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Powerful digital grasping is essential for primates navigating arboreal
environments and is often regarded as a defining characteristic of the order.
However, in vivo data on primate grip strength are limited. In this study,
we collected grasping data from the hands and feet of eleven strepsirrhine
species to assess how ecomorphological variables—such as autopodial
shape, laterality, body mass and locomotor mode—influence grasping
performance. Additionally, we derived anatomical estimates of grip force
from cadaveric material to determine whether in vivo and ex vivo grip
strength measurements follow similar scaling relationships and how they
correlate. Results show that both in vivo and anatomical grip strength scale
positively with body mass, though anatomical measures may overestimate
in vivo performance. Species with wider autopodia tend to exhibit higher
grip forces, and forelimb grip forces exceed those of the hindlimbs. No
lateralization in grip strength was observed. While strepsirrhine grip forces
relative to their body weight are comparable to those of other primates
and slightly exceed those of humans, they are not exceptional compared to
other arboreal mammals or birds, suggesting that claims of extraordinary
primate grasping abilities require further investigation.

1. Introduction

It is impossible to understand primate ecology, evolution and behaviour
without an understanding of the constraints associated with arboreal
locomotion [1-3]. Adaptations for arboreal grasping, particularly in fine
branches, are considered critical drivers of early primate evolution [4-7], and
classical definitions of primates [4,6] emphasize powerful grasping appen-
dages as a hallmark feature of the order. As a result, it is widely understood
that primates are highly effective graspers (with both their hands and feet)
across a range of substrates [7-9]. Indeed, the ability to generate powerful
grasping forces is considered essential for survival when moving on arboreal
substrates [10,11], as these supports are unpredictable in nature and often
three-dimensionally complex, varying in orientation, size, texture, compliance
and gap distance [2-4,12]. Given the steep fitness cost of failure (e.g. falls)
during arboreal locomotion, which could result in serious injury or death [13],
grasping forces are considered a core functional metric upon which adaptive
selection is expected to exert strong pressures [5,6,14]. Yet, despite widespread
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recognition of their importance in an evolutionary context, little data currently exist on the grasping abilities of primates in a n

comparative framework.

The basic biomechanical abilities associated with grasping (i.e. controlled manipulation of an object or substrate with the
manual or pedal digits) likely originated early in tetrapod evolution [14]. Across multiple tetrapod radiations, a positive
relationship between arboreality and grasping strength has been suggested, highlighting the importance of manual grip
strength as an adaptation among specialized arborealists to mitigate the risks associated with falling [11,14]. However, these
grasps vary drastically in both their nature and complexity, reflecting differences in gross autopodial morphology as well
as the extent of neuromuscular independence between individual digits [14]. Additionally, limited work has explored the
ecomorphological correlates of grasping capabilities, making direct relationships between anatomy and performance difficult to
elucidate [15,16].

(a) Anatomical estimates of primate grip force

The ability to generate grasping forces is anatomically determined by the contractile properties of skeletal muscles [17-22].
Over the past decade, several studies have sought to assess the anatomical grip strength of primates, using the physiological
cross-sectional area (PCSA) of digital flexor muscles as a proxy for potential grasping strength [17,18,20-22]. Digital flexor
PCSA is reported to scale with positive allometry relative to body mass across a broad sample (1 = 55) of strepsirrhines and
anthropoids [20]. However, no differences in relative digital flexor strength (accounting for body mass) were reported between
arboreal and terrestrial taxa, nor were any observed between locomotor modes (e.g. quadrupedal versus suspensory versus
climbing specialists; [20]). A similar analysis focusing on strepsirrhines and platyrrhines [18] produced comparable findings,
with a positively allometric relationship between digital flexor PCSA and body mass, but no overarching trends clearly relating
to locomotor ecology.

A detailed comparison of forelimb myology in lemurids and callitrichids [19] reported a similarly positive allometric
relationship between digital flexor PCSA and body mass in callitrichids, though this relationship was isometric in lemurids.
Digital flexors also comprised a slightly greater proportion of total forearm PCSA in lemurids (20.3%) than in callitrichids
(18.48%) and did not conform to any overarching trends relating to locomotor strategy or habitat type [19]. Finally, a recent
comparison of forearm myology between macaques (Macaca mulatta), gibbons (e.g. Hylobates lar, H. pileatus, Nomascus leucoge-
nys, N. concolor, Symphalangus syndactylus), bonobos (Pan paniscus) and humans (Homo sapiens) suggests that gibbons exhibit
significantly greater digital flexor musculature (as a proportion of total forearm musculature) than other taxa, an adaptation
attributed to their frequent use of ricochetal brachiation, which require strong manual grasping forces to ensure a stable pivot
during locomotion [23,24].

