Kent Academic Repository
Full text document (pdf)

Citation for published version

Bardo, Ameline and Vigouroux, Laurent and Kivell, Tracy L. and Pouydebat, Emmanuelle (2018)

The impact of hand proportions on tool grip abilities in humans, great apes and fossil hominins:

a biomechanical analysis using musculoskeletal simulation. Journal of Human Evolution, 125
pp. 106-121. ISSN 0047-2484.

DOI
https://doi.org/10.1016/}.jhevol.2018.10.001

Link torecord in KAR
https://kar.kent.ac.uk/70142/

Document Version

Author's Accepted Manuscript

Copyright & reuse

Content in the Kent Academic Repository is made available for research purposes. Unless otherwise stated all
content is protected by copyright and in the absence of an open licence (eg Creative Commons), permissions
for further reuse of content should be sought from the publisher, author or other copyright holder.

Versions of research

The version in the Kent Academic Repository may differ from the final published version.

Users are advised to check http://kar.kent.ac.uk for the status of the paper. Users should always cite the
published version of record.

Enquiries
For any further enquiries regarding the licence status of this document, please contact:
researchsupport@kent.ac.uk

If you believe this document infringes copyright then please contact the KAR admin team with the take-down
information provided at http://kar.kent.ac.uk/contact.html

KAR =

Kent Academic Repository



The impact of hand proportions on tool grip abilities in humans, great apes and fossil

hominins: a biomechanical analysising musculoskeletal simulation

Ameline Bard8”°" Laurent Vigourou%*, Tracy L. Kivelf®" Emmanuelle PouydeBat

& Paris Descartes University, Sorbonne Paris Cité, Paris, 75006, France

® Department of Adaptations du Vivant, UMR 7A0RRS/MNHN, MECADEYV, Paris, 75321,
France

¢ Animal Postcranial Evolution Laboratory, Skeletal Biology Research Centre, School of
Anthropology andConservation, University of Kent, Canterbury, Kent, CT2 7NR, United
Kingdom

9 Institute of movement Sciences, UMR 728IRS and AiMarseille University, Marseille,
13288, France

¢ Department of Human Evolution, Max Planck Institute for Evolutionary Anthropology, D
04103 Leipzig, Germany

" Evolutionary Studies Institute and Centre for Excellence in PalaeoSciencesrdilyi of

the Witwatersrand, Private Bag 3, Wits 2050, South Africa
! These authors contributed equally to this work.

* Corresponding author.

E-mail addressA.Bardo2183@kent.ac.uk (ABardo.

Keywords:Hominoids; AustralopithecusHomg Great apesManipulation; Rexterity



ABSTRACT

Differences in grip techniques usadrossprimates are usually attributed ariation

in thumbf{inger proportionsand muscular anatomy of the hand. Howetais causesffect
relationship is not fully understootdecauselittle is known about the biomechanial
functioning and mechanical loads.g, muscleor joint forces) of the non-humanprimate
handcomparé to that of humansduring objectmanipulation This studyaimsto understand

the importance of hand proportions the use of different grip strategies usedhbynans,
extant great apg®onobos, gorillas and orangutamasid potentially, fossil hominins(Homo
nalediandAustralopithecus sedibaising a musculoskeletal model of the haRdsultsshow

that certaingripsare more challenging for some species, particularly orangutans, than others,
such that theyequirestronger muscle forcesor a given range of motiossuming a human

like range of motion at each hand joint, simulatiesults show thatl. nalediandA. sediba

had thebiomechanical potential to use the grip techniquesidenedimportant for stone
tool-relatedbehaviorsin humansThese misculoskeletasimulationresuls shed light orthe
functional consequences of the different hand proportions among extant and extinct hominids

andthedifferent manipulative abilitie®und in humans and great apes.

1. Introduction

In primates, and particularly humans, manipulating objects is a crudidbsk
essential behaviors such as feeding, social interactionsmidohg and us€Boesch, 1993;
Fragaszy, 1998yrne et al., 2001; Hopkins et al., 2Q0Aowever, norFhuman primates use
their hands for both locomotion and manipulation and show bony and soft tissue morphology
of the handsand forelimbsthat reflect these diverse functional requirements,(&igaus,

1940; Schultz, 1956, 1969; Jouffroy et al., 1993; Zihlman et al., 2011; Myatt et al., 2012;



Kivell et al., 2016. In contrast humansare distinct from other primates in typically only
using their hands for manipulation atiety show morphological features consistent with this
more specializedunction (e.g. Wood Jones1916; Napier, 1993; Marzke, 1997). In this
context, the human hand is traditionally considered unique in the animal kingdom for its
ability to use a variety of forceful precision grips, opposing the thumb to the pads of the
fingers, and power squeeze grips (Napier, 1960; Marzke, 1997; Susman, 1998; Tocheri et al.,
2008). This enhanced dexterity is usually linked to specific morphologicarésasuch as a

long, mobile and powerful thumb, short fingers with walveloped volar pads at the tips,

and more stable radial carpometacarpal joints, which are thought to have evoksgbimse

to tootrelated behaviors (Napier, 1960; Marzke, 1997, Susman, 1998; Tocheri et al., 2008;
Almécija et al., 2010, 201%eix et al., 2015but se Rolian et al., 2010Some grips are
considered particularly important during stdnel-making and use in humans: the pinch grip
between the thumb pad and the side of the index fingeihitbejaw chuck grip by the thumb

pad and pad of the index and middle fingers, and the cradle grip, using the thumb and four

finger pads, as well as the palm (Marzke and Shackley, 1986; Marzke, 1997).

The specific morphological features found in the human hand, and particularly
intrinsic hand proportions (i.e., relative length of the thumb to the fingers), have been used i
comparative morphological analyses to make inferences about the manipuldities aiji
fossil hominins (e.g., Napier, 1962; Susman, 1988, 1994; Marzke, 1997; Alba et al., 2003;
Niewoehner et al., 2003; Drapeau et al., 2005; Tocheri et al., 2008; Almécija et al., 2010,
2015; Kivell et al., 20112019. For example, several researchers have estimated the intrinsic
hand proportions ofAustrabpithecus afarensisuggesting they were capable of hurlike
padto-side and thregaw chuck precision grips (Marzke, 1983) or fiaghad precision
grasping (Alba et gl.2003; Almécija and Alba, 2014; but see Rolian and Gordon, 2014).

Using 3D modeling based on hand bone geometry and range of motion, both australopiths



(Feix et al, 2015) and Neandertals (Niewoehner et al., 2003) were shown to be capable of
humantike precision grasping.However, such manipulative abilities are not limited to
humans andpotentially fossil hominins.Recent research has shown that many-maman
primates use hand grips that are comparabléhdse of humans, such as pinch grgml
precisbn gips, and are capable of remarkable dexterity during, for example, food
manipulation or tool use (Christel, 1993; Jok#gels and Bard, 1996; Marzke and
Wullstein, 1996; Christel et al., 1998; Byrne et al., 2001; Pouydebat et al., 2009, 2011; Bardo
etal., 2016, 2017; Neufuss et al., 2D1ideed non-human primatenanipulative abilities are
largely unparalleled among mammésmnery and Clayton, 2009; Bentk&ondit and Smith,

2010) and several species are efficient tool users such as macadgniesy( 1967
Malaivijitnond et al., 2007; Haslam et al., 2018himpanzeesGoodall, 1968; McGrew,

1992 2010; Boesch, 20)3capuchin monkeys (Fragaszy et al., 2004; Ottoni and Izar, 2008;
Visalberghi et al., 2007, 2013; Luncz et al., 2016), orangutearsSchaik et al., 1996, 1999
2003, and bonobos (Neufuss et al., 2017). Consequently, the relationship between

morphology and potential dexterity remains unclear.

