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A N T H R O P O L O G Y

The cost of chewing: The energetics and evolutionary 
significance of mastication in humans
Adam van Casteren1,2*, Jonathan R. Codd1, Kornelius Kupczik2,3, Guy Plasqui4,  
William I. Sellers5, Amanda G. Henry6

Any change in the energetic cost of mammalian mastication will affect the net energy gain from foods. Although 
the energetic efficiency of masticatory effort is fundamental in understanding the evolution of the human masti-
catory system, nothing is known currently about the associated metabolic costs of chewing different items. Here, 
using respirometry and electromyography of the masseter muscle, we demonstrate that chewing by human sub-
jects represents a measurable energy sink. Chewing a tasteless odorless gum elevates metabolic rate by 10 to 
15% above basal levels. Energy expenditure increases with gum stiffness and is paid for by greater muscle recruit-
ment. For modern humans, it is likely that mastication represents a small part of the daily energy budget. How-
ever, for our ancestors, before the onset of cooking and sophisticated food processing methods, the costs must 
have been relatively high, adding a previously unexplored energetic dimension to the interpretation of hominin 
dentofacial fossils.

INTRODUCTION
Our ancestors’ ability to effectively acquire, process, and consume 
food underpinned their survival, and changes in their masticatory 
system played a key role in the evolution of our own species. The 
efficiency of the feeding system is of high importance for all endo-
thermic animals, such as mammals, that maintain a high and rela-
tively constant temperature. The need to optimize feeding, so as 
to extract maximal energy from food sources without wasting it on 
processing costs, is one of the main driving forces behind the evo-
lution of mammalian mastication (1, 2) and has led to substantial 
morphological innovations in mammalian teeth, jaws, pharynges, 
and masticatory muscles (1, 3). Mastication is a kinematically com-
plex process involving both vertical and lateral movements of the 
mandible in a cyclical manner with repetitive closure of the jaws, 
forcing the working surfaces of the teeth onto food particles, so re-
ducing them to a fraction of their original size. Chewing evolved 
some 260 million years ago and is associated with a range of verte-
brate taxa (4, 5). However, the precise occlusion and lateral movements 
that distinguish mammalian mastication as a remarkable evolution-
ary novelty have driven diversification in diet and are thought to 
have contributed to the global radiation of mammals (1, 4).

An essential outcome of mastication is the comminution of a 
food into small particles, lubricating them with saliva, so promoting 
the formation of a bolus (a ball of particles bound together by sali-
va) that can be swallowed easily (2) and then digested (6, 7). Teeth 
break foods down mechanically in the oral cavity via the initiation 
and propagation of fractures that are often resisted by the internal 
mechanical properties of these foods (8, 9). The energy needed to 
reduce food particles from their ingested size down to what is 

swallowed defines the efficiency of the process (10). Variation in 
mammalian diets is thought to have driven the evolution of variably 
complex tooth morphologies and masticatory kinematics (9, 11) as 
adaptive changes in masticatory morphology are thought, at least in 
part, to deliver reductions in the work needed to produce a given 
food particle size (9). For mammals consuming foods where nutri-
ents are not readily available, such as in many plant-based resources, 
the ability to chew effectively, reducing food to small particles for 
minimal effort, and perhaps within a reasonable time period de-
pending on the exact selection pressures acting on the individual, is 
vital. Evidence from a range of placental and marsupial mammals 
indicates that degradation in an individual’s ability to chew can have 
a detrimental effect on an animal’s survival (12–14).

The importance of food acquisition and processing has given 
rise to a vast literature aimed at understanding the energetic and 
biomechanical nuances of the mammalian masticatory system. 
Nowhere is this more salient than in the study of human evolution, 
where most primate and hominin fossil evidence is made up of 
craniodental elements. In hominoids, the major work for fracturing 
foods is performed by the large masticatory muscles that elevate the 
mandible: the temporalis, the masseter, and the medial pterygoid 
muscles. Jaw opening is facilitated by the lateral pterygoid, the 
digastrics, geniohyoid, and mylohyoid (9). However, the act of chewing 
also engages the tongue, which continually pushes food onto the 
molars for further comminution, and the buccinator, which con-
tracts, causing the cheek to tense, pushing food into the path of the 
occluding teeth (9). Mastication in hominoids therefore involves a 
suite of many muscles that will be engaged to varying degrees when 
processing foods.