Compared to forelimb muscles, much less is known about the digital flexor musculature of the primate foot. However,
electromyographic data collected during arboreal locomotion demonstrate that pedal flexor muscles are active at higher levels
and for longer durations than manual flexors during the stance phase [25]. Thus, a powerful grasping foot may be essential
to arboreal quadrupedalism. Comparative myological data on the primate foot are limited to a recent study by Marchi et al.
[21], which reported that digital flexor muscle mass and PCSA in the primate hindlimb (n = 33) scaled with positive allometry
relative to body mass across catarrhines, platyrrhines and strepsirrhines, such that larger-bodied animals have relatively larger
and stronger hindlimbs. However, no interspecific differences aligned with locomotor categories and no differences between
suborders were observed. Additionally, a comparison of hindlimb myology between bonobos and gibbons revealed a similar
gross morphological configuration, with strong plantar flexors and large hallucal muscles, although the triceps surae of gibbons
contained a significantly longer tendon [26]. Finally, a broader comparison across hominoids [27] revealed a greater proportion
of distal limb muscle mass in orangutans (Pongo pygmaeus) and bonobos than in gorillas (Gorilla gorilla) or lar gibbons, a finding
attributed to the less frequent use of the foot for grasping in the latter two taxa.

(b) In vivo measurements of primate grip force

Direct measurements of grasping forces in vivo are limited to only a handful of primate species [15,22,28,29]. Broadly, two
discrete categories of grasping performance have been considered: gripping forces, which reflect the contractile forces generated
aroundt an object or substrate enclosed within the digits [10,11,22,30,31], and pulling forces, which reflect the magnitude of
force an animal can exert in resistance to being forcibly removed from a substrate [15,32-34]. These forces are representative
of differing ecological scenarios: while gripping forces approximate the compressive forces exerted by a primate’s hand around
a branch, pulling forces represent the force with which a primate clings to a branch to avoid being lifted away by a predator
[10,14]. Of these two metrics, pulling forces represent the vast majority of in vivo data, both in primates and other animals
[15,32-34]. These experiments have shown that many species are capable of generating bimanual grip forces that are several
times their body mass to resist being pulled away from a substrate [15,32,33]. In contrast, true gripping forces (i.e. measure-
ments of the active muscle forces generated by the animal in a static condition) have only been conducted in two platyrrhine
species: common marmoset (Callithrix jacchus) and black-capped squirrel monkey (Saimiri boliviensis) [22]. Mean grasping forces
for these taxa reached 74.8% and 101.0% of body weight, respectively. However, differences between left and right hands or
between hands and feet were not assessed. Additionally, as only two individuals were sampled from each taxon, the degree of
intraspecific variance in grasping strength remains unclear.
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(c) Aims and predictions

Within this study, we propose the first comprehensive sampling of in vivo grip forces from the hands and feet of the strep-
sirrhines, an ideal model for early primate evolution [1,6]. Additionally, we aim to identify myological correlates of grip
strength in the hands and feet of the same phylogenetic sample. These data will be one of the few examples directly linking
biomechanical performance with associated anatomy, providing novel insights into primate evolution. Together, these data will
offer essential information about primate grasping performance, a topic that is often discussed but has yet to be thoroughly
investigated [1,4,6]. In doing so, we test the following explicit predictions:

Prediction 1: in vivo and anatomically predicted grip forces will scale with positive allometry relative to body mass. Ana-
tomical predictions of primate grip force [18-21] have almost universally suggested that grasping forces scale with positive
allometry relative to body mass. We predict that in vivo forces will follow a similar trend, with larger animals being both
absolutely and relatively allometrically stronger than their smaller-bodied counterparts.

Prediction 2: Hand shape will be positively correlated with grip force. Hand shape (a ratio of hand width divided by hand
length; [30]) has been positively correlated with grip strength in humans, with participants exhibiting wider hands consistently
showing stronger grip forces than those with longer hands. These findings align with earlier literature suggesting that, when
controlling for height, individuals with wider hands exhibit greater muscular strength [16,35-37]. We predict this relationship
will also exist interspecifically among strepsirrhines.

Prediction 3: Physiological cross-sectional area will be positively correlated with grip force in both the hand and foot. The
physiological cross-sectional area represents an anatomical proxy for muscle strength and has been experimentally shown to
scale proportionally to a muscle’s contractile force potential [38,39]. Thus, we predict that anatomical estimates of a species’
grasping force potential will strongly correlate with in vivo forces collected from conspecifics.

Prediction 4: Locomotor mode will predict grip force, with highly arboreal taxa exhibiting stronger grasping forces than other
species. The ability to generate and sustain a stable grip on substrates of variable diameter is critical to the locomotor abilities
of arboreal taxa. Accordingly, across numerous tetrapod lineages, a positive relationship between arboreality and grasping
strength has been reported [11,15,33]. Therefore, we predict a similar relationship among primates.

Prediction 5: Pedal grasping forces will exceed those of the hand. Quadrupedal primates are thought to successfully occupy
arboreal environments by relying on their grasping feet to control balance and propulsion, freeing their hands to test unstable
branches and to forage [8,25,40]. This functional decoupling of the hindlimb and forelimb should yield discernible differences
in fore- versus hindlimb musculoskeletal strength, particularly in how manual and pedal digital flexor muscles are recruited for
grasping during arboreal locomotion [25]. Electromyographic data from extrinsic flexor muscles in red ruffed lemurs (Varecia
rubra) walking on a simulated arboreal substrate support this, revealing that pedal flexors are activated at higher levels and for
longer durations than manual flexors during the stance phase [25]. Thus, we predict that grasping forces measured from the feet
will exceed those of the hands within each taxon.