During object manipulation, including tectlated behaviors humans andother
primates are capable of alarge diversity of grip strategieand hand movement®.(.,
Fragaszy, 1998; Pouydebat et al., 2008, 2009; Crast et al., 2009; Reghem et al., 2013, 2014
Fragaszy and Crast, 2016; Bardo et al., 2Q@08,7 Neufuss et al., 20)7Differencesin grip
strategies and abilities across primates are traditionally attributed to sevted facluding
variation in intrinsichand proportions Napier, 1960; Jouffroy et al., 1993Marzke and
Waullstein, 1996)differences in joint shape (Lewis, 1977, 1989; Tocheri, 2007; Marzke et al.,
2010),in muscular anatomy (Day and Napi@963 Diogo and Wood, 2011; Diogo et al.,
2012; Myatt et al., 2012)pr in social behaviors suclas social learning (Whiten and Ham,

1992).For examplehumans have the longasiean thumb length relative to the index finger



length (67%) compared to other apes (hylobatids, 52%; gorBko; chimpanzee 47%;
orangutas, 43%; Schultz, 1956). The short thumb &wrly, curved fingersof apescompared

to humans (Schultz, 1956lapier, 1960; Tuttle, 1969; Susman et al., 198/uffroy et al.,
1993 arethought to limit the pado-pad contact in thumb oppositioNgpier and Napier,
1967; Marzke and Wullstein, 1996)n addition, there are interspecific differences in the
range of motion across joints of the hand that are generally consistent with tiad tygid
postures used during locomotion (Napier, 1960; Tuttle, 1969; Rose, 1988). For example, great
apes show greater flexion at the metacarpophalangeal joints of the fin@@6s)(thando
humans (~90°), while extension is restricted in orangutans (19°) compared ito Alffidtan

apes (50° Napier, 1960; Tuttle, 1969; Susman, 1979; Rose, 1988). The sddied
morphology of the trapeziometacarpal joint allows for a large range obmutiall apes,
including humans, although there is some interspecific variation with, for example,

orangutans showing greater extension than African apes (Tuttle, 1969; Rose, 1992).

Great apes lackndependentflexor pollicis longus(FPL; i.e, thumb flexor) and
extensor pollicis brevidEPB; i.e, thumb extensor)muscles, both of which are well
developedextrinsic thumb musclgsresent irhumans $traus, 1942; Diogo and Wood, 2011;
Diogo et al., 2012; Myatt et al., 200X he EPB inserts orthe pollical proximal phalanxo
help maintain metacarpophalangeal joint extension simultaneausty the flexion of the
distal phalanx by the FP(Marzke et al. 1998;Diogo et al., 2012)Thusthesetwo muscles
are considered criticato the enhancednanipulative abilitiesn humans compared to great
apes particularly powerful flexion of the thum{&straus, 1942; Tuttle, 1969; Susman, 1994,
1998; Tocheri et al., 200&Imécija et al., 2010; Diogo and Wood, 2011; Diogo et al., 2012;
Myatt et al., 2012)However,bonobos have a stout tendon of the flexor digitorum profundus
(FDP; i.e, extrinsic flexor musclepttaching tothe distal pollical phalanXMiller, 1952;

Myatt et al., 2012Diogo et al.,2017;van Leeuwen et al., 201L&hat functions similarly to the



FPL in flexing the thumb (as well as the index fingélhis tendon is vestigial or absent in
chimpanzees, orantansand gorillas(Straus, 1942; Tuttle, 1969; Diogo and Wood, 2011
Diogo et al., 2012; Myatt et al., 2012t raises questions about how different muscles may
function to perform similar manipulative tasks across great. afjesre are few studies
looking at the muscle activation/force involved during object manipulation apes
(hylobatics. Susman et al., 1982) compared tattburing locomotor behaviors (gorifia
Tuttle et al., 1972; Tuttle and Basmajian, 1974; orangutanttle and Basmajian, 1978;
chimpanzeg Susman and Stern, 1980; Tutde al, 1983; hyldatids: Jungers and Stern,

1981

From a biomechanical point of view, performingrp, such asa precisionor power
grip, and applying the appropriatgrip force on an object requires, at least in pét)
modifying joint angles to place thaigits in contactwith the object(which is related to joint
morphology, soft tissue anatomgnd range of motignChan and Moran, 20Q&6-leagle,
2013) (2) adaptingmuscle coordination to generdtes appropriate forceand balanceat the
joints (Johansson, 1996; Nowak and Hermsdorfer, 2005; Vigouroux et al.; EEagle,
2013) (3) havingexternal and interndone structurgthat canincur the mechanicdbading
(e.g.,Napier, 1960; Tocheri et al., 2008; Almécija et al., 2010, 261e¢agle 2013;Skinner
et al., 2014, b). Although he biomechanics of gripping in humansshaeenthe focus of
much clinical and biomedical engineering resedech, Cooney and Chadl977;An et al,
1985 Vigouroux et al., 2011; Goislard de Monsabert et al., 2@di@d and Kamper, 2034
comparativey little is known aboutjoint angles, muscle forces and joirgaction forces
during in vivo gripping in hornthuman primategBrochier et al. 2004 Banks et al. 2007,
Bury et al, 2009;Viaro et al, 2017).Consequently, it remains difficult to directattribute
specific anatomical characteristics (such as the size and shape of a b@bseoceof a

muscle) to the use or narse of aspecificgrip. In humansthese mechanicalariablesare



extensively studied usingn vivo or biomechanical experimentcombining kinematics,
electromyography and force sens@s well as using musculoskeletabdelng (SancheBru
et al.,2003; Vigourouxet al.,2011; Goislard de Monsabert et al., 2D12owever suchin
vivo experimentsin northuman primatesare not only logistically challengingGhan and
Moran, 2006; Oishi et al., 200®ut are often ethically impossibleand comparative studies
across different species are hinderedlisgrepancies muscle nomenclaturand in methosl
usedto quantifymuscle architectur@Marzke et al., 1999; Myatt et al., 2011, 201Zhus,
biomechanical modelg of norhuman primateor fossil homininhandsis most often by
necessity founded upahuman hand modée.g, Niewoehner et g/.2003;Feix et al, 2015;

Liu et al, 2016 Domahinet al, 2017.

An understanding of human and Rloaman primate prehension requires clarification
of the relationship between hand morphology and the grips used, ndscteveral important
practical implicationsMuscle forces andojnt loads may vary acrodsominids using the
same grip due to variation imtrinsic hand proportiongPreuschoft, 1973, Thorpe et al.,
1999)or differences in joint shape (Lewis, 1977, 1989; Tocheri, 2007; Marzke €0a0).
Alternatively, the same articular shape may lead to different grip abikiated to variation
in intrinsic hand proportions (Napier, 1960). For exampléhough geat apes and humaal
have a saddishaped trapeziometacargalnt that permits mobility and opposition of the
thumb (Napier, 1955; 1956; Rose, 198rzke et al.2010), the manipulative capabilities of
the great ape hand are limited by the short length of their thumb relative to the letigth o
fingers Schultz, 1956 Napier, 1960, 1993; Christel, 1993; Jouffroy et al., 1993; Marzke,
1997. This point is partickarly relevant because variation in the trapeziometacarpal complex
and thumb length often play a key role in inferences about manipulative abiliteedant
primates and fossil hominins (Napier, 1955, 1961; Lewis, 1977, 1989; Susman, 1988;

Trinkaus, 1989; Rafferty, 1990; Rose, 1992; Marzke, 198&woehner, 2001, 2003; 2005,



2006; Panger et al., 2002; Alba et al., 200&cheri et al., 2003, 2005, 2008larzke et al.,
2010; Marchi et al., 2017). Consequently, it is important to take into account the overall hand
morphology and its potential influence on biomechanical loadings when inferring

manipulative abilities in the past or explaining variation in manipulation in extant taxa.