While there is a substantial body of work that has measured and 
estimated the bite forces and kinematic actions produced during 
mastication (15–19), there is little to no work focused on masticatory 
energetics. This oversight is unexpected because changes in ener-
getics have been used to explain the evolution of many musculo-
skeletal systems in humans, especially when such systems are 
associated with uniquely human traits such as bipedalism. However, 
these tend to be large, energy-hungry systems, such as locomotion 
or digestion, that account for a high percentage of a hominin’s total 
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energy expenditure (TEE) (20, 21). Although the modern human 
masticatory system is highly derived when compared to that of our 
extinct or extant relatives, with modern humans having smaller and 
more gracile dentofacial features (22, 23), there has been little focus 
on whether the evolution of this reduced form has equated to mean-
ingful differences in TEE. Without measurements of the metabolic 
cost of chewing, we cannot ascertain to what extent natural selec-
tion has energetically optimized the human chewing apparatus, 
making evolutionary predictions of the role of energetics in shaping 
the masticatory system of modern humans somewhat precarious.

Here, we seek to determine whether the metabolic costs of using 
the masticatory system are measurable and notable in modern 
humans. We examine the metabolic costs of chewing in humans 
and assess the influence that a relative change in the physical prop-
erties of items being masticated may have on these costs. To isolate 
the metabolic costs associated specifically with chewing and not the 
overall metabolic costs of feeding, it was necessary to control con-
founding metabolic costs such as those associated with digestion 
and the stimulus response from smell, taste, and familiarity; all of 
which may have influenced the findings (24). This was achieved by 
having subjects chew odorless and tasteless gum bases of different 
mechanical properties (soft and stiff). Prolonged bouts of mastication 
on these gum bases allowed us to test the hypothesis that differences 
in gum base mechanical properties lead to significant differences in 
the energetic cost of chewing. We also determined how this relates 
to muscle activation of the masseter and the magnitude of the ener-
getic cost of chewing as a fraction of human TEE. In answering these 
questions, we can provide a context into how the energetic costs of 
chewing may pertain to evolutionary changes in hominin mastica-
tory systems through human evolution.

RESULTS
Metabolic cost of chewing
Metabolic measurements were made using indirect calorimetry. Oxy-
gen consumption (V

.
O2) and carbon dioxide production (V

.
CO2) were 

measured using a ventilated hood system (Omnical, Maastricht 
University, Maastricht, Netherlands). First, a baseline basal metabolic 

rate (BMR) was recorded while the subject was in a post-absorptive 
state, reclining on a bed, limiting any movements to an absolute 
minimum for circa 45 min. The subject was randomly assigned 
one of two gum bases (soft or stiff) and asked to chew for 15 min. 
After this period had elapsed, the subject had a 5-min rest before 
being asked to chew the remaining gum base for a further 
15 min (Fig. 1).

The average BMR among our mixed-sex sample (n = 21; Table 1) 
was 4.27 SD 0.53 kJ/min. Chewing of either gum provoked a sub-
stantial increase in energy expenditure (EE) compared to BMR, 
with the stiffer gum requiring more energy (4.91 SD 0.59 kJ/min) 
than the softer one (4.69 SD 0.53 kJ/min) (Fig. 2). A repeated-measures 
one-way analysis of variance (ANOVA) showed that EE was signifi-
cantly different for each test condition [F(2, 28) = 290.4, P ≤ 0.0001] 
(Fig. 2). A Bonferroni post hoc test revealed that all the pairwise 
differences, between test conditions, were statistically significantly 
different (P ≤ 0.0001). Of the confounding test variables (weight, sex, 
day, bed, and order of gums chewed), only sex had any influence on 
the results [F(1, 14) = 5.5, P ≤ 0.05] (see supplementary information 
S4 for the outputs of the model summaries).