Prediction 6: Behavioural laterality (e.g. handedness) will guide bilateral differences in grip force, with stronger forces
observed in the behaviourally dominant hand, but no bilateral differences will be observed in the foot. Strepsirrhines show
varying degrees of laterality across species. While most species exhibit hand preferences during food grasping, object manipu-
lation, and the tube test [41—47], this can range from a strong left-hand bias in ring-tailed lemurs (Lemur catta) and ruffed
lemurs (Varecia rubra and V. variegata ) to a right-hand bias in common brown lemurs (Eulemur fulvus) and mongoose lemurs
(E. mongoz). Several taxa (e.g. aye-ayes (Daubentonia madagascariensis) and sifaka (Propithecus sp.)] are reported as ambipreferent,
showing no clear hand dominance. In humans, behavioural lateral bias strongly corresponds with asymmetry in manual grip
strength, with the dominant hand being approximately 5% stronger [30]. As such, we expect similar patterns of handedness
within strepsirrhines, with the dominant hand exhibiting stronger grasping forces in each taxon. However, given that hindlimbs
contribute equally during locomotion, we expect no lateralized differences in pedal grip strength.

2. Material and methods

(a) Animals and permissions

This study encompassed eleven distinct strepsirrhine primates: Mohol bushbaby (Galago moholi), collared brown lemur (E.
collaris), fat-tailed dwarf lemur (Cheirogaleus medius), aye-aye, crowned lemur (E. coronatus), mongoose lemur, blue-eyed black
lemur (E. flavifrons), ring-tailed lemur, grey mouse lemur (M. murinus), Coquerel’s sifakas (P. coquereli) and ruffed lemur . Note
that although some sources classify black-and-white and red ruffed lemurs as separate species (e.g. V. variegata and V. rubra,
respectively) [48], we have elected to pool all ruffed lemur data under a single species, because the two species/subspecies are
quite similar in all aspects of anatomy except for pelage. The subjects comprised solely adult individuals that exhibited good
health without any evident pathologies. Data regarding the body mass of each specimen were provided by the husbandry staff
of the Duke Lemur Center on the day of sampling. For a detailed breakdown of species-specific information such as the number
of individuals, age, mass and maximal grip force, refer to electronic supplementary material, table S1 and Supplemental Data.
All experimental protocols adhered to the approved guidelines of Duke University (Protocol # A183-22-10) Institutional Animal
Care and Use Committee.
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(b) Experimental design

We conducted grip force trials using a custom-built apparatus (figure 1). The substrate that the animals gripped consisted of
two carbon fibre-embedded, three-dimensional-printed semi-lunar bisections (Markforged, Waltham, MA). To accommodate
the varying body sizes of strepsirrhines in our study (e.g. the autopodia of grey mouse lemurs are considerably smaller than
those of ruffed lemurs), we fabricated parts in different diameters to ensure consistent hand-wrapping posture. We selected
a diameter for each individual to maintain a physiologically equivalent grasp, avoiding under- or overwrapping of the digits
(figure 1).

We employed two distinct Advanced Mechanical Technology, Inc. (Watertown, MA) force plates. For the relatively low grip
forces of smaller strepsirrhines (i.e. grey mouse lemurs, fat-tailed dwarf lemurs, Mohol bushbabies), we used a low-load force
plate (model HE6 X 6; load capacity = 4 N), while larger animals were tested on an intermediate load force plate (model MC3A;
load capacity = 100 N). The apparatus mounted the calibrated force plate, with one semi-lunar 3D-printed part attached to
the plate and the other affixed to the uninstrumented handle of the grip force tester. As the animals gripped the 3D-printed
semicircular pieces, the lower piece, attached to the force plate, generated a vertically oriented force directed upwards.

Most individuals spontaneously engaged with the apparatus, although some required minimal encouragement, such as
gentle tapping on the hand or feet to prompt grasping. Duke Lemur Center personnel suspended and handled each individual
to ensure that recorded forces only reflected single-foot forelimb or hindlimb grip strength, without bodyweight contributions.
Each individual completed between five and ten grip trials from both left and right forelimbs and hindlimbs. We recorded and
processed all force data using Bioware v5.4 software (Kistler; MI, USA).

We included only trials in which an isolated grip force was recorded. Using a custom MATLAB (MathWorks, Natick, MA)
script, we extracted the peak grip force (N) for each trial. To minimize the influence of low-motivation trials, we isolated only
the maximum grip force recorded for each limb for each individual (i.e. up to four data points per individual).

(c) Ecomorphological correlates

In addition to in vivo strepsirrhine grip force data, we collected myological data to compare anatomical estimates of grip
strength from conspecific cadavers. Our cadaveric sample included eleven individuals from all focal taxa (electronic supplemen-
tary material, table S1), with intact, unfixed frozen specimens provided by the Duke Lemur Center Biosamples Collection. All
specimens were adults without known pathologies, and none were euthanized for this study or showed tissue degradation. It
was not possible to make the measurements of interest for some limbs owing to lack of tissue availability (see below).