Recent studiesdve investigatedthe potential manipulative skillacrossanthropoid
primates(monkeys, apes and humans) usinguaanbasedkinematic model of the thumb
and index finger adapted to tdéferent hand segmemroportionsof each specief~eix et
al., 2015; Liu et al. 2016).They have cafirmed via biomechanical modeg) the longheld
assumption that, based on a long thustiort fingersand a largerange of motion, humans
have thegreates manipulative potentiahmong primatege.g., Wood Jonesl916; Napier,
1960; Marzke, 1997, Almécija et al., 2010, 2DTHese studieBavealso demonstratethat
non-humanprimate taxa such as macaques, baboons and capuchin monkays, a
manipulative potentiathat is equal to or greater than that of our closest living relatives,
chimpanzeeéFeix et al, 2015; Liu et al.2016). However, both of these previous studies only
looked & simulated precision grip between the thumb and index fingerg a kinematic
mode| and neithetook into account musclaction Although there is a growing data set on
muscle architecture in great apes (elgittle, 1969; Thorpe et al., 1999; Diogo and Wood,
2017, Zihiman et al., 2011; Diogo et al., 2012; Myatt et al., 2&B2 Leeuwen et al., 2018
in vivo muscle coordination anchechanicalloading requirel for grips typicaly used by
different nonhumanprimates remain largely uquantified.This lack of in vivodata prevents

a completeunderstanding of the reasotimat lead differenttaxato useor na useparticular

grips.

Musculoskeletal modelg is a practical way tanvestigatethe biomechanicdbadings
of the hand in noimuman primatesvhenin vivo measurementare not possibléOrr, 2016)

Moreover, musculskeletal modeling can incorporatextinct taxa and, within this



comparative context, cahelp inform interpretations of the evolution of potential grip
capabilities in hominingOrr, 2016) The objectiveof this study is to clarify the relationship
betweenintrinsic handproportions andhe different gris used byextant great apescluding
humans using musculgkeletal modkng. In particular, we focus on the influencewafriation

in the relative lengths of the digits and their segments, (netacarpal and phalangeal
lengths) on the biomechanicdbadings éspecially themuscle forces andesultantjoint
moment$ associated witlsix different grips that werecommory usedby humans, bonobos,
gorillas and orangtans duringthe samecomplex tool useanazetask @ardo et al., 2016
2017). We build upon previous studies that have focused only on the thumb and index finger
(Niewoehner et gl2003; Feix et a).2015; Liu et al.2016) in using anusculoskeletal model
of the complete human hand, including the wrist, palm and all digiish is thenadapted to
fit the hand proportionsof each hominid species Rather than estimating the potential
workspacelike previous kinematic models (Feix et al. 2015; Liu et al. 2016), we focus on
estimating the resultant muscle joint moments and the muscle forcesothidtberequired in
each species to perform each of the six gripsally, within this comparativehominid
context,this musculoskeletal model is adaptedhe hand proportions d@fvo fossil hominin
species that preserve relatively complete hand skeletblsno naledi dated to
approximately 25Ka (Kivell et al., 2015; Dirks et al2017); andAustralopithecus sediba,
dated to 1.98 Ma (Kivell et al., 201Rickering et aJ.201]). The hand ofA. sedibgoresents a
mosaic of primitive African apike features and derived humbke features (Kivell et al.,
2011),while H. naledi showsa combination ofa humarnNeanderthalike wrist and palm
with curved fingers indicating potentiallyboth intensified manual manipulation and a
significant degreef climbing (Kivell et al., 2015)Thus, the musculoskeletal modelailso

usedto simulatethe biomechanical potential to use all six giipsA. sedibaandH. naledi



We investigate how variation in intrinsic hand proportions between humans, fossil hominins

and great apes may invoke different biomechanezadihgs during each grip action.

2. Material and methods

2.1. Identification of preferential grip techniques during tool use

Thegrips analyzedn the current study were selectiedm the obsered grips usedy
humans lomo sapiensandcaptive bonobosPan paniscug gorillas(Gorilla gorilla gorilla)
and orangutanéPongo pygmaeywhile completing the sameomplex tool use tas{@ardo
et al., 20162017. This task consisted ahaneuveringa walnut througha wooden maze with
a bamboaostick, the details of whictare described by Bardo et #2016) The grips used
during this task were selected for the current study becdugseomplexityof the task
generatd the use ofeveraldifferentgrips across speciemd the task was performetthe
same unconstrag@a conditionsfor each taxonallowing us to obtain a comparative functional
context (Bardo et al., 20162017). During this taskeach species used a preferengap
technigue andome techniques weret usedby all thespecies Therefore we selectedsix
grips thatwere commonly usedmongthe four specieg(1) the dynamic tripod grip used by
humans (which is the common pencil grip; WyRarry, 1966)(2) the interdigital 2/3 brace
grip used bygorillas (3) the power gripused byorangutansy4) the hook grip used by
bonobos;(5) the pinch grip considered important in human stone tool makivargke and
Shackley, 1986; Marzke, 199@nd observed in humans, bonobgesrillas and orangutans
and (9 the scissor grigommonly used by apes but not huméfig. 1, Table ). Each of
these grips wasunctionally different(e.g., involvement of the thumb or not, use of the
fingertips or the palmsee Table JI allowingusto test darge varietyof potential differences

in muscle force and resultant joint moments



2.2. Simulation of preferential grip techniques

The objective of themusculoskeletal simulatisnwas to determine the resultant
muscular moment at each joint and the global muscle coordirthabmsrequired bythe six
different grips for each specg Musculoskeletalmodeling allows the investigation of
variablesthat are either impossible or very challengittgmeasurelirectly on both humans

and non-humamrimatesand avoids thenecessity for each species gerform each of the

grips

Musculoskeletalmodel A musculoskeletal model was previously developed and used for
investigating human hand biomechanics (Chao et al., 1989; Vigouroux et al., 2006; Goislard
de Monsabert et al., 2012). The model considered 16 articular joints (wrist,
metacarpophalangeal joinf8#CP], proximal interphalangeal jointgP?IF, interphalangeal
joint of the thumb IP], distal interphalangeal joinfdIP] and the trapeziometacarpal joint
[TMC]) with a total of 23 degrees of freedonf;(1 df for flexion-extension at DIPIP and

PIP joints; 2df for flexion-extension and adductieabduction for MCP, TMC and wrist
joints; Goislard de Monsabert et al., 2012). The equatioelsl that these joints were
equilibrated by the action of 42 muscles for which the foveere theunknown This model
usesan inverse approach to determine internal body faltaannot be measured directly.
Specifically,external finger force appliet hand segments and kinematics of hand segments
are useas input datéor equationslerived fromNewton’s second lawl he solutions to these
equations allovestimation othe muscle forces acting durimganualprehension. The model

is thus a numerical representation of the mechanical equilibrium of hand se@ndrand
articulations which states that external force ments about one joint are counterbalanced by

muscle tendon tensions:



[R] x {t} +{mg} = {0} 1)
where[R] is a 23x 42 matrix containing moment arm&the 42 muscles for the 23 df the
model. Moment arm values were depeamtcbn joint angles and on hand lendtt}.is a 42x 1
vector containing the unknown muscle tendon tensifms}is a 42x 1 vector containing
momen of external forces at each df the model{mg} was determined based on hand
segment lengths, hand joint angles and external applied force. The noatleguiation (1)
was solved using an optimization process, whichecessaryn the modelsincethere are
more muscle force unknowns € 42) than equationsi(= 23). The procesthat minimized a

muscle stress functiomas

min Zm( m )4 (2)

PCSAm

where €,,) is the muscle tendon tension of tinanuscle.PCSA,, is the physiological cross
sectional area of the muscle. Muscle forces were constrained as follows to avoid negative
values:

0<tp (3)

To reach our objectivave solved equation 1 with the optiration process for each species

with each identified grip technique. These simulations thus needed to i) adapt the model
parameters to each species, especially hand segment lengthsraceivginput data of joint
angles and grip forces. These two points wieeloped below. Computing was performed

with Matlab The MathWorks, Natick, USA

Musculoskeletal model adaptation to each speties initial human musculoskeletal model

resulted from anthropometric measurements of the human hand (Chao et al., 168®j8uc
1992). This initial modelvas further adapted for each great ape species by replacing the
length of each segment withe species mean values derived from morphometric data from

osteological collections (see Supplementary Online Material [SOM] Table 49



additional versions of the musculoskeletal model were developed by using the segment
lengths ofA. sedibaMH2 (Kivell et al., 2011) andH. nalediHand 1 (Kivell et al., 2015)[he
non-pollical distal phalangeDP) of the A. sedibaMH2 hand are not preserved and thus we
used the estimated length of the DP2 reported in Feix et al. (2015), and estimatedtlthe leng
of the other DPs using a similar ratio (see method in SOM Table S1).