Muscle activation
To investigate how muscle activation influenced EE, electromyog-
raphy (EMG) activity was recorded from one of the subject’s mas-
seter muscles while chewing both the soft and stiff gums for 2 min 
(Fig. 3A). Raw EMG (Fig. 3B) was digitally filtered to extract the 
amplitude envelope; amplitude peaks were recorded as represent-
ing activation of the muscle (Fig. 3C). Frequency of activation was 
then calculated by generating a power spectrum via a Fourier trans-
form (Fig. 3D). EMG results showed that the softer gum was chewed 
at a slightly higher mean frequency (1.15 SD 0.18 Hz) but lower 
mean peak amplitude (72 SD 2.7 V) than the stiffer gum (fre-
quency: 1.06 SD 0.18 Hz; mean peak amplitude:126 SD 4.6 V). For 
statistical analysis, values were converted into ratios of stiff gum/
soft gum. If there were no differences, we would expect the ratio to 
be 1.0. A one-sample t test comparing the value to 1.0 showed both 
the chewing frequency and the peak EMG values to be signifi-
cantly different (frequency: t = −3.3226, P = 0.0036; EMG peak 

Fig. 1. Example of a typical respirometry trace. Oxygen consumption reduces to stable levels during the initial baseline acquisition phase (circa 45 min). There is an 
initial spike due to the subject acclimatizing to breathing in the mask, followed by a drop to a baseline resting level, and oxygen consumption shows a clear increase when 
the subject is chewing the gum bases, and these increases are proportional to the gum stiffness.
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t = 8.4814, P ≤ 0.0001). The higher EE of stiffer gums indicates that, 
under our experimental conditions, it is force production rather than 
chewing frequency that drives energy consumption.

The metabolic equivalent of task [MET; EE (kilojoules per 
minute) during chewing divided by the EE (kilojoules per minute) 
of BMR] provides a measure of energy consumption that is com-
parable among individuals. We used it to assess whether the size of 
the masticatory musculature influences energy consumption during 
mastication. Linear regressions of the MET for each gum plotted 
against relaxed masseter thickness (Fig. 4) show no significant rela-
tionship for either gum type [softer: F(1, 19) = 2.131, P = 0.1607; stiffer: 
F(1, 19) = 1.938, P = 0.1799]. This indicates that a larger masseter mus-
cle does not lead to disproportionately higher chewing costs on a 
chew-per-chew basis, but a larger masseter does contribute to higher 
absolute chewing costs. Therefore, masseter size is not a good pre-
dictor of the relative energetic cost of chewing.

DISCUSSION
Mechanically different substrates influence the cost 
of mastication
Our results are the first to demonstrate that the energy expended in 
human chewing is substantial and that the stiffness of the substrate 
has an appreciable effect on the metabolic cost of mastication. 
When chewing the softer gum, subjects increased their energetic 
expenditure by an average of 10.2% relative to their BMR, rising to 

15.1% above BMR for the stiffer gum (Fig. 2). If we use the EMG 
mean voltage amplitudes as a proxy for mechanical power, our data 
show that metabolic energy change correlates with changes in the 
work being done by the masseter muscle.

We can contextualize these results by framing them in the con-
text of daily chewing times and TEE. Chewing times for humans 
have been well investigated, and Organ et  al. (25) composed a 
dataset of chewing times for 26 groups of adult modern humans. 
The lowest observed daily chew time is 7.2 min, while the maximum 
is more than 10 times higher at 75.7 min, with the mean value of 
35.3 min/day. Generalized values of TEE for extant apes (including 
humans) can also be found in the literature (26). It is therefore 
possible to use our respirometry data in combination with pub-
lished chewing times and values of TEE to predict the percentage of 
daily EE that an average human male (TEE = 11,385 kJ) or female 
(TEE = 9163 kJ) would consume chewing either of our substrates 
for a whole day of feeding (Fig. 5). Although masticating any of our 
experimental substrates does elicit a notably higher energetic rate 
compared to BMR, the daily cost of chewing, for even the longest 
chewing times reported in humans, is relatively small, well below 
1% of the TEE.