We collected myological data using a standardized sharp dissection protocol [18-21]. After removing the skin and overlying
tissues, we individually excised and weighed each digital flexor muscle (e.g. flexor digitorum profundus, flexor digitorum
superficialis, opponens pollicis) in the forearm, hand, lower leg and foot. We weighed muscles to the nearest 0.01 g (or 0.001
g for grey mouse lemurs, fat-tailed dwarf lemurs and Mohol bushbabies). The muscles were then placed in 35% nitric acid
to digest connective tissues between fascicles, following protocols by Herrel ef al. [49]. After 3-12 h (depending on muscle
size), muscles were removed from the acid and placed in a 50% glycerol solution to neutralize residual acid and prevent
overdigestion. We then manually separated at least forty fascicles for each muscle and photographed them with a Dino-Lite
Digital Microscope (AF7915MZTL; Dino-Lite USA, Torrance, CA) alongside a scale bar for digital data collection. The fascicles
were measured using Image] [50]. Muscle mass and fascicle length were combined to compute the PCSA for each digital flexor
using the formula:

PCSA = m/lp

wherein m is muscle mass in grams, | represents mean fascicle length and p represents muscle density. A constant of 1.056 g
cm™ was applied to represent muscle density, following Murphy and Beardsley [51]. The PCSA of each digital flexor was then
summed to derive a limb-specific estimate of anatomical grip force.

We also collected data on autopodial shape, body mass and behavioural laterality. The autopodial shape was calculated by
dividing autopodial width by length, following [30]. Since direct measurement was not feasible during in vivo data collection,
we derived these values from imprints of species-specific archived autopodia at the Duke Lemur Center. While not ideal, we
limited the inclusion of imprints to adults matching our in vivo sample and, where possible, matched for sex to account for
differences in hand shape that may be attributable to sexual dimorphism. Body mass was recorded prior to each trial. Finally,
we gathered data on behavioural laterality (e.g. hand preference) from literature sources [41,42,47]. It should be noted that using
a species-level approach to analyse laterality is suboptimal, as true handedness occurs at the individual level, even though
species-level trends in laterality exist. Unfortunately, individual-level handedness data were not available for the strepsirrhines
sampled in our study.

(d) Statistical analyses

All statistical analyses were conducted using R [52]. To assess the scaling of grip force across body size and determine the
relationship between grip force and PCSA, data were first linearized (i.e. body mass was taken to the cubic root, and grip
forces and PCSA to the square root, such that isometry for all slopes = 1) and subsequently log-transformed. Reduced major
axis regressions were then conducted to assess changes in grip force and PCSA as a function of body mass and between PCSA
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Figure 1. Schematic of the experimental setup and ideal autopodial wrapping posture (a). The substrate that the animals gripped consisted of two carbon
fibre-embedded, 3D-printed semi-lunar bisections. The upper portion (white) of the substrate was uninstrumented and provided a solid anchor on which the
autopodia could rest. The lower portion (shaded) was affixed to a force plate and recorded an upward force as the animal grasped. See Dickinson et al. [10] and Young
et al. [11] for a more detailed representation of the experimental setup. Instead of using the same substrate size across species, which could lead to underwrapping
or overwrapping of the digits (b), the substrate size was adjusted for each individual to maintain a physiologically equivalent grasping posture regardless of the
individual’s size (c). Animals were positioned so that body mass did not rest on the instrumented portion of the force plate, thus ensuring that only grasping forces were
recorded.

and grip force. The slopes and 95% confidence intervals of these regressions were used to infer prevailing allometric trends
following [20,53].

To assess the effects of ecomorphological correlates on grip strength performance, we conducted two linear mixed-effects
models. Before performing these analyses, we scaled all maximum grip force data in two ways because grip force is expected
to vary as a consequence of body mass, among other factors. First, we divided raw maximal grip forces by the body mass
of each individual collected during each trial to express maximal grip force as a percentage of body weight (%BW). Since
muscle force-generating potential does not scale linearly with body mass (see above), we also calculated an alternative body
weight-adjusted maximal grip force metric. We first linearized the data by taking the cubic root of body mass and the square
root of grip forces, then log-transformed the results. Afterwards, we regressed each adjusted measurement of grip force against
body mass and calculated the residuals for further analysis. We used Shapiro-Wilk and Levene’s tests to assess the normality of
both body weight-adjusted metrics of maximal grip force. Since the data were not normally distributed, we rank-transformed
all grip force measurements before making any statistical comparisons [54]. We constructed the linear mixed-effects models
based on Winter [55] and Bates et al. [56], using the R packages ‘ImerTest’ [57] and ‘Ime4’ [56]. In each model—one with
body weight-adjusted maximal grip force as %BW and the other with residuals—we included body mass, autopodial shape,
locomotor ecology (i.e. arboreal quadruped, vertical clinger and leapers and terrestrial; electronic supplementary material,
table S1), limb (forelimb versus hindlimb) and laterality as fixed effects. Since age [28], sex [30], species [22] and individual
behavioural idiosyncrasies [11] can influence grip strength performance, we treated these variables as random effects.