One limitation of our simulation study is that the muscle anatomy and the muscle
moment arms[R]) of the great ape models were not modified from the initial humaahel.
Moment armsvere only scaled according to the segment lengths as in the human hand model
(Chao et al., 1989)Ve kep these initial muscle parameters because some of the necessary
comparable data are currently lacking the specific muscle anatomy of each great egse spec
(e.g., specific dimensian specific attachment sited each muscle, muscle moment arms)
and those oA. sedibaandH. naledi Therefore, because the real muscular architecture is not
identical across the tested species, the resulting simulateables cannot be considered as
an estimation of the muscle force magnitude generated by each great ape haadnnitsstf
but are rather an estimation of the global muscle strength/capacities dewguperform the
tested grips (e.g., required firrggexor strength). To cope with this limitation, we carefully
analyed the obtained results in two ways: first we considered the net joint momels ({
expressed iMN-cm) which represent the summed muscular efforts applied on the joints during
the grip and are not dependent on musulement armsSecondly, weare interested in
muscle forces in each of the eight main muscle groups of the hand (i.e., sudhvioiual
muscles showing the same function) rather than individual muscle forces. The grasgls
for which the details arpresented in SOM Table Sare the following(Fig. 2) fingers
flexors (FF); fingers extensors (FE); intrirsaf the fingers (FI); thumb flexe(TF); thumb

extensors (TE); intrinsgof the thumb (TI); wrist flexors (WF); anarist extensors (WE).



Input model datalo determinem and[R] before solving equation 1 with the optimization

process, input data of joint angles were obtained. Thus, a set of joint angleshfagripac
technique should be provided for each species. Unfortunately, the kinematic angleutthta

be collected experiméally only for humans and not fareat apegor two reasons. First, it

was not possible to collect kinematic datathe captive great apes due to the practicalities of
using kinematiequipmentn a zoo environmerdnd attaching kinematic markers to animals
was not permitted Secondly, it ischallenging, if not impossiblép prompt eaclgreat ape
species to perform abf the six tested grip techniques and this is obviousby possible for

the extinct species. T@rcumvent these limitations, an initial set of data was collected, during
each grip, from one human participant with no pathology or notable anatomicdicgpeci
(age = 37 years; size = 177 cm; body mass = 72 kg; hand length = 19.4 cm). A set of 32
markers was positioned on the hand segments to record the 3D hand joint posture using an
optoelectronic system (Vicon Motion System, Oxford Metrics, UK). The paatiti was
asked to manipulate a bamboo stick using the six grips described above. The jemang|
computed in 3D using the method described in Chao et al. (1989) and Cooney et a). (1981)
which consisted of attaching a coordinate system to each finger and hand ségmeatch

joint, the angles allowing the rotation from the distal coordisgtem to the proximal one
were then extracted from an Euler rotation matrix usingyaX sequence (flexioextension;
adductionabduction, axial rotation) with fixed axésig. 3). Results of net joint moment and
muscle forces for the initial human model were obtained using this set ofpglesaFor the

other species (great ape&, sedibaMH2 and H. naledi Hand 1), kinematic data were
calculated by modifying the initial setsf @D joint angles obtained with the human
participant. D do this, the 3D joint angles of the great ape models (Table 2) were adjusted to
best fit the postures observed in the videos. A 3D representation of the primate hatsd mode

was used to compare vidgostures and model representatiéig(4). The estimated joint



posture was considered reliable when (1) the model posture appeared similar to tlee postur
observed in the video, and (2) the shortest distance between finger segments and the bamboo
were onaverage 0.5 mm, which represents a reasonable estimation of the width of the skin
and soft tissues. Ehlattermethod was used for both fossids sedibaandH. naledj with the

initial set of joint angles modified to reproduce at best the observed grignaw in great

apes and humans.

The grip forces applied to the bamboo were distributed over the fingers that were in
contact with the bamboo and were equal to a summed magnitude of 40 N. As no force data
exist on the force applied while manipulating bamboo, either in humans enunaen
primates, simulations were run with the same force intensity of 40 N for eacghsspeus
force represents approximately 30% of the maximal pinch grip force in humaista(@ de
Monsabert, 2014) and is representative of the intensity used by humants anipulative
activities (Domalain et al., 2008). The same intensity of force was appliidie grips and

all species, to standardize the grip force conditions and comparisons.

Analyzed resultsAlthough the musculoskeletal model is of the entire hand and results

incorporate muscle force from all digits, we focus on the results of the thumb andimupex

(Fig. 2) only, as the opposition of these two digits is involved in most human manipulative
behaviors(Taylor and Schwarz, 1955; Marzke et al., 2010). Moreover, as mentioned above,
the individual muscle forces were summed in their respective groups to beenégtigs of

the muscle involvement in the eight main muscle grofpalyzedoutput results consisted of

i) joint angles of the thumb and index finger during each of the six grips (Table. 3) kip

the net joint moments of thumb and index finger, and iii) the involvement of the muscle
groups during the grip (Fig2). We considered that a group of muscles was significantly
recruited diring a grip when its intensityexceeded 5% of their capacity (estimated in

humans). Although the muscle capacities of great apes may be higher than thosensf huma



this threshold is used to set a minimal tension under which we consider the muscle
involvementnegligible. The number of muscle groups involved during each grip provided an
index of muscle coordination complexity for each specific grip, allowisago judge the
neuromuscular complexity of grip (information not provided by net joint moments or

strengthof each musclgroup lookedatindividually).

3. Results

3.1 Joint angles

Humans andossil hominins present the same, or vemnilar, required joint angles
for all of the grips, buthere are severalifferencesfound between humans and great apes
(detaikd resultsin Table 2). Overall, te joint anglesrequired duringgrips involving the
thumb (i.e, dynamic tripod,pinch, interdigital 2/3 braceand power grip) are particularly
pronouncedor great aps, especiallyfor orangutansbut these joint anglesppear tostay
within the range of motion knawfor each specie@Napier, 1960; Rose, 198&jor example
the pinch griprequires higher flexion of th@dexfinger for all the great apesompare with
humansflexion of the MCP jointranging from101-90° ingreat apeso 55° in humansand
67° infossil hominins, and flexion of the PIP joi@nging from81-92° in great apes to57
in humans and fossil hominins. Orangutans show particularly high flexion of therding
during pinch gripwith the MCP joint flexed at 10lcompared to 55for humans, and the PIP
joint flexed at 92 compared to 75in humans Different joint anglesare observed across all
the specieso realize thedynamic tripod gripgreat apeseed28° of flexion of the TMC joint
compared tadl7° in humansand fossil hominins, andeedhigher flexion of the index PIP
joint compared to humans and fossil hominins, with gorillas needing especiallyexigm it

90° compared to 36° for humanat the indexMCP joint, bonobos and orangutans require



higher flexion(both 83°) compared with humans and gorillé®th ~63°).The interdigital
2/3 brace griprequires extensn of the TMC joint for humans (51°) and orangutans (11°)
while the other species require flexion (13°urkansneedhigher adductiomf the TMC joint
(50°) than in great apes and fossil hominins-837), and need higher flexion of the thumb
MCP joint (61°) compared to orangutans (11%hile the other species require extension
(15°). Orangutans need 68° flexion of the index PIP joint compared to 41° in all other species.
During the interdigital 2/3 brace grighumb joint anglesdiffer substantially between
hominins and humar(g.g, IP and MCP jointareflexedfor humansompared tan exterded

in both fossils, an@MC joint is exterded inhumans compared fexed inboth fossils) The
power griprequires 42° adduction of the TMC joint for humans and fossil homtoimpared

to 14°in great apes, and orangutastsoow 103°f flexion of the MCP joint compared ®6°

for all other species.