With tools, food processing, cooking, and agriculture, modern 
humans are liberated from lengthy bouts of daily mastication. These 
differences can be seen when comparisons are made to the great 
apes that chew considerably more than humans, ranging from 
4.5 hours in Pan to 6.6 hours in Pongo (27). Such chewing regimes 
are likely more representative of how much mastication an earlier 
hominin species may have needed to perform. Substituting ape 
chewing times into our calculations for % TEE of mastication allows 
us to predict how much of TEE would be required for humans with 
ape-like mastication regimes. Understandably, these estimations 
should be treated with some caution as real-world nonhuman great 
ape masticatory energetics is likely nonsynonymous with those of 
modern humans, but in the absence of any comparative data on 
chewing energetics, they offer a best guess to the energetic regimes 

Table 1. Participant attributes. The physical attributes of participants. F, 
female; M, male. 

Subject Sex Height (cm) Weight (kg)

S01 F 158.0 51.0

S02 M 174.5 84.1

S03 F 164.8 57.0

S04 F 177.5 63.3

S05 F 166.0 56.6

S06 F 174.8 63.4

S07 F 170.8 62.1

S08 M 168.7 80.3

S09 F 172.5 58.2

S10 F 168.9 69.1

S11 M 175.2 69.0

S12 F 165.0 87.3

S13 F 164.8 54.0

S14 M 176.2 74.4

S15 M 182.5 107.2

S16 F 159.2 54.5

S17 F 167.2 66.1

S18 M 183.1 72.7

S19 F 183.0 78.2

S20 F 169.0 60.6

S21 F 173.1 63.5

Fig. 2. Average respirometry data for BMR and both chewing conditions. 
Chewing has a measurable effect on the energy expenditure in humans, always 
demonstrating a significant increase [F(2, 28) = 290.4, *P ≤ 0.0001] in energy expendi-
ture compared to BMR (blue circles). Chewing the stiff (purple triangles) gum base 
induces higher energy expenditure than the same masticatory action performed on 
more compliant substrates (soft, orange squares). Solid lines represent medians, 
and dashed lines represent means; boxes represent the 25th and 75th quartiles.
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of extinct hominins. Given this assumption, ape-like chewing times 
represent an appreciable rise in the daily EE dedicated to mastica-
tion, up to 2.6% in the case of the stiffer gum base (Table 2). We 
suggest that before the onset of cooking and sophisticated extra-oral 
processing, the mastication of food could have required a much larger 
proportion of a daily energy budget.

It must, however, be remembered that the food proxies used in 
this experiment provide a somewhat artificial chewing experience 
when compared to most actual foods and do not incorporate the 
fracture properties or mechanical behavior of an actual diet. Even 
the stiffest gum used in this experiment, which had a measured stiff-
ness of 209 kPa, was less than 10% the stiffness of commonly con-
sumed plant tissues such as apple pulp (3.41 MPa) (28) and raw carrot 
(4.57 MPa) (29). There is currently no data to help predict what 
the relationship between chewing energetics and food mechanical 
properties may look like, and this may be extremely difficult to ob-
tain because chewing and eating real food will activate the digestive 
system, and disentangling the metabolic costs due to the chewing pro-
cess alone would be challenging. However, given that, here, in the 
first quantitative measurements of chewing energetics in humans, we 
demonstrate a 5% increase in masticatory EE between two gum bases 
that varied in stiffness by only 120 kPa, it seems probable that even 
chewing relatively easy-to-process foods could induce much higher 

energetic costs. Future investigations would be needed to establish 
how the suite of dietary mechanical metrics contribute to masticatory 
energetics, but given the foundational results presented here, it seems 
likely that the real-world cost of chewing in the ancestors of modern 
humans is far from negligible.

Implications for human evolution
Our results indicate that the increase in EE while chewing is driven 
by the mechanical challenge of the food being consumed rather than 
the frequency of chewing. Plant foods consumed by animals, with a 
few exceptions such as fruit, are generally adapted to avoid being 
eaten (30). Biological structures and materials, including those eat-
en by primates, are often natural composites, hierarchical in nature, 
composed of two to three structural units that endow a material 
with extrinsic toughening mechanisms, making them energetically 
expensive to break down (31). In addition, plants often protect 
valuable nutrients with lignified structures requiring significant 
masticatory effort to break (30, 32, 33). Ancestral hominins likely 
consumed biological tissues that maintained their internal struc-
tural elements.