We conducted two additional statistical analyses to assess the role of limb laterality and interspecific differences. Since
expectations for hand dominance varied by species and no species was expected to show side dominance for the hindlimbs, we
ran a series of Mann-Whitney Wilcoxon tests for each species to determine whether the left and right forelimbs and hindlimbs
differed within a species. As all laterality comparisons were intraspecific, maximal recorded grasping forces were analysed as
%BW. To evaluate interspecific differences, we performed a series of Kruskal-Wallis tests to assess how body weight-adjusted
maximal grip force (i.e. as %BW and residuals) varied between species for each limb. If we observed statistically significant
differences, we conducted a Tukey post hoc analysis. We used the R packages ‘kruskal.test’ and ‘wilcox.test’ for these analyses.

It should be noted that we elected not to conduct phylogenetic analyses in the current sample. We were working with a
relatively limited number of species (e.g. eleven), and with such low phylogenetic diversity, it is unclear whether additional
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statistical testing is warranted. Furthermore, as only one species (Mohol’s bushbaby) is not a Malagasy strepsirrhine, phyloge-
netic corrections would likely only serve to obscure the results presented below.

3. Results

Both in vivo grip forces and anatomical estimates of grip force (estimated via digital flexor PCSA) strongly correlated with body
mass (R? = 0.87-0.95). Across both limbs and using both methodologies, we observed grip force scaling with positive allometry,
with 95% confidence intervals consistently exceeding 1 (figure 2 and electronic supplementary material, table S2). Thus, larger
strepsirrhines exhibited both absolutely and relatively allometrically stronger grip forces than smaller taxa.

Regressing anatomically derived grip forces against their in vivo counterparts demonstrated a strong correlation between
the two methods. In the forelimb, we reported an R? of 0.93, with a slope of 0.68 and an intercept of 0.31. In the hindlimb, we
reported a similar R? of 0.94, with a slope of 0.79 and an intercept of 0.24. Thus, we observed a strong and consistent relationship
between a taxon’s anatomical strength and in vivo measured strength (figure 3).

We constructed linear mixed-effect models to explore the ecomorphological correlates of grip force measured both as %BW
and as a residual following the regression of grip force against body weight. Neither model showed any effect of laterality on
grip force (all p-values > 0.271, table 1). However, we observed a significant effect of locomotor mode, with vertical clinging
and leaping species exhibiting greater grip force compared to both arboreal quadrupeds and terrestrially inclined ring-tailed
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Figure 4. Box and whiskers plots of maximal recorded in vivo grasping forces recorded from each individual grip force presented as a percentage of body weight (%BW;
left) and as a scaled allometric residual (right). Species are indicated on the x-axis and data are split between forelimb (top) and hindlimb (bottom). Unhashed boxes
indicate left limb while hashed boxes indicate right limb.

lemurs. Specifically, vertical clingers and leapers had significantly higher grip force (%BW: vertical clingers and leapers versus
arboreal quadrupeds, p < 0.001; vertical clingers and leapers versus terrestrial, p < 0.001; scaled: vertical clingers and leapers
versus arboreal quadrupeds, p < 0.001; vertical clingers and leapers versus terrestrial, p < 0.001]. No significant differences in
grip force were found between arboreal quadrupeds and terrestrially inclined ring-tailed lemurs (%BW: p = 0.250; scaled: p =
0.560). Both models also revealed that the forelimbs produced greater relative forces than the hindlimbs, and animals with a
relatively high autopodial width relative to length had higher grip forces (electronic supplementary material, figure S1). When
analysed as %BW, grip force was inversely and significantly correlated with body mass; however, this relationship was not
observed when grip strength was analysed as a scaled allometric residual (table 1).

We assessed differences in laterality (i.e. left- versus right-sided limbs) for both the forelimbs and hindlimbs. Of the 21 cases, only
one comparison (ruffed lemur forelimb, p = 0.018; figure 2—4 and electronic supplementary material, table S3) yielded statistically
significant differences between contralateral limbs. Thus, we found no evidence of lateral differences in gripping force within our
data.

Interspecific comparisons revealed significant differences (all p-values < 0.002) in grip force across species, both as %BW and
as scaled allometric residuals, for forelimbs and hindlimbs. Post-hoc analyses (figure 4 and electronic supplementary material,
tables 54-57) demonstrated that these differences were largely attributable to body mass (when forces were analysed as %BW)
and locomotor mode (when forces were analysed as body mass-scaled residuals).

In our %BW model, the three smallest taxa (i.e. grey mouse lemurs, fat-tailed dwarf lemurs and Mohol bushbabies) exhibited
the strongest relative forelimb grip forces. In the hindlimb, grip forces as %BW followed a similar pattern, with the vertically
clinging and leaping Coquerel’s sifakas showing significantly higher forces than several arboreal generalists (e.g. crowned
lemurs, blue-eyed black lemurs and ruffed lemurs) and the terrestrial ring-tailed lemur (electronic supplementary material,
tables S4 and S5).