3.2.Net joint moments

Musculoskeletal simulation results for net joint moments are depicted in FEdare
each of the six grips and each extant artinct speciesHere wesummarizethe joints that
experience the highest net joint moments and/or showntis dramaticdifferencesacross
taxa andgrip type (for all of the raw results, s&OM Table S3). The dynamic tripod grip
most commonly used bliumans(Bardo et al. 2016, 20},7generatedlistinctly different
thumb loadingdor gorillas compare to the other specie@-ig. 5a) Gorillasrequire more
muscular effort to stabilize thdaumb TMC and MCP joints in adduction the gorillaTMC
and MCPjoint abductionrequires106.6 Nem and 50.4 Ncm, respectively, compared to a
meanof 46.2 + 2.8 Nem andl19.2 + 1.9 Nem, respectivelyin all otherextant and fosstiaxa.

In contrast, the gorilla TMC and @P joints require less net joint moments in extension:



52.0 Ncm and-20.0 Ncm, respectively compared with04.6 £ 8.5 Ncm and-50.0+ 4.9
N-cm, respectivelyin other taxaFor the index finger, humamseedthe highest moments in
extension at thdIP joints at -36.3 Ncm, while gorillas needhe lowestmoments (3.9
N-cm), compared with a mean e£6.0 Ncm for all other taxaOrangutang-83.0 Ncm) and
humans {75.9 Ncm) requirethe highest joint moments in théVICP joint in extensionwhile

H. naledi(-52.0 Ncm) andA. sediba-48.7 Ncm) require the least

During thepinch grip used by all the species except gori(lBardo et al., 2016, 2017
Fig. 5b), all extant hominoids, including humans, share a similar pattern of requiring higher
net joint momentsat the TMC joint in extensiorfmean-153.0 £5.1 N-cm), while fossil
homininsA. sediba-109.0 Nem) andH. naledi(-106.7 Nem) requite lessmomentsFor the
index finger,all great apesand especially oranguta@5.2 Ncm), experience high net joint
moments in bduction,while H. naledi(-11.0 Ncm), A. sediba(-11.3 Ncm) and especially,

humans (-34.8 Ntim) experiencenoments in dduction.

During the interdigital 2/3 brace gripmost commonly used by gorillas (Biar et al,
2016, 2017)humans 9.6 Ncm) require the lowestet joint momentst the TMC jointin
extension andorangutans-85.1 Ncm) require thehighest while all other taxdave a mean
of -44.5+ 2.9 Ncm (Fig. 5¢). Orangutang-5.6 N-cm) and especially humans 7.9 Ncm)
are unigue within the sample requiring moment#n adductionat the TMC joint while the
other speciesequire muscular momenits abduction (mean9.8+ 5.1 N-cm). Humans require
the highesnet jointmomentsat the thumb’s M® jointin extension(-46.6 Ncm), while H.
naledi (-26.8 Ncm) andA. sediba(-26.2 Ncm) require the dwest For the index fingerH.
naledi(-32.5 Ncm) andA. sediba-31.0 Ncm) requirethe lowest joinmomentsatthe MCP
joint in extension (-31.7 #.7 N-cm), while gorillas (-62.8 Ncm) and orangutang-59.1

N-cm) need the highesBimilarly, H. naledi(-8.9 N-cm) andA. sediba(-8.2 N-cm) require



the lowestimomentsat the PIP joint inextension while orangutans require the highés4.6

N-cm).

The power grip, most commonly used by orangutans (Bardo et 20116, 2017),
involves the lowernet joint moments at the TMC joint in extension fb. naledi (-25.3
N-cm), A. sediba(-25.7 Ncm) and humans-87.1 Ncm) compared witlgreat apesnjean-
65.0 £2.9 N-cm; Fig. 5d). For the index fingerjoint moments at the PIP and MCP joints in
extension are lowest iH. naledi(-19.5and-21.3 Ncm, respectivelyand A. sediba(-18.1

and -19.8 Nem), while moments are highest in orangutab$.6 and56.2 Ncm).

The hook grip most commonly used by bonobos (Bardo et24116, 2017)requires
relativelysmall momentst the DIP, PIP and MCP joints thfe index finger in extension that
are relativey similar across all samplspecieqthe thumb is not usedig. 5e).At all joints,
A. sediba(-2.6, 6.4 and-1.7 N-cm, respectively) an#il. naledi(-2.8, 7.1 and-2.7) require

the lonest moments, whilerangutans require the highest (-7.6, -15.8 and -1@&ih)N-

Thescissor griponlyused by great apes (Bardo et 2016, 2017), requisonly joint
moments at the MCP joint, primariip abductionand less san extensionfor all species.
Again, A. sediba50.7 and-2.3 N-cm, respectively) anHl. naledi(52.4 and-2.5 N.cm) have
the lowest momentand orangutans require the high€403.1 and-11.3 Ncm), while all

other taxa have a mean&3.1+ 6.9 and -4.6 + 0.5 Nm (Fig. 5f).

3.3. Muscle coordination

Muscle coordination is assesseth regard tothe meanmuscle forcemagnitude in
the thumb, fingers, and wrist for each of the six gaposs all speciegdable3) andmuscle

force magnitudefor each species and each grip typeg( 6, SOM Table ). The most



complex set ofmusck coordinationis observed for the dynamic tripod gripinch grip
interdigital 2/3 brace grip and tlpwwer grip each ofwhich require the involvemenbf five
to sevenmuscle groupgTable3). In contrast, e muscle coordination needed fitre scissor
grip and hook grip is less complexinvolving the simultaneous action ahly threemuscle

groups.

The dynamic tripod gripis the most complex, requiring the coordinated action of
seven muscle groups argknerally requiing strong muscle forcemagnitudeacross all
speciesAmong the seven muscle groups involved, the highest muscle fmagaitudeis
required bytheintrinsic muscle®f the fingersranging from 8.6 N in humans td36.0N in
bonobos and.72.4N in orangutansThe finger extensorsaverage69.2+ 0.7 N in humans,
fossil homininsand gorillas, while they amount t0105.1 N in bonobos and39.0N in
orangutansThe intrinsicthumbmuscles rangéom a mean ofLl21.6+ 1.9 N in humand)oth
fossil homininsand bonobos toa mean ofl47.2+ 25 N in gorillas and orangutan©n
averageorangutans show higher required muscle foragnitudeof all the muscle groups

needed for the dynamic togd grip than any othe other speciegarticularly humans Fig.

64).

The pinch griprequiresmuscle coordination of six muscle groups, and higher muscle
force magnitudeacross all species than any of the other grips. The highestleforce
magnitudeoccus in the intrinsic thumbmuscles ranging froma mean o0fl58.6+ 3.3 N in
humans and fossil hominins @b mean 0f1l88.3+ 1.95N in gorillas and orangutansh&
thumb flexor muscles also showed strong magnitudes ranging from 34.@&atedito 74.5 +
1.6 N in the remaining speciesghile the wristextensors rangeiiom 23.4 N in orangutans to
109.2N in humans Orangutanstand out irrequiing higher muscle forcenagnitudeof the

intrinsic muscles of the finger and the finger extensors comparedalvithe other species



(Fig. 6b), while H. nalediis the only taxon teequireno action of thumb extensors duritige

pinch grip.