On the basis of our results, a hominin using its oral apparatus to 
consume relatively stiff foods, chew for chew, will consume more 
energy, therefore eliciting a stronger selective response for energy 

Fig. 3. Example of EMG data processing. EMG signal was recorded from surface electrodes placed on one of the masseter muscles (shown in red) (A). During chews of 
both the soft and stiff gums, electrical activity was recorded, and visual assessment of these data clearly demonstrates differences in muscle activation between the 
two chewing conditions (B). To quantify these visual differences, the raw data were split by chewing bout and then filtered, and the peak amplitudes were identified 
(C). This allowed the calculation of a mean (solid line) and SD (dashed lines) amplitude for each gum chewed. This peak amplitude equates to the mean muscle recruit-
ment for each chewing bout. To assess differences in chewing frequency, a Fourier transformation of the data was performed, and this reveals the clear preferred 
chewing frequency (D).
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optimization of the masticatory system. This optimization is likely 
to manifest in two main ways: Either the musculoskeletal system 
used for chewing can be optimized for efficient use (16, 19, 34, 35), 
and/or tooth morphology can be optimized for increased effective-
ness in the breakdown of foods (9, 36, 37). Both strategies would 
improve chewing efficiency by reducing the work needed to process 
food and therefore increasing the net gain from dietary items. In this 
way, it is possible that the need to energetically optimize the masti-
catory system may have played a role in the evolution of the derived 
robust morphology of australopiths and early Homo.

However, modern humans and our more recent ancestors in the 
genus Homo have, over the past ~1 to 2 million years, routinely im-
proved tool-assisted food processing technology, adopted habitual 
fire use, and, within the past circa 10,000 years, developed agricul-
ture. These practices have led to improvements of the availability 
and quality of foods within their diets (38–40). Many modern foods 
consumed today are the end products of thousands of years of ar-
tificial selection, increasing the ease at which they are consumed. 
Hence, these foods require minimal masticatory action when com-
pared to the ancestral human diet (41, 42), as illustrated by the low 
estimates from our data of the percentage of TEE dedicated to chewing. 
However, foods consumed by foraging peoples and earlier members 
of Homo would have almost certainly required a greater masticatory 
effort to orally process (19, 35). Currently, we cannot speak to how 
much major evolutionary milestones such as advanced tools, fire use, 
and agriculture have reduced the energetic demands of mastication 
and whether such advances have completely liberated the human 
feeding system from energetic selection pressures, although a simple 
thought experiment can illustrate how understanding the energetic 
cost of chewing may provide insights into dietary changes through-
out human evolution.

During the Pliocene/Pleistocene, hominins are thought to have 
adopted more meat into their diets (43, 44). This dietary change has 
been associated with tool use and cooking, allowing our early ances-
tors to liberate themselves from lengthy chewing bouts by performing 

some preingestive processing (39). When consuming raw meat, ex-
tant great apes invest in lengthy chewing times. Some have sug-
gested this as evidence against substantial meat consumption in early 
hominins, as lengthy masticatory bouts would be temporarily pro-
hibitive to daily foraging (44, 45). Our work here can add an en-
ergetic element to these arguments. Chimpanzees consume raw meat 
at an estimated 400 kcal/hour and orangutans at a substantially 
slower rate of 185 kcal/hour (44, 45). If we assume that chewing 
meat exerts a similar energic cost to our stiffer gum, then chewing 
meat would cost 9.2 kcal/hour. This would result in a 2.3% reduc-
tion in energy gained from meat per hour for chimpanzees and a 
5.0% decrease in the case of the orangutan. These numbers are 
speculative, and given the high mechanical challenge provided by 
the connecting tissues of actual meat, these estimates are also likely 
conservative. What this thought experiment does, however, is demon-
strate that mastication for prolonged time periods in hominoids may 
represent an energy sink, and technologies used to tenderize meat 
would not only reduce chewing times but also increase the energetic 
returns of food. Much more comparative and experimental data are 
needed to facilitate a clearer understanding of the role of energetics 
in human mastication. While much research has focused on how 
food processing technologies (tools, fire, and agriculture) may have 
released early humans from the temporal and physical binds of oral 
food processing (39, 46), our data suggest that there is also likely a 
significant energetic component to this dynamic.

