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Metabolic cost minimization is thought to underscore the neural control of
locomotion. Yet, avoiding high muscle activation, a cause of fatigue, often
outperforms energy minimization in computational predictions of human
gait. Discerning the relative importance of these criteria in human walking
has proved elusive, in part, because they have not been empirically
decoupled. Here, we explicitly decouple whole-body metabolic cost and
‘fatigue-like’ muscle activation costs (estimated from electromyography) by
pitting them against one another using two distinct gait tasks. When experi-
encing these competing costs, participants (n = 10) chose the task that
avoided overburdening muscles (fatigue avoidance) at the expense of
higher metabolic power ( p < 0.05). Muscle volume-normalized activation
more closely models energy use and was also minimized by the participants’
decision ( p < 0.05), demonstrating that muscle activation was, at best, an
inaccurate signal for metabolic energy. Energy minimization was only
observed when there was no adverse effect on muscle activation costs. By
decoupling whole-body metabolic and muscle activation costs, we provide
among the first empirical evidence of humans embracing non-energetic
optimality in favour of a clearly defined neuromuscular objective. This find-
ing indicates that local muscle fatigue and effort may well be key factors
dictating human walking behaviour and its evolution.
1. Introduction
Humans often move in ways that save metabolic energy. For example, preferred
walking speed [1–5], step frequency [6–12], step width [13] and arm swing
[14,15] are classic examples known to minimize the metabolic cost of loco-
motion. More recently, it has been demonstrated that humans continue to
exhibit energy-favouring behaviours, even after normal gait mechanics are dis-
rupted [8,16,17]. Given the consistency of these observations in human
locomotion, and the selective advantage that they purportedly bestow, it is
argued that whole-body energy minimization is a central factor dictating
human gait behaviour and its evolution [18,19].

However, whether metabolic cost minimization is itself the principal, overrid-
ing, optimality criterion during gait remains a matter of debate. For example,
it has been proposed that other factors, such as fatigue avoidance, may be
prioritized in the control scheme of locomotion [20–22], with low metabolic cost
arising as a by-product. Similarly, others suggest that economical human gait
arises not from minimization of metabolic cost alone, but rather via the control of
metabolic energy in conjunction with several additional optimality criteria [23,24].
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Of the possible non-energetic optimality criteria, a com-
pelling argument can be made for a muscle activation-
based control signal in human locomotion. Several groups
have developed successful simulations of human locomotion
based on minimizing total muscle activation. This approach
has proven particularly powerful in predicting realistic
locomotor mechanics and energetics, often outperforming
simulations based on minimizing total energy cost alone
[21,22,25,26]. For example, Miller et al. [21] discovered that
more realistic gait biomechanics and whole-body metabolic
cost could be predicted by minimizing muscle activation
compared to metabolic cost itself, despite the longstanding
view that humans consistently prioritize energy optimizing
gaits [5,11]. Likewise, Falisse et al. [23], and more recently,
Veerkamp et al. [24], demonstrated that the inclusion of
muscle activation in a multi-objective performance criterion
is essential for generating the most physiologically realistic
simulations of human gait. There also exists experimental
data that point to muscle activation as a control signal in
human locomotion. For example, the metabolic cost of walk-
ing on inclines of up to 10% can be predicted using muscle
activation data [27]. Preferred stride frequencies [28,29] and
the walk-run transition [30–32]—a fundamental locomotor
behaviour that is not always tracked by whole-body energy
cost [20]—can also be predicted by a muscle activation mini-
mizing criterion. Similarly, self-selected cadence in cycling
has been found to coincide with low muscle activity [33],
more so than with minimization of metabolic energy expen-
diture [34,35]. Together, these simulation and experimental
data indicate that muscle activation may indeed be among
the primary optimality criteria governing human gait.

On closer examination of the aforementioned studies, the
activation cost functions that have been most successful in
predicting gait mechanics and energetics (often better than
energy optimization) penalize high activations in any given
muscle. These cost functions minimize a weighted average
of individual muscle activations (A) raised to an integer
power (e.g. A2, A3 etc.), where the activation of a muscle
is defined as the fraction (between 0 and 1) of the total
muscle fibres activated [21,22]. Other successful simulations
of muscle control have used a similar, but more extreme for-
mulation, whereby the maximum activation of any single
muscle is minimized (the min–max model; [36]). As above,
the resulting recruitment pattern is one that favours a uni-
form distribution of activations across muscles as opposed
to high activations among a select few muscles—even in
cases where the latter results in lower total energy consump-
tion [22,26]. This avoidance of high muscle activation
that arises from non-uniform muscle recruitment has been
classified as a fatigue-minimizing (endurance maximizing)
strategy [22,37,38]. Thus, the nervous system may prioritize
a ‘division of labour’ across muscles that minimizes overbur-
dening any given muscle, as opposed to a strict ‘economy of
labour’. In this scenario, economical gait may arise not as the
principal optimization criterion, but rather secondary to a
control paradigm favouring even muscle recruitment [22].