When we analysed grip force as a body mass-scaled residual, interspecific differences in the forelimb were minimal, with
only crowned lemurs standing out as significantly weaker than both fat-tailed dwarf lemurs and Coquerel’s sifakas. In the
hindlimb, interspecific patterns aligned with locomotor ecology, as the vertically clinging and leaping Mohol bushbabies and
Coquerel’s sifakas proved significantly stronger than almost all other taxa. We observed no differences between any other
taxonomic pairs (electronic supplementary material, tables S6 and S7).

4. Discussion

(a) Allometric scaling of grip forces

Both in vivo and anatomically predicted grip forces closely align with our predictions, scaling with positive allometry relative
to body mass (figure 2 and electronic supplementary material, table S2). This supports findings from previous studies that
explored the allometry of myological grip force in primate forelimbs and hindlimbs [18,20,21]. Collectively, these findings
suggest that as primates increase in size, their grip forces become both absolutely and relatively allometrically stronger.

We emphasize the importance of distinguishing between grip force models that consider grip as a %BW and those that
analyse grip as a residual from allometric reconstructions. Grip force, a product of muscle cross-sectional area (PCSA; cm?),
scales with a factor of 0.66 relative to body mass (a cubic variable) [58]. Presenting grip force as %BW, common in literature
[11,22,32,33], inherently favours smaller-bodied taxa, which are less negatively affected by this basic scaling relationship. We
therefore recommend using body-mass-scaled residuals to assess relative grip force across samples that cover a wide range
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Table 1. Statistical parameters derived from linear mixed-effects models demonstrating the influence of various fixed effects on rank-transformed maximal recorded [ 8 |

grasping forces as a percentage of body weight (%BW) and scaled allometric residuals. Since age, sex, species and individual behavioural idiosyncrasies can influence
grip strength performance, we treated these variables as random effects. The categorical variables in parentheses are the reference variable. Forelimb = FL; Arboreal
quadruped = AQ; Terrestrial = TERR; and Vertical clinger and leaper = VCL.

response variable fixed effects estimate standard error df t p-value

grip force (%BW) (intercept)

Significant effects are highlighted in bold.

of body sizes. This approach allows for more nuanced interpretations of grip strength by accounting for the disproportionate
scaling of muscle cross-sectional area and body mass (i.e. the square-cube law).

(b) Forelimb versus hindlimb grasping strength

Contrary to our predictions, forelimb grasping forces were significantly stronger than those measured in the hindlimbs. This
finding is surprising for two reasons. First, the anatomical strength potential of hindlimb digital flexors in strepsirrhines exceeds
that of forelimbs by ca 14% on average, with greater strength in 70% of taxa (figure 4 and electronic supplementary material,
table S1). Additionally, previous behavioural studies suggest that pedal flexors are activated at higher magnitudes than forelimb
muscles during arboreal locomotion in strepsirrhines [25]. It is possible that this discrepancy could be owing to motivational
factors (see §4g below), as subjects might have been more willing to grasp with full strength using their hands than their
feet, possibly because of the apparatus’s positioning relative to their line of sight or a greater sense of comfort during manual
grasping. Further exploration using alternative experimental setups is necessary to confirm our findings.

() Lateralization of grip forces

Our sample generally showed no consistent differences owing to lateralization, with only one taxon (i.e. ruffed lemurs)
exhibiting differences between left- and right-sided forelimbs, and no species showing differences for the hindlimbs. The issue
of laterality in nonhuman primates has long been discussed, despite the relative lack of empirical data [41,42,59]. Many species
display hand preference for specific tasks; for instance, gorillas exhibit a right-hand bias during coordinated bimanual tasks
(e.g. the “tube test’), while orangutans show a preference for the left hand [47]. In strepsirrhines, a clear left-hand bias is seen
in more than half of the twenty tested species, with only two families (Indriidae and Cheirogaleidae) showing ambipreferent
behaviour at the population level [41-46].

However, behavioural lateralization does not appear to be linked to differences in the maximum functional capabilities of
the hands. Maximal grip forces seem to be equivalent between dominant and non-dominant hands, in contrast to human data,
where the dominant hand is typically reported as up to approximately 5% stronger than the non-dominant hand (5.5% in males,
4.2% in females; [30]). This difference between humans and non-human primates may reflect either the mode of lateralization
(i.e. humans exhibit biases for both dexterity and strength, while nonhuman primates exhibit only the former) or the magnitude
of hand bias (i.e. biases are stronger in humans than in nonhuman primates). In any case, the absence of consistent lateral biases
in hand (or foot) strength between left- and right-sided limbs sets strepsirrhines apart from previously published human data.