Fig. 5. The derived daily cost of chewing each gum based on our respirometry 
data. Combining chewing times and TEE values from the literature with our respi-
rometry data allows us to derive the daily chewing costs of our two gums. Note 
that for both substrates and both sexes, the daily energetic cost of chewing is very 
low. Solid lines represent medians, and dashed lines represent means; boxes rep-
resent the 25th and 75th quartiles.

Fig. 4. Comparing normalized masseter sizes with MET while chewing on both 
the soft and stiff gums. Linear regressions indicate no significant relationship be-
tween masseter size and MET for both the soft [F(1, 19) = 2.131, P = 0.1607] and stiff 
[F(1, 19) = 1.938, P = 0.1799] gum bases. Therefore, masseter size is not a good pre-
dictor of the relative energetic cost of chewing.
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MATERIALS AND METHODS
Subjects
Twenty-one human subjects were recruited: 15 females and 6 males 
aged between 18 and 45 years. Each volunteer first filled out a self- 
assessment of their medical and dental health and was asked to 
proceed only if they identified no issues. Potential participants were 
asked not to proceed if they had major dental surgery within the 
past 12 months. The study was approved by the Medical Ethical 
Review Committee of Maastricht University (METC number 
2017-0182), and each subject gave written informed consent to take 
part in the study.

Each subject had some basic scaling metrics taken. Height and 
weight were measured to the nearest 0.1 cm and 0.1 kg, respectively. 
In addition, the thickness of the masseter muscle, when tensed and 
relaxed, was measured by placing a handheld ultrasound wand (Terason 
T3000, Teratec Corporation, USA), connected to an ultrasound trans-
ducer (Terason 8MC4, Teratec Corporation, USA), over the center 
of the muscle. An average of three measurements of muscle thick-
ness was taken in both tensed and relaxed states. The masseter was 
chosen as the muscle of interest due to its ease of measurement and 
central role on force production during mastication.

Selection of chewing substrate
We chose the substrates for these experiments to avoid the con-
founding influence of chewing real food items and to provide a 
meaningful test of the role of different stiffness on the cost of chew-
ing and associated masseter muscle activation. Digestion in humans 
is energetically expensive, and physiological cues can kick-start di-
gestive actions that consume large amounts of energy. Such EE of 
digestion may swamp any energetic signal produced by the muscu-
lature of mastication. Therefore, when measuring the energetics of 
mastication, it was essential to limit the actions of the digestive system 
to ensure accurate data collection. We asked the participants to fast 
overnight before the experiment, so they were in a post-absorptive 
state for measurements of BMR. From midnight before the morning 
of the experiment, they could take water or medication as needed 
but were instructed not to consume any foods or beverages other 
than water. Their compliance was confirmed immediately before the 
start of the experiment.

In addition, real food could not be used as a chewing substrate 
during the experiments as the sensory feedback of either taste or smell 
could initiate digestive action, and the mastication signal would be 

swamped. There may also be elements of prelearning the amount of 
effort required to chew specific food items, which would confound 
results. Therefore, food had to be replaced by an alternative chew-
ing substrate that was both odorless and flavorless. We chose to use 
commercial gum bases as a chewing substrate, as these gums are 
readily available and produced of a reliable material suitable for use 
in human experiments with consistent and alterable mechanical 
properties. Gum bases are the base element of chewing gum and 
constitute a non-nutritive, flavorless, and tasteless material that 
provides the texture and masticatory properties of chewing gum. 
Gum bases are not a substitute for food as they likely behave rather 
differently in the mouth. Such chewing substrates, once chewed and 
heated within the oral cavity, form a variably shaped object com-
posed of an extremely ductile material with low stiffness and high 
extensibility. Therefore, within the scope of this experiment, the gum 
bases simply provide physical presence between occluding teeth 
that had variation in compressive stiffness.