Establishing the mechanism(s) driving locomotor behav-
iour is key to understanding the control of human gait and
the resulting energetics. Previous investigations have largely
been limited to simulation studies that assign objective func-
tions (optimality criteria) a priori and subsequently assess
their efficacy based on their ability to reproduce a high
number of human gait features. To the best of our
knowledge, no study has empirically addressed whether
whole-body energy use or fatigue-like muscle activation
costs (e.g. sum of A2 [22]) are prioritized during locomotion.
Therefore, we designed an experiment to pit fatigue-like
muscle activation costs against the total metabolic cost
during walking by disrupting the distribution of activation
across the lower limb muscles. Importantly, in this design,
moving with low energy expenditure while simultaneously
favouring a low muscle activation cost was unfeasible, there-
fore providing an opportunity to empirically test whether one
criterion was favoured over the other.
2. Material and methods
(a) Participants
Ten healthy adults (5 F, 5 M; age 31.1 ± 7.2 years; mass 69.6 ±
11.1 kg; height 1.70 ± 0.07 m; mean ± s.d.) participated in this
study after providing informed consent. The study was approved
by the Institutional Review Board at The Pennsylvania State Uni-
versity and received reciprocal approval by the Human Research
Ethics Committee at the University of Western Australia. Volun-
teers were required to be free from medical conditions that could
make moderate-intensity exercise unsafe (e.g. heart, respiratory
and/or musculoskeletal conditions).
(b) Experimental design overview
The primary objective of our experimental design was to create
two competing gait conditions that the participants had to
choose between. In our case, the two competing conditions
were either (i) moving with a low whole-body metabolic cost
or (ii) moving with a low activation cost (see below for cost
functions). Importantly, in selecting between this competing-
cost pair (CCP), one condition had to be traded off against the
other; in other words, the metabolic cost and activation cost
could not be simultaneously reduced. Through pilot testing,
two locomotor conditions were established to meet this exper-
imental design goal. The first condition, crouch walking on a
level treadmill, was determined to elicit a moderate metabolic
cost and a high activation cost due to the uneven distribution
of muscle recruitment across lower limb muscles. The second
condition, incline walking, included five levels of treadmill
incline that ranged from 0 to 24% and that predominantly
taxed metabolic cost. As the incline level was increased, a CCP
was determined by identifying the incline level that elicited a
metabolic cost exceeding that of crouch walking, while at the
same time having a lower muscle activation cost (figure 1).

To establish the CCP, five independent comparison trials were
performed in a random order between flat (i.e. level treadmill)
crouch walking and upright walking on one of the five incline
levels (0%, 6%, 12%, 18% or 24%; figure 1). For each comparison,
participants were asked to explore both crouch walking and
upright walking on the assigned incline for 3 min. After this
time, they selected their preferred state (crouch or upright incline
walking), in which they then walked for an additional 5 min. The
steepest incline level that was selected over crouch walking was
referred to as the pre-transition incline. The first incline level for
which the crouch walking was preferred was referred to as the
post-transition incline (data were collected at the end of the five
comparison trials for all incline levels that were rejected in
favour of crouch walking). For example, if a participant chose
the incline for 0–18% grades, and crouch walking at 24%, their
pre-transition incline was defined as 18% and their post-transition
incline was defined as 24%.
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Figure 1. Experimental design. Participants were asked to select between crouch walking, which moderately affects metabolic cost and penalizes activation cost, and
a series of incline levels that incrementally increase both metabolic (M ) and activation (A) costs. A competing-cost pair was established when participants walked on
an incline level that incurred a higher metabolic cost but provided an activation cost advantage relative to the crouch condition. A virtual ceiling and the participant’s
silhouette, displayed on a screen anterior to the treadmill, provided feedback regarding crouch walking task performance. (Online version in colour.)

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20221189

3

(c) Crouch walking
Crouch walking was achieved by having participants walk on
a level treadmill (0% incline) while avoiding contact between
their body and a virtual ceiling, with the specific instruction to
maintain their trunk and head in a normal, upright walking
posture (i.e. crouched, but not hunched or with lowered head).
A motion sensing device (Xbox Kinect, Microsoft, WA, USA),
situated behind the participant, was programmed to detect the
participant’s body shape and produce a two-dimensional body
silhouette. This silhouette was displayed on a large screen in
front of the treadmill together with the virtual ceiling projection
(see electronic supplementary material). The ceiling height was
programed to equal 93% of the participant’s standing height.
This height was established in pilot testing to result in a crouch
posture that elicited the desired increases in our metric of acti-
vation cost (see below). During periods of silhouette-ceiling
collision, the outline of the silhouette was filled blue to alert
the participant of contact. The number and duration of collisions
was recorded for each trial. The real-time motion-tracking
and visual feedback was implemented in a custom program
developed with the openFrameworks open-source C++ toolkit.

At the beginning of each experiment, participants were pro-
vided a crouch walking familiarization trial. Participants
walked at a set speed of 1.0 m s−1, crouching below the virtual
ceiling. After 3 min of crouch walking with unlimited silhou-
ette-ceiling collisions, the participant was informed that, to end
the familiarization session, they must perform 1 min of walking
with no recorded collisions.