While our analysis generally showed no consistent differences owing to lateralization, it is important to recognize a potential
limitation in measuring grip force at the species level. When considering laterality, it’s crucial to understand that overall species
trends do not always reflect individual behaviours. For instance, although humans tend to be right-handed about 90% of the
time [60], this doesn't mean that a right-handed individual uses their right hand 90% of the time and their left for only 10%;
rather, they often rely entirely on their right hand for most tasks. If a similar pattern holds true for strepsirrhines, we may
have missed individual-level signals of laterality in our grip force data by aggregating at the species level. Analysing grip
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strength data at the individual level could reveal significant differences between left and right grip strength that correspond E

to individual hand preferences. Therefore, the lack of observed lateralization effects in our study may reflect a methodological
limitation rather than an actual absence of hand preference among strepsirrhine species. Future research should explore the
relationship between laterality and grip strength to determine if these two variables are correlated.

(d) Hand shape

Previous experimental studies of the human hand have shown that autopodial shape (e.g. wide versus long hands) significantly
affects grip force production, with wider autopodia (i.e. those with an aspect ratio closer to 1) capable of producing stronger
grasping forces. In humans, this pattern holds for both dominant and non-dominant hands in females and for non-dominant
hands in males (differences in male dominant hands approach significance, p = 0.06; [30]). Our findings largely align with
these reports, especially in the hand, suggesting that strepsirrhines follow similar trends, with wider autopodia correlating
with greater grip forces. This finding agrees with broader research on human morphology, which indicates that individuals
with wider hands tend to have greater muscular strength in the forelimb, when controlling for weight [16,35-37]. Mechanically,
wider hands may indicate larger intrinsic hand muscle volumes, enhancing physiological force generation, or may favourably
alter the mechanical advantage of flexor muscles. These data suggest that hand shape modifications may be adaptive for
improving grip force, echoing research on hand shape evolution in humans, which highlights the maximization of dexterity
[61,62] and grip strength [30]. We attest that the relationship is weaker in the feet compared with the hands, and it becomes
negative when grip force is assessed as a scaled residual (electronic supplementary material, figure S1). This is likely owing to
the selective pressures on vertical clingers and leapers to elongate the foot, creating longer anatomical moment arms beneficial
for leaping [63,64]. As such, anatomical specialization for other locomotor behaviours may obscure the relationship between
grip force potential and autopodial shape.

(e) Locomotor ecology

Interspecific differences in grip strength were more pronounced in the hindlimb than in the forelimb and were significantly
associated with locomotor ecology. Specifically, vertical clingers and leapers (e.g. Mohol bushbabies and Coquerel’s sifakas)
exhibited significantly stronger hindlimbs than other species. This suggests that vertical clinging and leaping place considerable
demands on hindlimb musculature [64]. Vertical clinging and leaping have been linked to powerful extensor muscles, particu-
larly in the knee and ankle, which drive explosive leaping movements [64]. However, vertical clinging and leaping may also
induce hypertrophy across all hindlimb muscles or require powerful flexor muscles to absorb high forces during landing.
Experimental data on strepsirrhine leaping suggest that hindlimb forces are similar during takeoff and landing [65], supporting
the notion that powerful flexor muscles are a specific adaptation for vertical clinging and leaping, enabling these taxa to
produce high grasping forces compared to more generalized arborealists or terrestrial strepsirrhines like ring-tailed lemurs.

It is important to discuss why more differences attributable to locomotor ecology were not observed. Contrary to our
predictions, highly arboreal species did not exhibit greater grasping forces than their terrestrial counterparts. Several factors
may explain this lack of an ecological signal. First, our sample included only one terrestrially adapted species (i.e. the ring-tailed
lemur), which still spends a considerable amount of time in trees [12,48]. Strepsirrhines do not exhibit extensive variation
in their locomotor repertoires [12]. To better explore whether locomotor ecology influences grasping forces, it may be more
effective to examine a lineage with greater locomotor diversity (e.g. Old World monkeys [12] or marsupials [66]). Additionally,
broad locomotor categories may be overly reductive, as no species adopts a single form of locomotion [12] or moves exclusively
on one type of substrate [8]. A more precise approach would involve quantifying the proportion of time each species spends
in trees versus on the ground or on specific substrate diameters. While some of these data are available in the literature [8,12],
they were not available for all species in our sample and could not be analysed statistically without significantly reducing our
sample’s species diversity. We hope future studies will address these gaps and use the data provided here to examine these
potential associations in greater detail.

(f) Strepsirrhine grasping strength in a comparative context

Primates are widely regarded as models of specialized arboreal species, with adaptations including strong grip forces in both
the hindlimbs and forelimbs. However, prior to this study, in vivo grip forces had only been measured in the forelimbs of
two nonhuman primate species—common marmosets and black-capped squirrel monkeys—with no data available on pedal
grip strength [22]. Comparisons between these data and our findings suggest similar magnitudes of grip strength. Common
marmosets and black-capped squirrel monkeys registered forces of 75% and 101% of body weight, respectively [22], which align
with our data (figure 4). Our three strongest taxa in forelimb grip strength (i.e. grey mouse lemurs, fat-tailed dwarf lemurs, and
Mohol bushbabies) exceeded this benchmark, falling between ca 100-120% of body weight, while our weakest taxa (i.e. crowned
lemurs and blue-eyed black lemurs) measured slightly above 50% of body weight in manual grip strength. Hindlimb forces
ranged from ca 45 to 200% of body weight (figure 4).