The interdigital 2/3 brace gripequirescoordinated action of six muscle groups, for
which thehighest muscle forcanagnitudels nee@dfor the finger extensamuscles ranging
from 90 N inA. sedibato a mean 0fi13 + 1.38 N irhumansH. naledi and bonobosandthe
intrinsic muscles of the thumbangingfrom a mean 062.19 + 2.34 N in fossil hominins,
bonobos, and gorillas to 113.9 N in orangutansE8@1N in humans. Humans stand out in
requiing thelowestmuscle forcenagnitudeor the thumb flexomuscleq15.3 N) across the
sample, while orangutans require the higi§48t7 N). Humans and bonob@se the only taxa
to not requireaction of the thumlextensorswhile boththese specieandH. naledirequire
higher muscle forcenagnitudeof thewrist flexors(mean39.0+ 3.5 N) compared to the rest

of the samplerfiean15.9+ 0.6 N).

The power griprequirescoordinated action of five muscle groups, for which the
highest muscle forcemagnitudeoccurs inthe intrinsic muscles of the thumlanging from
66.9% 2.1N in humans and fossil hominins to 10N in orangutansthe wrist extensors
ranging from63.2+ 2.9 N in humans and fossil hominins to 93 in orangutansandthe
finger flexor muscles ranging froma mean o67.7+ 0.2 N in bonobos and gorillas to 84.2 N
in orangutansOrangutans require higher muscle foncagnitudefor all of the muscle group
comparedwith the other species, while humans and fossil hominins redbeelowest

magnitude Fig. 6d).

Thescissor griprequirescoordinated action of only three muscle groups and generally
only high muscleforce magnitudeis required for the intrinsic muscled the finger and the
finger extensors across all the species (med®df7 £ 36 N and187.7 + 7.6 Nrespectively

Fig. 6f). The hookgrip also requires coordinated action of three muscle greafisin the



fingers—and the muscle forceagnitudewas the lowest across all of the grip types for all
speciesAcross alltaxaand finger muscle groupghe muscle forcenagnitudeis relatively
similar: a mean 087.6 £ 0.3N for the intrinsic finger muscleg9.4 + 3.0 Nfor the finger
extensors and 39.1 £2N for the finger flexorsFor the hook gripprangutanstand out in
requiing lower muscle forcemagnitudeof the finger extensor muscles 82 N) compared

with all other species (42.1 £ 1.7, Rigure6e).

4. Discussion

Using an analysis of internal biomechanical loadings, this dbatlys toclarify the
interaction betweewariation inintrinsic hand proportios andthe performance o$pecific
grips during tool useWe found thainterspecificvariation in hand proportionsasa strong
biomechanical effecton the six grips analyzed In particular, our results showlear
interspecific differences ifpint angles, joint momentgndbr muscular effortrequired to
perform each grip, all of whickirectly drive the magnitude of bone loadings (i.e., intra
articular stress, magnitude and direction of tbeebto bone contact forcehile manipulating
tools. In other wordsthe same gripcan generate different bone loadings according to
variation in hand proportionand vice versa a similar bone loading does not necessarily
mean the use of the same gfljhis study highlights the importance ahalyzingthe entire
chain of biomechanical loadings from the object grip force to the mechaffmds exerted
by the anatomical structures of the hafthese resultsalso highlight the challenges of
inferring maripulative abilities in fossiltaxa particularly forincomplete hand skeletomghen

hand proportions remain unknown.

That being saidit is important to acknowledge thatthoughthe musculoskeletal

simulation used here is useful to investigate the peaiemtificiency of certain gripsacross



multiple speciesit cannot be used as a predictor of achedlavior.For example, the results
show that orangutans appear to have the highest biomechaaiti@migsacross the different
taxafor the pinch grip and the power gribut experimentabehavioralresearch shows that
they commonly uséoth ofthese grig during object manipulation (and locomoti@hristel,
1993; Pouydebat et al., 2009; Bardo et al., 2017). Thugutiment simulation method is an
additional tool for clarifyingpotentialbiomechanical factors adpecific grips, but should be
used in addition to other explanaf factors(e.g.,locomotor behavidconstraints andother
morphological adaptations suck phalangeal curvatyrand need to bmterpreted within the
context ofreal manipulative(and locomotor)behaviorsand actual musculature atwbne
morphologyof eachspecies.Considering these caveatse wliscuss the implication dhe

simulationresults for toolsegrip abilitiesin humans, great apes and fossil hominins.

4.1 Interaction between hand proportions and grip techniguextantspecies

Resultsfrom the musculoskeletasimulatiors show thatvariation inhand proportions
affects the joint angles, net joint moments and muscular coordination all six grip
techniques. Moreover, the amplitude of this effect differs according to ther'gemookand
the scissor gripsrequire less ‘complex muscle group coordination arldw muscle force
magnitudean all of thestudiedspecies. This is not surprisirags neither of these grips involve
the thumband thughe mechanical requirements aua affectedby variation inthumbfinger
proportions acrosspecies(Schultz, 1956; Napierd960; Tuttle, 1969; Susman et al., 1984;
Jouffroy et al., 1993; Marzke and Waullstein, 1996 contrastthedynamic tripod grip, pinch
grip, intedigital 2/3 braceand power gripsequired more complex muscle coordination and

highernetjoint momentsn all species



The dynamic tripodgrip was the only grip used exclusively by humans during the
maze task (Bardo et al., 2016, 2017). Tikithe commonpencil grip’, in whichthe pencil is
stabilized against the radial side of the third finger by the thpawlwith the pad of the finger
on top of the pencil (WynRarry, 1966) Compared to the other grip#,requires the most
complex muscle coordinatipmcluding seven musclgroups, highmuscle forcemagnitude
(e.g, humansand gorillas respectivelyeed 230 and 18%highertotal muscle force to use a
tripod grip vs.a powergrip, which is the next highesgjrip), the highestjoint momens (e.qg,
humansand orangutaneeed respectivel$8% and 32%highertotal joint momentdo use a
tripod grip vs. apower grip) and showsthe greatest differences across specidsese
differences can be explainbg thestronginterspecific variation imntrinsic hand proportions,
such thatgreat apes with a short thuffiumg index finger required higher flexion of the
fingers than in humans with a long thufstiort indexfinger (Napier, 1960; Rose, 1988
Bonobos andrangutanswith relatively longer fingers than gorillgSchultz, 1930, 1956;
Almécija et al., 2015)were unusual imequiing 25% higher flexiorangleof the MCP joint
and37% and 42% higher forceespectivelyof intrinsic and extensors muscles of the fingers
comparedwith both humans and gorillasAlthough gorillas have thumlinger proportions
that are most similar to humans in this stugighultz, 193pAlmécija et al., 201}) their hand
proportions required different positioning (j.pint angles) of the digits to perform this grip
compared with humans, resulting higher net joint moments in ttumb M@ and TMC
joints andlower net joint moments in the index finger. Even though great apes required higher
flexion of their joints, he degree of flexion was still within the range of motion reported for
the MCP joints of the index finger (maximum 2y@nd TMC joint (32.8t 5.3°% Napier,

1960; Rose, 1988).