All participants achieved the 1 min benchmark and pro-
gressed to the next phase of data collection, in which their
preferred crouch walking speed (PWSC/W; m s−1) was assessed
in accordance with the method outlined by Dingwell & Marin
[39]. For all crouch and incline walking trials described below,
the treadmill belt speed was set to the PWSC/W so as not to dis-
advantage metabolic energy use in the crouch condition.
Although it was not empirically verified that the PWSC/W gener-
ated the lowest metabolic cost of all possible speeds for crouch
walking (this was outside the scope of the current experiment),
we speculated our protocol may provide a metabolic advantage
in the crouch condition compared to other possible speeds (for
example, the upright preferred walking speed). This was based
on previous observations that humans will self-select walking
speeds that produce the lowest metabolic cost for a given
distance travelled [2,5,40].
(d) Comparison trials
Following PWSC/W determination, a 5 min trial of crouch walk-
ing was recorded (initial crouch). In a randomized order,
five levels of upright incline walking (on treadmill inclines of
0%, 6%, 12%, 18% and 24%) were then pitted against crouch
walking, one by one. Each comparison trial (crouch versus a
single incline level) commenced with 30 s of crouch walking
and 30 s of incline walking (the order of which was reversed
for consecutive comparison trials), followed by a further 2 min
where the participant was free to explore both the crouch and
incline. During the 2 min exploratory period, transition between
the crouch and incline walking was verbally requested by the
participant and manually initiated by the investigator, taking
less than 10 s to implement.

At the conclusion of the exploratory period, the participant
verbally expressed the condition (crouch or incline) in which
they would prefer to walk for the following 5 min. Their prefer-
ence was then imposed for a 5-min period, during which
metabolic, surface electromyography (EMG) and ground reaction
force (GRF) data were collected (details below). On discussions
with participants at the conclusion of the experiment, it was
confirmed that, together, the 1 min (total) of imposed walking
in the two conditions and the 2 min of free exploration was ade-
quate for all participants to conclusively decide on a preferred
condition.

Once crouch walking had been compared to the five incline
levels, an additional 5-min crouch walking trial was recollected
to account for fatigue/familiarization effects (final crouch).
Any outstanding incline levels for which data was not collected
as part of the comparison trials (because crouch walking was
preferred) were then completed at PWSC/W, each for 5 min
(randomized order), to provide insight into the participant’s
motivation for transitioning (rejecting these inclines). To
minimize any persistent muscle fatigue effects, participants com-
menced each consecutive trial when they verbally agreed that
they felt they had returned to a ‘baseline (resting) level of exer-
tion’. When describing the protocol, participants were made
aware that they may be asked to complete at most 12 walking
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trials. However, the nature of the trials following the comparison
trials were not revealed to the participants to ensure it did not
influence their prior decisions.

(e) Whole-body energetics and electromyography
measurements

Breath-by-breath oxygen uptake and carbon dioxide production
were sampled using a portable metabolic system (Cosmed
K4b2, Rome, Italy). A portable metabolic device was necessary
to facilitate adherence to the required crouching posture and
free regulation of body position on the treadmill. The final
minute of data was used to compute a steady-state mass-
specific metabolic power (Cmet,P; W kg−1) for each trial (details
below). Surface EMG recordings were made synchronously
from gluteus maximus (Gmax), biceps femoris (BF), rectus
femoris (RF), vastus medialis (VM), medial gastrocnemius
(MG), soleus (SOL) and tibialis anterior (TA) of the right leg,
using silver-tipped surface electrodes placed according to
SENIAM guidelines [41]. Signals were recorded using a Bortec
Octopus AMT-8 system (Calgary, Canada). Twenty strides of
EMG data were collected at 2000 Hz. GRFs from the custom-
built instrumented treadmill were also obtained (again sampled
at 2000 Hz) to determine foot contacts and were later used to
crop the EMG data into strides during data processing. Both
EMG and GRF data were obtained via a Cambridge Electronic
Design data acquisition unit (Cambridge, UK). Metabolic, EMG
and GRF data were collected during the initial and final crouch
trials, all comparison trials where the incline was selected, and
any outstanding incline trials (thus, there were seven total
recording trials).

( f ) Data processing
Data processing was performed in MATLAB 2018a (MathWorks,
Natick, MA, USA) using in-built functions and custom scripts.

(i) Metabolic power (Cmet,P)
The rate of oxygen uptake ( _VO2 ; L s−1) and carbon dioxide pro-
duction ( _VCO2 ; L s−1) were averaged from the final minute of
each trial and the following stoichiometric equation was applied
to determine metabolic power [42,43]:

Cmet,P ¼ 1000
16:89 _VO2 þ 4:82 _VCO2

M

 !
, ð2:1Þ

where M represents participant body mass. Because speed
was constant across trials, we did not convert to a cost per
distance travelled.

(ii) Muscle activation
Two participants’ activation data were eliminated from further
analyses due to notable and persistent signal artefact in one of
their processed electromyograms. For the remaining participants
(N = 8), the raw EMG data were DC offset, band-pass filtered
(20–350 Hz) to remove any movement artefact and high fre-
quency noise, and full-wave rectified. A linear envelope was
applied to the rectified data using a low-pass filter with 6 Hz
cut-off frequency (EMGenv). All data filtering used fourth-order
Butterworth underdamped filters [44]. For each of the seven
trials for which data was collected, five strides ( j = 1, 2,… 5) of
EMGenv data per muscle (i = 1, 2,… 7) were individually inte-
grated to produce scalar muscle activation values for each
muscle, for each stride (aij), as below:

aij W
1
Tj

ðTj

0
(EMGenv)ij dt, ð2:2Þ
where (EMGenv)ij represents the processed linear envelop of the
ith muscle for the jth stride, 0 is the time at the initial contact
of the right foot and Tj is the stride time at the consecutive con-
tact of the same (ipsilateral) foot determined from force plate
thresholds (2% of peak signal). Thus, our expression for the
muscle activation represents a combined effect of the number
of fibres active within the muscles (the magnitude of the
EMGenv integral), as well as the rate at which they are recruited
during continuous walking (the factor of 1/Tj). This expression is
similar to the fatigue activation cost function in Miller et al. [21].