The two gum bases used in this study were produced by Cafosa 
(subsidiary of Mars Corporation, Barcelona, Spain). The soft gum 
was Suncom-T, which is a gum base designed for softer chewing 
gums such as bubble gum. It has a density of 1.10 g/cm3 and a mea-
sured elastic modulus of 89 kPa (SD 47 kPa). The stiffer gum was 
Solsona-T, a gum base used for regular chewing gums, which has a 
density of 1.15 g/cm3 and a measured elastic modulus of 209 kPa 
(SD 101 kPa). Elastic modulus was measured using a portable mate-
rial testing machine (FLS-1, Lucas Scientific, Panama). For each gum 
base type, a hemispherical indenter of 3.175 mm radius was pressed 
into a gum that had been chewed for 2 min, with indentation occur-
ring to ~10% of gum thickness. Ten measurements were made, and 
the elastic modulus (here termed “stiffness”) was calculated follow-
ing van Casteren et al. (47), who also give details of these tests. The 
gum bases differed significantly in stiffness (t test, P = 0.003). For 
ingestion by each subject in the study, a 2-cm square was cut from 
prerolled sheets of gum base provided by the manufacturer. This gave 
a per-tablet volumetric measurement of ~3 cm3 for the soft gum 
base and ~2.75 cm3 for the stiff gum base.

Metabolic measurements
Metabolic measurements were made using indirect calorimetry. 
Oxygen consumption (V

.
O2) and carbon dioxide production (V

.
CO2) 

were measured continuously using a ventilated hood system (Omnical, 
Maastricht University, Maastricht, Netherlands), where a subject’s 

Table 2. Human chewing energetics with ape-like chewing durations. If humans chewed for similar lengths of time as other great apes, this increased time 
chewing could see daily masticatory energetics taking up considerably more of the daily energy budget (% TEE). 

Chewing time Sex Daily chew EE soft 
gum (kJ/day) % TEE soft gum Daily chew EE stiff 

gum (kJ/day) % TEE stiff gum

0.35 hours (human-like)
M 15.4 0.1 25.1 0.2

F 14.9 0.2 21.5 0.2

4.5 hours (Pan-like)
M 117.7 1.0 192.4 1.7

F 114.2 1.2 164.5 1.8

6.5 hours (Gorilla-like)
M 170.1 1.5 278.1 2.4

F 165.1 1.8 237.7 2.6

6.6 hours (Pongo-like) M 172.6 1.5 282.2 2.5

F 167.5 1.8 241.3 2.6
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whole head is encapsulated in a Perspex hood, and respiratory gases 
are measured from samples of air that flows through the hood. The 
hood is ventilated with a continuous flow of fresh air at a rate of 
approximately 80  liters/min. The system measures total airflow 
passing the participant’s face and determines gas concentrations of 
O2 and CO2 for inspired and expired air with a representative reso-
lution of ≤0.001% (open-circuit respirometry—diluted flow) (48). 
Flow of sample is typically 1 to 2% of total flow through the hood, 
allowing optimal sample flow for drying and pressure regulation of 
samples through the analyzer. All gas samples are dried by a first-
stage condensation dryer and then dried in a chain of second-stage 
membrane dryers (Perma Pure) with its outer hull continuously 
flushed with pure and dry nitrogen. The gas analysis is done with 
ABB (Hartmann & Braun) and Servomex 19″-rack analyzers. The 
analyzers were calibrated automatically every 15 to 30 min using 
nitrogen gas to set the zero and a mixture of ~18% O2 and 0.8% CO2 
for calibration. The Omnical is validated weekly using a methanol 
burn. The current Omnical system is an updated version of the pre-
viously described system [for more detail, see (49)]. The Omnical 
with its full capture of exhaled gasses and its intermittent calibra-
tions has been extensively validated and has shown high repro-
ducibility, accuracy, and ease of use (50–53). Energy expenditure 
was then calculated from V