With regards to muscle forceen performinghe dynamic tripod gripall great apes

required on averag20% highertotal muscle forcgrange 11% to 32%Qompared to that of



humans.Thesemuscleloadingsmay be too high to be balanced by their musculature and/or
could generatgreatermuscle fatigueln particular great apesack anindependentlexor
pollicis longus(FPL) muscle which is a powerful flexor of thelistal thumb inhumans
(Hamrick et al, 1998; Marzke et gl1998 Diogo and Wood, 2011; Diogo et al., 2018t is
required for the pencil grip Although he FPL was neverthelessincluded in the
musculoskeletainodelof all speciegor our simulations, the lack dfiis muscle action for the
dynamic tripodgrip in great apesuggestshat sucha grip would not be easy for great apes to
perform As discussed above, although bonobos hawel&developed stoutendon of the
FDP that acts to flex the distghalanx of the thumb (Miller, 1952; Myatt et al., 2012; Diogo
et al.,2017; van Leeuwen et al., 2018), van Leeuwen €RalY suggested that differences
in muscle architecture between humans and bonobos, rather réhaive muscle
developmentexplained the enhanced dexterity of humdnsally, thecomplexcoordination

of severaimuscle grouprequires accurateneurological contralo perform thedynamictripod
grip (Bizzi et al., 1992HeppReymond et al., 199&uhtz-Buschbecket al., 2001; Nowak
and Hermsdorfer, 2005; Li et al., 20L@ndadvanced social learnin@elin, 2003) both of
which may bedifferentin humansgxtant great apes aridssil hominins Yerendeewt al.,
2016; Bardo et al., 2016, 201 FHor examplethe pencil grip is not learned by childremintil

betweerfour and six years of age (Schneck and Henderson).1990

Compared with great apebetanatomy of théauman thumbs generally considered to
facilitate contact between the thumb and the infleger, particularly during pinch grig
(Susman, 1988, 1994; Marzke, 199Qur resuls show that during theinch gripthe thumb
of all speciesancurs highbiomechanicaloadings (.e., require thehighest total muscle force
comparedo other grips, andhe highat joint moments after the dynamic tripod gripvhile
the interspecific variation irhandproportions has a greaterfluenceon the bianechanical

loadings ofthe index fingerFor example, the great apes require 24386 higherflexion of



the MCP joint of the index finger than humanwhile joint angles within the thumb are
relatively similar across all taxa& his high degreeof flexion in the great ape index finger
contributes to digh netjoint moment in dduction atthe MCP joint to stabilizeagainst the
force of the thumlduring the pinch grip while the humanMCP joint experiences lower
moments in dduction.Moreover, the pinch grip requires the extension of the MCP joint and
the flexion of the PIP joint of the thumb in all species, an action whiaives activation of

the extensor pollicis breviEPB) in humans (Marzke et al., 1998; Diogo et al., 2012). This
muscle is also kking in great apes (Straus, 1942; Diogo and Wood, 2011; Diogo et al., 2012;
Myatt et al., 2012) but was included in the musculoskeletal model of all species for our
simulations. Our results did not show great differences in thumb extensor fayse sjgeies

but the lack of this muscle action for the pinch grip in great apes suggests tliatcéhe
applied by thumb extensors could be lower in great apes compared to h®laagioral
datashow that allgreat apesise a pinch grigluring manipulative activitiesn captive and
natural environmentgChristel, 1993; Marzke and Wullstein, 1996; Byrne et al., 2001;
Pouydebat et al., 2011 esnik et al. 2015 Marzke et al. 2015 Bardo et al., 2016, 2017
Furthermore, wild gorillas and chimpzees(with similar hand proportiasito bonobos) use
pinch grips during seemingly forceful food processing (Byrne et al., 2001; Marzkie e
2015), while this has not been reported for orangutans. It may be that in orangsgasfghe
pinch grip may benore difficult when engaging imanipulatve activities that requirkigher

grip force However further researcbnforce productiorduring pind grips with the specific
morphologyof the orangutanhand could offer interestingsights o their hand function
Detailed study ofhe grips used by orangutans in their natural environmexisoneededo

understand their manipulative capabilities and limitations

Theinterdigital 2/3 brace gripvas preferentiallysedby gorillasduring the mae task

and less so by bonobos, humans, &sgecially orangutan¢Bardoet al., 2016, 201 7#ig. 1).



Moreover, wld chimpanzeesave also been shown to use this grip during tool use (Lesnik et
al., 2015) The simulations showethuch higher mechanical loadings in orangutans when
using this grip compared with all other species, includings8%0 higher net joint moment to
stabilize the TMC joint in extension, and-8%% higher muscular magnitude of the thumb
flexors. In contrast, énobos and gorillas require on average lower muscular force for all the
muscular groups compared to orangutans and hunfdmese differences may reflect the
interspecific differences in the length of the thumb relative to that of the imdget,fwith the
longest thumb in humans (72%; this study) and the shortest in orangutans (43%; Schultz,
1956), that would result in different joint angles compared to bohabas gorillas hand
proportions. Humansarely used @ interdigital 2/3 brace grip becauseistan inefficient
variant of pencil grip(Selin, 2003) Compared to the dynamic tripod grip, use tbé
interdigital 2/3 brace gri;m humansequires10% higher muscular magnitude at the intrinsic
muscles of the thumb, 38% higher muscular magnitude at the extensors muscles of the

fingers, andhe recruitment of the flexor muscles of the wighile the tripod gripdoesnot).

The power gripwasused by all the species during timaze taskbut most frequently
by orangutansKig. 1;Bardo et al 2016, 20T). Simulationresuls show that during t& grip
the intrinsic muscles of the thumb, the flexof the fingers and the extensors of the wrist are
strongly recruitedin all species but different muscle forcanagnitudesare requiredacross
speciesin particular,the great apes need on aver&g8%® highernet joint moments to flex the
TMC joint than do humans Within the index finger, there are greater interspecific
differences For example,compared to humans, orangutans req@88o highernet joint
momentsat the MCP joint, and 486 higher net joint moments at tiP joint during index
finger flexion. Moreover, orangutangquireon averag0% highermuscle forcemagnitude
in all the muscle groups to use a powep gompared to albthertaxa However orangutans

use power grips frequently during both manipulation and locomdfi@mristel, 1993;



Pouydebat et al.,, 2009; Bardo et al., 20&8nd seenngly endure theséiomechanical
constraintsvithout difficulty. Thus, we emphasize thtte current simulatiors an additional
tool for helping to understand the potentislomechanical factors of gripse. This
biomechanical insight should be interpreted within the comtereal manipulative abilities of
the species and othessociatedactors influencing grip usée.g, social, psychological,
neural factorsmorphological adaptatignFor exampledorsopalmarly curved phalanges have
been shown to experience less strain dugragpinga branch with flexed PIP and MCP
joints thanstraight phalanges (Preuschdf®73 Richmond, 1998, 2007; Jungers et al., 2002;
Nguyen et al.2014. The currentmuscubskeletalmodelassumes the phalanges are straight
and thusthe greater phalangeal curvature of orangui®&@S of curvature for orangutans
compared to 42° for chimpanzees, Susman et al., 1984; see also Stern et abe&f85nd
Begun, 2008; Matarazzo, 2008; Rein, 20RatelandMaiolino, 2016 couldalter joint angles

anddecrease the musculaadingduring this grip

Simulation results show thatrangutas are distinguisted from the other species
experiencinghigher muscle loadindgor all six grips. This result reflects the fact that
orangutas have theshortest thumbrelative to the fingers among homini@Schultz, 1930;
Napier, 1993; Almcija et al., 201h This alsohighlights a limitation of the method in which
orangutans show the greatest discrepancy from human hand proportions, which fornsthe bas
of the musculoskeletal model, leaditggmore constrainedoint postureqe.g, highly flexed
index fingerto oppose thehumb) and thus higher biomechanickladings (i.e., joint
moments and muscular forcéycorporation of orangutan bone and joint morpholagyge
of motion, and soft tissue structarvould obviously result in more biologically realistic
results that are more consistent with actual orangutan hanNapeer, 1960; Rose, 1988;
Christel, 1993; Pouydebat et al., 2009; Bardo et al., R@M&spite these limitationst is

interesting to note thatrangutans showed the greatadtaspedic variability in grip use



during the maze taslsuchthat they modified their grip more often thanthe otherhominids
(Bardo et al., 20162017. This variability may in part bea result of thehigher muscular
loadings demonstratechere such thatchanging gris more frequentlycould limit muscle

fatigue anddiscomfort(Wells et al., 2010).