A normalized (unitless) activation (Aij) was computed for
each muscle, for each stride by normalizing by the average
value obtained from the five strides of the 0% incline trial

Aij W aij=
1
5

X5
j¼1

a0,ij

0
@

1
A, ð2:3Þ

where a0 is the activation integral of the 0% incline trial.

(iii) Activation cost functions
We patterned our activation cost functions on those presented by
Ackermann & van den Bogert [22], which are based on a
weighted average of muscle activations raised to a power p

�Cj W
1P7

i¼1 wi

X7
i¼1

wi A
p
ij, ð2:4Þ

where �Cj represents a generic cost for step j expressed as a
weighted average over seven muscles, Aij is as in equation
(2.3), p is the exponent, and wi is the weighting factor for the
ith muscle.

Using the general form of equation (2.4), equal muscle
weights (wi = 1) and an exponent p > 1 leads to ‘fatigue-like’ acti-
vation cost functions that penalized large, fatigue-inducing,
muscle activations irrespective of the size of the muscle [21,22].
We used two such fatigue-like cost functions:

(a) Mean of squared activations �Ca2 ; wi = 1 and p = 2. For each
trial, a total muscle activation cost was then computed
as an average of the per-step cost of equation (2.4) across
five strides

�Ca2 W
1
5

X5
j¼1

1
7

X7
i¼1

A2
ij

" #
: ð2:5Þ

(b) Maximal muscle activation �Ca,max; wi = 1 and p→∞. In the
limit as p→∞, only the maximally activated muscle
contributes to the cost. This was then averaged across five
strides to yield

�Ca,max W
1
5

X5
j¼1

maxi(Aij): ð2:6Þ

By adopting the cost functions, (a) and (b), we capture a
range of fatigue-like activation cost formulations, with the
latter most strongly penalizing high activation in the individual
muscles studied.

By contrast, when muscle volume weighting is used together
with a low exponent, equation (2.4) is classified as an ‘effort-like’
cost [22]. We included the strongest effort-like cost function,
where muscle volume weights (voli) are based on physiological
muscle volumes and the exponent p = 1. This cost function does
not penalize an uneven distribution of muscle activation as
strongly as in equations (2.5) and (2.6). Rather, it takes into con-
sideration active muscle volume, a key determinant of muscle
energy expenditure [45,46], by weighting the activations by
muscle size. Therefore, unlike the fatigue-like cost functions, this
cost is more sensitive to the activation of large muscles [22]. This
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cost was included to assess the possibility that muscle activation
serves as a proxy for metabolic energy expenditure [47].

(c) Volume-weighted muscle activations �Ca,vol; wi = voli and
p = 1. The normalized activation rate (Aij) for each muscle
was weighted according to the muscle volumes (voli) docu-
mented in the supplementary material of Handsfield et al.
[48]. These weightings were 0.33, 0.08, 0.10, 0.17, 0.10, 0.17
and 0.05 for Gmax, BF, RF, VM, MG, SOL and TA, respect-
ively, and represent each muscle’s volume as a proportion
of the sum of all seven muscles. The volume-weighted aver-
age of the seven normalized activation rates was computed
using the general form of equation (2.4), and this value
was again averaged across five strides

�Ca,vol W
1
5

X5
j¼1

1P7
i¼1 voli

X7
i¼1

voli Aij

" #
: ð2:7Þ
Soc.B
289:20221189
(g) Data analysis
For eachmetric described above, five valueswere initially analysed;
mean crouch (the mean value of the initial crouch and final crouch
trials), initial crouch, final crouch, pre-transition incline (the stee-
pest incline level which was selected over crouch walking) and
post-transition incline (the lowest incline level that was rejected in
favour of crouch walking). Whether the mean, initial or final
crouch datawere compared to the pre- and post- transition inclines
had no bearing on the interpretation of the results discussed herein.
Thus, the mean crouch data are represented by all future references
to the crouch walking data.

(i) Competing-cost pairs
Each participant’s mean crouch walking data was compared to
the pre-transition incline to determine whether a CCP had been
established (i.e. the two trials were designed to provide mutually
exclusive Cmet,P and �Ca2 advantages). We accepted a CCP when
Cmet,P decreased between the pre-transition incline and crouch
walking trials, and �Ca2 increased. The Cmet,P and �Ca2 advantages
were assessed because our aim was to compare metabolic and
fatigue-like muscle activation costs, and �Ca2 represents the less
extreme (least biased) of our fatigue-like cost functions. A sec-
ondary analysis was then performed to determine whether
CCPs were also present between Cmet,P and �Ca,max, and Cmet,P

and �Ca,vol.