In a broader comparative context, these grip forces are somewhat comparable to those of another arboreal specialist, the
brown-throated sloth (Bradypus variegatus), which exhibits maximal grip forces upwards of ca 150% of body weight [11]. While
such performance is achievable for our smallest taxa (i.e. grey mouse lemurs, fat-tailed dwarf lemurs and Mohol bushbabies),
the ca 4 kg brown-throated sloth far exceeds the force-generating potential of our larger-bodied strepsirrhines. Additionally,
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strepsirrhine forces are lower than those of birds, where hindlimb grip forces range from 150 to 300% of body weight [10]. [ 10 |

Taken together, it is safe to say that strepsirrhine primates exhibit grip capabilities comparable to other arboreal primates and
slightly surpass humans, whose forelimb grip strength measures around 65-70% of body weight [30]. However, proposing
that primate grip force stands out as exceptional among other arboreal mammals, let alone other tetrapods, is likely false and
requires considerable additional taxonomic sampling to justify.

(g) Motivation clouds the form—function relationship

It should be noted that estimating grasping force in newtons—the directly comparable measure collected during in vivo
studies—from anatomically derived metrics is challenging [31]. This process requires information about muscle moment arms
and muscle architecture dynamics that are beyond the scope of this study. Such comparisons are possible in feeding systems
where joint morphology and muscle configuration allow for more accurate estimates [31,49]. Dickinson and colleagues [67],
in a comparative study of avian bite force, concluded that anatomical estimates yielded bite force magnitudes that were, on
average, 31.4% greater than equivalent in vivo measurements of the same taxa, a relationship comparable (25-36%) with that
reported in raptorial birds by Sustaita and Hertel [31]. Our attempt to assess how force-generating potential in the forelimb and
hindlimb correlates with PCSA demonstrated strong correlations, but slopes of only 0.68 and 0.79, respectively. While we do
not claim that PCSA is a direct measure of force-generating potential during grasping, the reduced slopes indicate that attempts
to estimate grasping potential from anatomy alone would likely result in overestimations compared with in vivo metrics.
This may reflect one of two factors. First, myological models—which assume simultaneous maximal contraction of the flexor
musculature—may inherently overstate grip force potential by incorporating this biologically unlikely condition. Second, as
discussed by Sustaita and Hertel [31], animals may exert sub-maximal effort during in vivo experiments because the equipment
fails to mimic the true biological conditions where maximal motivation would be required. More direct metrics linking grasping
anatomy and performance are needed to firmly establish the scaling relationships between the two approaches, and caution
should be exercised when discussing performance metrics without appropriate experimental validation.

5. Conclusion

Our study provides valuable insights into the allometric scaling of grip forces in primates. We found that both in vivo and
anatomically predicted grip forces scale with positive allometry relative to body mass, supporting previous findings that
primate grip strength increases with body size. This suggests that larger primates have stronger grip forces both absolutely and
relatively allometrically. Our analysis also highlights the importance of distinguishing between grip force models based on body
mass percentages and those using scaled residuals from allometric reconstructions. Grip force, scaling with a factor of 0.66
relative to body mass, favours smaller-bodied taxa when presented as a percentage of body weight. Using body-mass-scaled
residuals provides a more nuanced assessment of relative grip strength, accounting for the disproportionate scaling of muscle
cross-sectional area and body mass.

Unexpectedly, forelimb grasping forces were significantly stronger than hindlimb forces, despite the higher anatomical
strength potential of hindlimb digital flexors in many strepsirrhines. This discrepancy may be owing to motivational factors
or differences in experimental setup, warranting further investigation with alternative methodologies. Interspecific differences
in hindlimb grip strength, strongly associated with locomotor ecology, reveal that vertical clingers and leapers like Mohol
bushbabies and Coquerel’s sifakas exhibit significantly stronger hindlimbs, likely owing to adaptations in muscle structure that
meet the demands of explosive leaping and force absorption during landing. Our study also found no consistent lateralization
effects in grip strength among the examined taxa, contrasting with the pronounced hand biases observed in humans. This
absence of lateralization may reflect differences in the mode or magnitude of hand bias between humans and nonhuman
primates. Finally, while our findings on hand shape suggest that wider autopodia are associated with greater grip strength—
aligning with research on human morphology —the relationship between grip force and autopodial shape is weaker in the feet.
This may be owing to selective pressures for elongated feet in vertical clingers and leapers, which could obscure the grip force
potential associated with foot shape.

In a broader context, while strepsirrhine relative grip forces are comparable to those of other arboreal primates
and slightly surpass relative human grip strength, suggesting that primate grip force is exceptional compared to other
arboreal mammals or grasping tetrapods broadly is likely incorrect and would require extensive additional taxonomic
sampling to support. Moreover, estimating grasping force from anatomical metrics alone is challenging and likely results
in overestimations compared to in vivo measurements. Caution should be exercized when discussing performance metrics
without appropriate experimental validation, as such speculation could obscure accurate discussions of the form and
function relationship.
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