletti 

et al., 2022). This indicates that children this age can already engage in a cost-benefit analysis 

when deciding to use their fingers whereby the cost of laborious finger counting is weighed 

against the benefit of solving a complex problem faster (Ollivier & Lemaire, 2024). On a similar 

note, neuroimaging research has shown that the neural networks corresponding to finger use 

increase in activation when subtraction problems increase in complexity (Berteletti & Booth, 

2015). There is also research demonstrating that children aged 5- to 6-years-old are less able to 

keep track of continuous computations when finger counting is inhibited, particularly if their 

WM capacity is low (Crollen & Noël, 2015). Collectively, this research indicates that strategic 

offloading via finger counting emerges much earlier in development than other offloading 

strategies measured outside the mathematics context, possibly because finger counting is used 

in culturally specific ways from very early childhood, and because the neural circuits 

underpinning finger use may support numerical abilities (Sixtus et al., 2023).  

The Utility of External Artefacts as Offloading Tools  

The utility of external artefacts (henceforth referred to as manipulatives) in learning and 

instructional practice has been a focus of mathematical educational research for decades (Byrne 

et al., 2023), with particular interest in the role of concrete objects in learning abstract 

mathematics concepts (McNeil & Uttal, 2009). Historically, some researchers have advocated 

for a reduction of concrete supports due to concerns that they limit the transfer of concrete-to-

abstract mathematical knowledge (Brown et al., 2009; Kaminski et al., 2008). However, 

research on whether manipulable objects can improve mathematical competence is inconsistent, 

with positive findings for primary (Carbonneau et al., 2013; Domino, 2010; Fennema, 1972; 

Holmes, 2013; Lafay et al., 2019; Sowell, 1989), and secondary school students (Carbonneau 

et al., 2013; Holmes, 2013), but high heterogeneity and low-quality methodologies across 

studies (Byrne et al., 2023).  

The benefits of using manipulatives in mathematics were traditionally attributed to a need 

for concrete support prior to the maturation of abstract thinking (Bruner, 1966; Piaget, 1952). 

However, as benefits have been observed in older age groups (Carbonneau et al., 2013; Holmes, 

2013), external objects may support mathematical cognition in other ways (Mix et al., 2010). 

Whilst several functions of manipulatives have been described in the literature (Pouw et al., 

2014), the focus here is on their utility as cognitive offloading tools. From this perspective, 

manipulatives could be used to represent information that would typically occupy children’s 
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limited WM and serve as a physical referent of otherwise abstract information (Kirsh, 2010; 

Manches & O’Malley, 2012). Although there were concerns that using manipulatives could 

prevent children from recognising more efficient mental problem-solving strategies (Manches 

& O’Malley, 2012), education research has since highlighted the vital role of concrete support 

as a “learning scaffold rather than a crutch” (Stull & Hegarty, 2016, p. 1). This has reframed 

the goals of early learning, with more research focusing on the benefits of using manipulatives 

to develop mature conceptual thinking, rather than on the acquisition of purely abstract 

knowledge (Mix et al., 2010). Cognitive psychology research aligns with this updated view, 

with assertions that using the external environment to support internal computation is an 

integral component of human intelligence (Kirsh, 1995).  

From an offloading point of view, several studies have demonstrated that interactivity, that 

is, the coupling of internal cognitive computations with the physical manipulation of external 

objects (Vallée-Tourangeau, 2013), can improve arithmetic efficiency by alleviating WM 

demands resulting from problem complexity or competing task demands (Guthrie & Vallée-

Tourangeau, 2015; Ross et al., 2020; Vallée-Tourangeau, 2013; Vallée-Tourangeau et al., 

2016). A key aspect of these studies is that rather than assessing the reduction of extraneous 

cognitive load, i.e., the load imposed by how a problem is presented as in some earlier research 

(e.g., Martin & Schwartz, 2005), the focus was on the deliberate act of cognitive offloading. 

That is, the conscious decision to outsource information to reduce internal computation 

demands (Risko & Gilbert, 2016). It can therefore be said that manipulatives have a role in 

alleviating WM demands during mathematics if offloading is considered a conscious choice, 

rather than a result of environmental manipulation.  

Rather than focusing on how or whether children use manipulatives to alleviate their 

cognitive load, most studies have assessed the utility of interventions involving manipulatives 

across age groups and mathematics tasks (Byrne et al., 2023; Lafay et al., 2019). Moyer and 

Jones (2004) did note that children aged 11–14 years old spontaneously use external 

mathematics tools during mathematics lessons. However, whether children were using 

manipulatives adaptively to reduce WM load was not analysed. One study has shown that 

adolescents aged 13–15 years with low levels of mathematics achievement do not 

spontaneously use manipulatives because they are unfamiliar and they under-value the use of 

these materials (Hodgen et al., 2024). Indeed, other research has found that children aged 7 to 

9 with higher WM capacity and higher intelligence show the most sophisticated use of 

manipulatives to enhance their mental arithmetic when working under a high cognitive load 

(Ross et al., 2020). This indicates there may be individual differences in the need for explicit 

instruction and scaffolding when using manipulatives in the classroom, with the most 

scaffolding likely needed to support children and adolescents with low mathematical abilities 

and WM capacities. This is consistent with broader developmental offloading research showing 

that older children and those with low WM capacities may not consistently recognise the 

benefits of offloading without explicit instruction (Berry et al., 2019; Iley & Medimorec, 2024).  