(h) Statistical analyses
Summary statistics (group mean ± s.d.) were computed for crouch
walking performance variables (number and duration of silhou-
ette-ceiling collisions), and for key cost metrics (Cmet,P, �Ca2 , �Ca,max

and �Ca,vol) during the crouch and inclinewalking trials. Normality
was assessed using the Shapiro-Wilk test. One-way repeated
measures analysis of variance (ANOVA) testswere used to confirm
main effects of the normally distributed incline data (0, 6, 12, 18,
24% inclines) for Cmet,P, �Ca2 , �Ca,max and �Ca,vol.

For the crouch, pre-transition incline and post-transition
incline comparisons, key cost metrics were each analysed via a
one-way repeated measures ANOVA (normally distributed) or
Friedman test (non-normally distributed). Post hoc testing was
then administered as paired-samples t-tests (normally distribu-
ted) or Wilcoxon tests (non-normally distributed). Results were
compared against an adjusted α level ( p = 0.017; Bonferroni cor-
rection). All other analyses employed a standard 0.05 α level.
In group-level analyses, all available data (N = 10 for Cmet,P and
N = 8 for �Ca2, �Ca,max and �Ca,vol) was used. Paired-samples
t-tests/Wilcoxon tests analysed Cmet,P, �Ca2 , �Ca,max and �Ca,vol in
the sub-sample of participants for whom a CCP was successfully
established (N = 7).
To discern whether the use of the initial, final or mean crouch
data to represent crouchwalkingCmet,P, �Ca2 , �Ca,max and �Ca,vol would
make a difference to our interpretation of results, all relevant stat-
istical tests (above) were performed three times: (i) using the initial
crouch data, (ii) using the final crouch data and (iii) using themean
of the initial and final crouch data. No difference in interpretation
was present and so mean crouch data is presented in the Results
section below.

Any non-normally distributed data is denoted by a caret (^)
in the Results section below. SPSS 26.0 (IBM, Chicago, IL, USA)
was used to perform all statistical analyses.
3. Results
(a) Gait selections
In total, five decisions were made by our participants, i.e. one
for each incline level. At low levels of incline (0–12%), all par-
ticipants (N = 10) chose the incline over the crouch. At 18%
incline, the decision divided our sample; seven participants
continued to select the incline, while three preferred the
crouch (figure 2a). Those three participants also chose crouch
over the 24% incline. The remaining seven participants all
chose crouch walking over walking on the 24% incline.

The task performance of crouch walking was assessed
by the total number and duration of silhouette-ceiling col-
lisions during a single 5-min trial. To determine potential
learning effects, these metrics were recorded at the beginning
(initial crouch trial) and end (final crouch trial) of the data
collection session. Total number (beginning: 1.2 ± 1.5; end:
2.3 ± 2.4) and duration (beginning: 0.11 ± 0.15 s; end: 0.22 ±
0.25 s) of collisions did not change significantly (p = 0.131^
and p = 0.075^, respectively). The mean PWSC/W was 1.15
(±0.06) m s−1.

(b) Incline and crouch effects on activation and energy
costs

All key cost metrics (Cmet,P, �Ca2 , �Ca,max and �Ca,vol) increased
with increasing incline level (figure 2a–d). This was con-
firmed by one-way repeated measures ANOVAs, which
demonstrated a main effect of incline for Cmet,P ( p < 0.001),
�Ca2 ( p = 0.001), �Ca,max ( p < 0.001) and �Ca,vol ( p < 0.001).

Crouch walking disrupted the distribution of muscle acti-
vation compared to upright walking, such that select muscles
had proportionately higher activation values. In particular,
figure 3 highlights the increased activation requirements of
knee extensor musculature (vastus medialis and rectus
femoris) to facilitate the crouch gait, while the steepest incline
gaits are achieved with a more even distribution of activation.

When statistical comparisons were made between the
crouch, pre-transition incline and post-transition incline, the
one-way repeated measures ANOVAs/Friedman tests
demonstrated a main effect for Cmet,P ( p < 0.001, N = 10),
�Ca2 ( p = 0.008^; N = 8), �Ca,max ( p = 0.001, N = 8) and �Ca,vol

( p = 0.003; N = 8; figure 2e–h).

(c) Competing-cost pairs
A CCP (i.e. two trials providing mutually exclusive Cmet,P

and �Ca2 advantages) was effectively established for seven of
the eight participants for whom we acquired a complete set
of EMG data (table 1 and figure 4). CCPs could also be estab-
lished for these participants between Cmet,P and �Ca,max, and
Cmet,P and �Ca,vol (table 1).
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All seven participants (1–4 and 8–10) chose inclinewalking
over crouchwalking and thus selected lowmuscle activation at
the expense of a high Cmet,P. The average �Ca2 advantage in the
CCP was 66% (n = 7; p = 0.018^; range: 31–95%) and for �Ca,max

was 44% (n = 7; p = 0.003; range: 15–89%; table 1). The average
Cmet,P penalty was 19% (n = 7; p = 0.002; range: 4–31%; table 1).
Participant #6 had a Cmet,P that was nearly identical in the
crouch and incline condition (1% difference) and therefore
did not present a clear energetic advantage/disadvantage for
gait selection (table 1). However, Participant #6 achieved the
group’s largest activation advantage by selecting the incline
condition (210% reduction in �Ca2 ; 103% reduction in �Ca,max).
We also found an advantage in the effort-like activation cost
(�Ca,vol) when the participants selected incline walking over
crouch walking (table 1). The average �Ca,vol advantage in the
CCP was 23% (n = 7; p = 0.007; range: 8–38%).