.
O2 and V

.
CO2 data using the formula of 

Weir (54).
Each subject followed a set of experimental procedures. First, BMR 

was measured. After an overnight fast, the subject reclined and rest-
ed on a bed for 45 min under thermoneutral conditions, reducing 
movements to an absolute minimum while gas exchange was mon-
itored. Immediately following this initial BMR measurement, the first 
chewing experiment was undertaken. Here, the subject was given a 
tablet of gum base and told to chew it continuously for 15 min, 
allowing a steady-state measurement of EE to be reached for that 
given substrate. Following this first chew, the subject was instructed 
to rest for 5 min before the second chew was undertaken to limit the 
effects of fatigue. After the rest period, the subject was then asked to 
chew the second chewing substrate for a further 15 min. The order 
in which each subject chewed the two chewing substrates (soft or 
stiff) was randomized for each subject within the study.

BMR was calculated by averaging V
.
O2 and V

.
CO2 data over the 

last 25 min of the 45-min period, where the first 15 min was not 
used for analysis to allow the subject to come to a complete rest. For 
each 15-min chewing period, the first 3 min was eliminated, and EE was 
calculated by averaging V

.
O2 and V

.
CO2 data over the last 12 min.

EMG measurements
EMG measurements were not taken simultaneously with energetics 
to control for any influence of the attachment, weight, and feel of an 
EMG surface electrode placed over the masseter on the chewing be-
havior of an experimental subject. The experimental protocol was 
identical in both cases, which enabled us to directly correlate EMG 
activity with measurement of the metabolic cost of chewing. Here, 
we used wireless EMG electrodes (Tringo, Delsys Incorporated, USA) 
to measure electrical activity at a sample rate of 2000 Hz of the mas-
seter when chewing different chewing substrates.

Following completion of the energetic experiments (approximately 
5 min) and using the same protocol as that previously, each subject 
was equipped with EMG sensors that were adhered to the skin, via 
adhesive tape, of the thickest part of a tensed masseter as derived 
from visual surface palpation (Fig. 3A). The subject was then given 

a gum base and told to chew for 2 min while continuous measure-
ments of masseter electrical activity were made. After this initial 
chewing time, the subject was given a 1-min rest period before re-
peating the process with the second chewing substrate. Once again, 
the order in which substrates (soft and stiff) were chewed was ran-
domized for each subject. From these data, the frequency and max-
imum amplitude of masseter activation were calculated. A total of 
n = 20 EMG measurements were made as an equipment malfunc-
tion voided one subject’s dataset.

The raw EMG data (Fig. 3B) were processed digitally by rec-
tification followed by low-pass filtration at 5 Hz using a two-pass 
four-element Butterworth filter implemented in MATLAB (www.
mathworks.com) to extract the amplitude envelope (55). Each peak 
of EMG activity represented the activation of the masseter muscle 
during a chew cycle. A power spectrum was generated via Fourier 
transformation, and each trial had an obvious preferred frequency, 
which was used for further analysis (Fig. 3D). The individual peaks 
from the amplitude data were extracted using the MATLAB find-
peaks function with manual inspection to check that the correct 
locations were found. The mean of the peak values was then calcu-
lated to provide a measure of the overall activation of the masseter 
during chewing (Fig. 3C).

Statistical analysis
All statistical tests were run in R (version 4.1.3; R Core Team, 2022). 
It is well documented that EE may be affected by external con-
founding variables. Therefore, these confounding variables were 
built into the repeated-measures ANOVA to predict their influence 
on our results. The covariables considered were the sex of the par-
ticipant (“sex”), the weight of the participant (“weight”), age of the 
participant (“age”) the day on which the subject performed the ex-
periment (“day,” recorded as 1 to 8), the hood airflow system that the 
subject used (“bed,” recorded as 1 or 2), the order that the subject 
chewed the gums (“order,” 1 for soft gum first), and the time of day 
that the subject performed the experiment (“time,” either “early” or 
“late”) (see Supplementary information S1).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abn8351

View/request a protocol for this paper from Bio-protocol.
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