The utility of different types of manipulatives at different ages has been seldom researched. 

However, there is evidence that particular written offloading strategies may be more effective 

than others in helping reduce procedural problem-solving errors for students with different 

mathematical abilities (Jazby & Pearn, 2015). This idea is yet to be investigated empirically, 

though it does indicate that there may be individual differences underpinning the utility of 

written offloading strategies. Additionally, despite embodied cognition researchers asserting 

that the fingers offer a unique sensorimotor advantage in early mathematics learning (Sixtus et 

al., 2023; Soylu et al., 2018), a recent study found that manipulatives are equally as beneficial 

as finger counting for 4- to 5-year-old children’s arithmetic skills (Lê et al., 2024). There is also 

evidence from adult research indicating that using tokens is more efficient than using prepared 

drawings or gesturing when solving addition calculations (Guthrie & Vallée-Tourangeau, 
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2015). Nonetheless, these results do suggest that there may be age, ability, and context specific 

factors underpinning the utility of different manipulative tools in mathematics. Further research 

is needed to help educators understand how to foster the benefits and optimal use of different 

manipulatives across all stages of mathematics education.  

Optimising Cognitive Offloading in Mathematics during Development  

This review has presented evidence that embodied cognition strategies and external 

artefacts can support mathematical problem-solving from a cognitive offloading perspective. 

Despite current accounts of children’s offloading behaviours outside of the educational context 

indicating that strategic offloading emerges around ages 9 to 10 (Armitage & Gilbert, 2024), 

children appear to strategically use embodied cognition strategies, namely finger counting, to 

support their calculation skills as early as 5 years of age (Ollivier & Lemaire, 2024). While the 

abandonment of finger counting around age 8 suggests that finger strategies would be best 

promoted for offloading purposes in the early primary school years, it is important for educators 

to consider individual differences in children’s developing WM. Indeed, children with low WM 

capacity and mathematics difficulties show a more persistent reliance on finger counting 

throughout primary school (Hodgen et al., 2024; Neveu et al., 2023). Discouraging finger use 

too early could worsen their arithmetic performance by forcing a reliance on internal calculation 

strategies that deplete WM resources (Crollen & Noël, 2015). It is also important to consider 

the impact of different mathematical operations on cognitive load as there is evidence that 

subtraction problems involve the use of procedural counting strategies for longer than other 

mathematics operations (Barrouillet et al., 2008). This indicates that individual and task factors 

are likely to influence the optimal use of finger counting as an offloading tool in the classroom.  

Less is known about the strategic use of offloading via manipulable objects. One study 

found that children aged 7 to 9 with higher WM capacity showed the most sophisticated use of 

manipulatives during mathematical tasks (Ross et al., 2020). This suggests that like finger 

counting, children appear to be engaging in strategic offloading earlier than generally observed 

in other psychological tasks, though this is likely dependent on their cognitive abilities. 

Qualitative research indicates that adolescents with lower mathematics achievement are likely 

to require explicit instruction to use manipulatives and representations during mathematics 

problem-solving because they under-value or are unfamiliar with the benefits of these tools 

(Hodgen et al., 2024). Given that there is a relationship between low mathematics ability and 

low WM (Peng et al., 2016), this finding is somewhat reflective of research showing that 

children with low WM capacities do not engage in strategic offloading in non-educational tasks, 

even when they have benefitted from offloading strategies in the past (Berry et al., 2019). 

Further research is needed to replicate these findings to investigate the strategic use of 

manipulatives in mathematics from an offloading perspective, and how to foster its use in 

children with lower WM and mathematics abilities. There is also a need to determine which 

offloading artefacts (physical manipulatives, pens and paper, etc) are likely to be most impactful 

for students of different ages and cognitive abilities in the context of mathematics education.   

Overall, using embodied cognition and external artefacts as cognitive offloading tools are 

useful methods of managing WM demands during mathematical tasks. Whilst more research is 

needed to determine how to promote and support the use of these tools across mathematical 

education, the literature suggests that children, particularly those with high WM capacities, 

show a propensity for strategic offloading when utilising their fingers and manipulatives during 

active mathematics problem-solving. In contrast, children and adolescents with lower WM and 

mathematical capacities tend to show a less sophisticated use of these offloading strategies and 

under-value their utility in reducing cognitive demands. Further research is needed to better 

understand how to cater for these individual differences and foster the adaptive use of 

offloading strategies across the developmental period to promote mathematical competency.   
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