In addition to the CCP, prioritization objectives can be
further assessed from comparing the group mean Cmet,P

(n = 10) and activation costs (n = 8) of the crouch walking and
pre- and post-transition incline conditions (figure 2e–h).
Crouch walking incurred a Cmet,P of 7.84 ± 1.38 W kg−1,
which was significantly lower than both the pre- (9.46 ±
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0.91 W kg−1; p = 0.007) and post- (11.92 ± 1.31 W kg−1; p =
0.005) transition incline levels, with the pre- and post-transition
inclines being significantly different from one another (p =
0.005; figure 2e). By contrast, the �Ca2 and �Ca,max for the crouch
walking were significantly greater (84%; p = 0.012^ and 52%
p = 0.006, respectively) than the pre-transition incline
(figure 2f–g). These data show, at a group level, a selection
(pre-transition incline) for lower fatigue-like activation costs at
the expense of higher Cmet,P. We also found that the �Ca2 and
�Ca,max in crouch walking were statistically equivalent to the
post-transition incline (p = 0.263^ and p = 0.214, respectively),
indicating that the disadvantage in the fatigue-like activation
costs was no longer present when crouch walking was finally
selected (crouch walking versus post-transition incline walk-
ing). The effort-like activation metric (�Ca,vol followed a similar
pattern (figure 2h). �Ca,vol for crouch walking was significantly
greater (27%) than for the pre-transition incline (p = 0.003) but
not for the post-transition incline (p = 0.779).
4. Discussion
Metabolic energy expenditure is widely regarded as a principal
determinant of animal locomotor behaviour [5,8,11,49]. How-
ever, simulation studies of human locomotion suggest muscle
activation may also be a key control parameter [21,22]. It is dif-
ficult to discern how these criteria are weighted in the control
scheme of locomotion due to their highly coupled nature. The
current study used an experimental design that systematically
pitted whole-body metabolic cost against muscle activation
costs. In these competing conditions, global energy expenditure
was clearly not prioritized, and our empirical data provide
promising support for muscle activity prioritization.

(a) Energy expenditure is not always the principal
objective in human locomotion

Humans have been observed to expend more energy
than minimally required for both upper and lower limb move-
ment tasks [40,50–56]. These studies suggest that energy
minimization may be task dependent. Perhaps the most well
documented example of non-energetically optimal movement
is self-selected cycling cadence [25,33–35]. In the context of
gait, Yandell & Zelik [56] show inconsistent prioritization of
metabolic cost when participants used their preferred step fre-
quency during barefootwalking. The authors propose thismay
be related to the discomfort/pain associated with an unshod
gait [56]. Some evidence also suggests humans do not priori-
tize metabolic cost minimization when moving in less stable
environments, e.g. walking downhill [50] (but this remains
inconclusive [57]) or walking with experimentally imposed
asymmetrical leg lengths [40]. Humans have also been
observed to perform walking tasks in more effortful ways to
eliminate a cognitive burden [51]. Furthermore, there exist sev-
eral studies of human movement in which immediate,
independent detection and/or acute prioritization of the ener-
getic minima is not evident [8,40,58,59]. The costs driving gait
selection in the aforementioned studies remain speculative.
The current study is, by contrast, among the first to explicitly
and experimentally demonstrate an alternative criterion,
namely muscle activation, that is prioritized over metabolic
cost in the control scheme of locomotion (at least under the con-
ditions studied here).

While it is clear that a Cmet,P penalty occurs with the selec-
tion of incline walking in the CCP (and in the pre-transition
incline selection more generally; figure 2e), we do not suggest
that energy minimization is unimportant to the control of
walking, even in less common situations such as the crouch
walking investigated in this study. Indeed, in the final incline
condition (post transition incline), when the Cmet,P was the
highest and the activation penalty of crouch walking was
reduced or eliminated, participants opted to save energy by
selecting crouch walking. Rather, our study supports the
idea that locomotion tasks are regulated in a multi-objective
manner that includes metabolic cost as one important, but
not the sole, factor. Taken together, our data across all con-
ditions suggest that a priority for energy minimization is
not an inevitability, but also that as Cmet,P increases so
might the relative weighting of Cmet,P in the control scheme
of walking.
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(b) Does a ‘division of muscle labour’ dictate gait
control?

The non-volume-weighted exponential activation cost func-
tion, �Ca2 , penalizes high (fatiguing) activations in any single
muscle and thus favours an even muscle recruitment strategy
[22]. The hypothesis that gait is under a control scheme that
minimizes muscle fatigue (or, more generally, overburdening
of muscles) is not new, but has been mostly limited to simu-
lation studies [21,22]. To the best of our knowledge, the
current study is the first to empirically observe a fatigue-
like control scheme take precedence over a metabolic cost
control scheme. Our finding that subjects protected their �Ca2

at the direct expense of Cmet,P was observed both in the indi-
vidual participants’ CCP trials (table 1), and also at a group
(average) level (figure 2e,f ).

The clear preference for protecting �Ca2 over energy cost
suggests a strong control objective for maintaining an even
muscle recruitment and thus avoiding high activations that
can cause local muscle exhaustion [22]. This is also evident
from the more extreme cost function, �Ca,max, which showed
that all participants’ gait selection in the CCP protected
their would-be maximally activated muscle, in line with a
min/max cost function [36]. This further suggests that the
decision to avoid crouch walking may, in fact, have been
specifically predicated on not exhausting the primary contri-
buting muscle. Even if highly activated individual muscles
represent a small fraction of the total muscle mass, they can
have an important limit on performance because maximally
activated muscles set the bottle neck for the endurance of
the whole muscle system [22,60].

Further support for activation-driven gait selection comes
from our observations of the post-transition incline gait (i.e.
when crouch walking was finally chosen). When crouch
walking is compared to the post-transition incline, we
observe a diminished activation advantage. This can be
seen in the group average data, where similar and not statisti-
cally different �Ca2 , �Ca,max and �Ca,vol values were observed
between conditions (figure 2f–h). Perhaps not only avoiding,
but also selecting crouch walking, involved information from
muscle activation. It may be that only when there is minimal/
no activation disadvantage, do participants accept a Cmet,P

advantage (whether this was selecting incline over crouch
walking, or vice versa, selecting crouch walking over very
steep incline walking). It is also worth pointing out that the
high �Ca2 cost associated with crouch walking and the steepest
incline walking resulted from different muscle recruitment
patterns (figure 3); high activations in crouch walking are pri-
marily in the vastus medialis (for 6/8 participants), while in
the post-transition incline the muscles that exhibit the high
activations are more variable between subjects.

Why should muscle activation be prioritized over energy
cost? One answer may be that minimizing high activations
that overburden or fatigue a given muscle will likely permit
longer movement duration, a performance criterion that is
regarded to be fundamental to the evolution of human biped-
alism and with known ecological relevance [61–64]. For
instance, to effectively travel long distances in persistence hunt-
ing (regarded as a key feature of human evolution [62]) there is
a clear selective advantage to resist fatigue.Muscle activation is
a compelling control signal for sensing a division of labour
among muscles and for avoiding overburdening individual
muscles. It is thought that muscle effort can be readily sensed
using central (e.g. via an efference copy) and peripheral
(e.g. Group III and IV muscle afferents) mechanisms [65,66].

(c) Does muscle activation represent a proxy for
metabolic energy use?

Notwithstanding the clear acceptance of a Cmet,P penalty,
could it be possible that the nervous system was attempting
to prioritize total metabolic energy expenditure using a
proxy sensor, but failed? In their recent work, Wong et al.
[67] concluded that blood-gas receptors are an unlikely
sensor for whole-body locomotor energy expenditure and
raised the possibility of a muscle-level sensor for metabolic
cost. Muscle activation is a promising candidate for sensing
energy cost because it is related to the fraction of the
muscle that is metabolically active and because activation
itself exacts a substantial metabolic cost in the form of cal-
cium pumping [68–70]. If activation serves as a proxy
sensor for energy expenditure, the high volume-weighted
activation signal associated with crouch walking may have
‘tricked’ the nervous system into registering a higher meta-
bolic cost than that which was actually present. This could
occur, in part, due to the inflated activation contribution of
the large (high volume) knee-extensor muscles (figure 3). It
is worth noting that in tasks where energy minimization is
ubiquitously demonstrated (e.g. steady level walking),
muscle activation and whole-body metabolic costs respond
similarly to changing task parameters (e.g. step frequency;
[11,28]), thus indicating that the muscle activations can,
indeed, serve as a proxy for the energy consumption. This
was, however, not the case in the present study. Both �Ca2 ,
�Ca,max and �Ca,vol were disassociated from Cmet,P, with �Ca,vol

considered a proxy for energy use because it takes into
account active muscle volume [22]—a key determinant of
locomotor energy use [45,46,70,71].

Thus, if activation was used as a proxy for energy, it
resulted in a misrepresentation of the relative energy cost of
the crouch versus incline walking conditions. This scenario
affects our interpretation of the energy optimization hypoth-
esis in important ways. First, it would indicate that locomotor
energy sensing is imperfect and may be cruder than pre-
viously thought. This implies that high-precision, rapid,
energy sensing and subsequent gait control may be confined
to common and predictable steady-state movements (e.g.
steady level ground walking), and, in-turn, that energy
optimization may not be particularly robust outside of a
narrow range of conditions. Other experiments that have
altered the mechanics of walking in novel ways have found
that subjects often need guidance to discover energy mini-
mizing movements [8,16]. This suggests that while energy
minimization may be achieved eventually, after sufficient
motor learning has taken place, it may not be prioritized
acutely. Whether trial-and-error learning can bring about ver-
satile energy sensing across a myriad of natural conditions for
human locomotion remains unclear.

Among the most interesting questions that remains is how
the central nervous system uses muscle-level signalling to
determine the physiological state of the body. For example,
does the central nervous system achieve this by summing
the activity of all muscles involved in a given task, weighted
according to their size and tracked over a given distance or
time period, and finally reference this against a threshold
representing global (whole-body) effort or energy use (i.e.



royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

289:20221189

10
�Ca,vol)? Or, at the other end of the spectrum, is the control
signal based on assessing individual muscle activation
levels against thresholds unique to each actuator (i.e. �Ca,max)?

We posit a strategy assessing individual muscle activation
levels against unique thresholds is a simpler control strategy;
�Ca,max (and also, to a lesser extent, �Ca2 ) has a computational
advantage, limiting the synthesis of information required
by the central nervous system. Individual muscle activation
thus presents a promising sensory modality when consider-
ing the credit-assignment problem [67,72], which refers to
the direct or indirect nature of the signal(s) used by the cen-
tral nervous system to steer gait selection behaviour.
Conversely, weighting and summing the individual acti-
vations requires the additional collation of information and
is therefore a less direct signalling method for ascribing loco-
motor ‘cost’. The latter would therefore likely require greater
computational effort and time.

We also do not, at present, have an effective way to rank
the likelihood that one activation parameter is a more likely
target of control than the other, although we do note that
the pre-transition incline selection saw participants avoid
greater �Ca2 and �Ca,max penalties than that associated with
�Ca,vol (84% and 52% versus 27%, respectively; n = 8). Simu-
lation studies that have established both mass- or volume-
weighted activation and distribution cost functions also sup-
port this perspective, with more realistic gait patterns
predicted by a non-volume-weighted or low volume-
weighted muscle activation criterion [21,22]. Irrespective of
what optimality criterion activation minimization serves
(e.g. a proxy for metabolic cost minimization, improved dis-
tribution of muscle effort, fatigue minimization etc.),
activation itself seems like a reasonable control target that
can use relatively simple computational cost strategies.

(d) Alternate explanations for the observed gait
selection

Despite the systematic prioritization of a gait with low
muscle activation in the CCP, we cannot rule out alternate
hypotheses for the observed gait selection. For example,
although speculative, cognitive factors, discomfort, pain or
other psychological motivators could be at the source of the
selection of incline walking over crouch walking in the
CCP. Clearly delineating the role of discomfort versus acti-
vation per se in our observed gait selections is challenging
because the two are related. In crouch walking, muscles
with disproportionately high activations are prone to fatigue,
which is known to cause discomfort [73]. High muscle acti-
vations may also result in high local mechanical stresses
that could trigger a pain response. This should not, however,
detract from the observation that minimizing muscle acti-
vation, as opposed to metabolic energy, was a very strong
predictor of movement selection in the present study. It is
conceivable, for example, that high muscle activations are
the proxy signals used in a neural computation of a ‘comfort’
cost. In this regard, the minimization of muscle activation in
the CCP could underlie a higher-level comfort objective.

(e) Limitations
The current study captured the activity of seven lower limb
muscles that play a key role in human locomotion. Expanding
upon previous empirical studies [47], we also include a
weighting factor when determining the total activation cost.
However, incorporating a greater selection of lower limb
muscles and capturing trunk musculature contributions
when computing activation costs would probably provide
further insight into prioritization behaviours and may shed
light on any differences in muscle recruitment strategies
between participants. Furthermore, it is possible that the con-
tributions of muscles that had low activation during our
normalization trial (0% incline) were over-represented when
costs were computed for other incline trials and/or the
crouch walking trial. Taken together, it is possible that these
limitations contributed to the variation seen in individual
participant responses (table 1).

While Cmet,P is susceptible to changes in both walking
speed and step frequency [5,11], the latter was not imposed
for any condition, and the former may have provided a meta-
bolic advantage to crouch walking because all trials occurred
at the preferred speed established for crouch walking. Yet,
irrespective of this, participants still accepted a metabolic
penalty through their pre-transition incline selection. It
must be noted that whether one variable was closer to its
physiological maximum than the other (e.g. V̇O2

max versus
maximal activation) was not measured in the current study.
How close a variable is to its maximum may impact the pri-
ority for minimizing that variable. In this sense, it is possible
that selectively impairing other (more) important optimality
criteria through energetic minimization will only occur in
situations where a very high metabolic cost needs to be
avoided. We acknowledge that the relative importance of
activation and Cmet,P may also be different in steady-state
level gait, and that it is likely task and condition dependent.

It is of course possible that other physiological signals exist
whose distribution across muscles may parallel that of acti-
vation, for example, afferent signals from muscle metabolism
receptors (class III and IV afferents), or proprioceptive signals
from muscle spindles and/or Golgi tendon organs. These
may also be involved in the control scheme of walking and
deserve further exploration together with muscle activation.
5. Conclusion
Here, we provide among the first empirical evidence of loco-
moting humans accepting a metabolic cost penalty in favour
of a predefined, alternative neuromuscular criterion. When
choosing between crouch walking and walking on a series of
increasing inclines, our healthy participants protected both fati-
gue-like and effort-like activation cost metrics. This observation
is concomitant with activation cost prioritization in the control
of steady-state walking [22] and running [21]. Further research
is required to determine whether muscle activation is used to
estimate whole-body energy expenditure, or if local muscle
costs are of greater importance in the control scheme of gait,
independent of their relationship to energy costs per se.
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