4.2 Implicatiors for fossil hominins

Based on the preserved postcranial morphologlgetwohominins, it is likely thatd.
naledi and A. sedibausedtheir handsfor both manipulation and locomotioBérger et al.
2010, 2015Churchill et al, 2013; Feuerriegel et al2017. Simulationresults suggest that
both hominins had the biomechanical potential toalisgix grips wth a similar, if not better,
efficiency(i.e., low muscular demands) to that lmimansThis result can be explained by the
relatively long thumbof H. naledi(66% of secondigit length) andA. sediba(70%), which is
similar tothe average in recemumans 72%). Like humansA. sedibaandH. naledialso
require high muscular force of the wrist extensdrtging thepinch grip which were
respectively 476 and36% higher tharthe meanof great apesrhis result is interestingith
regaré to the importance of wrist extension mmumans duringknapping, providing “an
important role in this increased mechanical work by positioning the hand foti\efféexor
muscle recruitment and rapid flexionmediately prior to strike” (Williams et al., 2011 3).
Moreover,previous quantification of muscle coordination duraigect griptasksin humans
showed that the wrist extensoare crucial for maintaining an appropriate wrist joint
equilibrium whilemanipulating an objedSnijderset al., 1987 Rossiet al, 2014; Vigouroux
et al., 2017. Our results show th&. sedibaandH. naledimay have a greatadvantage than
great apes in the wrist extension during pinch.g8imceit is hypothesized that complex

upper limb activities such as stone tool production could been have important evolutionary



implications in the specific reorganization of the human wesg, Marzke 1997; Tocheri,
2007; Williams et al., 201Q)hominins may in comparison to great apdsve developed

better control of wrist equilibrium tiavor activities that require forceful grips

Although both A. sedibaand H. naledi have humankke hand proportions, both
hominins showon average, lower joint moments in the thumb and index fidgeng the
dynamic tripod grip and the interdigital 2t&ace grip comparedwith that of humans.
Moreover, hominins shova low degree offlexion at the TMC joint while humans show
instead,a high degree ofextensionduring the use othe interdigital 2/3bracegrip. These
differences may reflect the slightshorer thumb relative tindex fingerlengthin A. sediba
and H. naledi compared with humand-or all of the six grip simulated in this study,
hominins appear to have fewer mechanical demamlasn using many of these grips than
humansHowever, as discussed above, the musculoskeletal model does not consider variation
in joint morphology, range of motion, phalangeal curvature and various other subtietand
so-subtle differences amonlg. naledi, A. sedibaand recent human&ivell et al, 2011,

2015) Nevertheless, both fossil hominins have a broad distal pollical phalanx with-a well
developed gable suggesting the presence of an independentvedikdeveloped FPL
(Almécija et al., 20Q; Kivell et al, 2011, 2015), which is included in the simulation.Hn

naledi the thumb bones also have particularly robust muscle attachments, and the radial
carpal bones show morphology found only in committeal-usingHomo neanderthalensis
andH. sapiens suggesting powerful opposition of the thumb during manipulation (Kivell et

al., 2015).

4 3 Limitations



This study has several important limitations. First, ceasider only six grips used
during a singlemaze taskby all four specieswhile there wassubstantialintra and
interspecific variabilityin grip useobservedduring thistask (Bardo et al., 201,62017) and,
indeed, each species is capable of wide range opiggpabilities (e.g. Christel, 1993;
Marzke and Wullstein, 1996; Christel et al., 1998; Byrne et al., 2001; Pouydebat et al., 2009,
2011).1t is possible that the kinematic variability in hureaas well as in great aped] k® an
overlap between speciesdditional experimental studiesuchas thoseonductedoy Lesnik
et al. (2015)r Bardo et al(2016, 2017)may determine ayreater range of kinematics used
by each specieand future musculoskeletal modeling could investigate additional grips, such
as paeto-pad precision grips considered distinct to humans (Napier, 1960; Marzke, 1997,
Susman, 1998; Tocheri et al., 2008t seeMacfarlane andsraziano, 2009n macaques)or
the ‘V-pocket’ grip used by wild chimpanzees (Marzke et al.,, 2016)could alsobe

interesting to explore the results of the other digits as well.

Secondwe useda simulation approach in which only a representative (or a simulated)
behavior and a representative anatomy of each speerestested insix grip types.The
simulationsare basedby necessityon a human handmodel for which only the segment
lengthshave beerthangd for great apes and fossil hominitsterspecific ariation inbony
morphology(e.g, phalangeal curvature; Susman et al., 1984; Stern et al., 1995; Deane and
Begun, 2008; Patel et al., 201&nd range of motioaccordingto specific joint morphology
(Napier, 1962 Tuttle, 1969;Lewis, 1989 Marzke 1992,1997; Tocheri et al. 2008 Marzke
et al, 201Q Orr et al, 2010)will certainly affectthe resultsof the model Furthermore, o
adaptations of muscle trajectories and moment arms were implemented in the mioidéls
can lead to mors in estimating théorce of each muscleSuch muscular data asparsefor
great apesnd data that are published (e.g., Tuttle, 1969; Thorpe et al., 1999; Diogo and

Wood, 2011; Zihiman et al., 2011; Myatt et al., 2012; Diogo et al., 2012; van Leeuwen et al.,



2018 are not reported in sufficient detail for each species. Furthermore, nrudatdaare
unknown for fossil homininsWe aimed to cope with the limitation lwpnsideringmuscle
groups, rather thamdividual muscular forcesGiven thatfor example great apes lackhe
independent FPL or EPB muscles founchimmans $traus, 1942; Diogo and Wood, 2011;
Diogo et al., 2012; Myatt et al., 2012t would be necessary to create a specific model for
each species with the specific dimension/position of each muscle, force ahaacke,and
muscle moment arm&lthough future models coulde adapted to incorporate such data,
recent studies have highlighted stranggaspedic variability in hand anatomwithin great

apes(Diogo et al, 2012; varLeeuwen et a].2018), vhich adds further challenges.

Third, we assumed a loading condition 40 N was applied to the bamboo il
species.lt is currently unclear how relatively larger forelimb muscle mass @atgapes
(Tuttle, 1969; Alexander et al., 1981; Zihiman, 1992; Thorpe et al.,) M98us relatively
larger thumb muscle mass in humgbsogo and Wood, 2011; Diogo et al., 2012; Myatt et
al., 2012 van Leeuwen et al., 201 8night translate into differences in potential grip force.
Without in vivo data ongrip force ingreatapes, we constrained the model to use the same
loading for each species based on human in data.Additional studies are needed to detall
muscle morphologyn the same wayand to quantifymusclemomentarms range ofjoint
motion and grip forcein nonthumanprimatesthat can be used to createre biologically

realistic musculoskeletal models

5. Conclusions

We found thatwariation in intrinsichand proportionsnodify the joint angles required
in each gripand thus have a strong effect on biomechanical loading, especially for muscle

forces.These biomechanical loading®latedto direct behavioralobservations of the grips



used by great apes and humans, appear to be one important factor in selecting aiateppropr
grip for use, especially for orangutans and for the pencil grip. Wesalggestthat other
factors, such as social learning, are of at least equal import@imoe the muscle forces
directly manage the bone to bone force on contact during a grip, our simulations show that it
is important to take into account hand proportions and their potential influence on the entire
mechanical chain for a better understandifigpatential grip techniques used in hominin
fossils. To conclude, musculoskeletal modeliogn be an informativeool for better

understanishg variability in manipulation in extant arektinctspecies.
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Figure 1. Mean percentage of the preferential grip techniques (defined in Table 1)yusadhspecies during the maze task (Bardo et al., 2016,

2017).
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Figure 2. Representation of theusculoskeletal models with tls&x main muscles groups used in the study foritidex finger and the thumb

during the grip of the bamboo (in green).
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Figure 3. Representation of the method to calculate the joint angles of the thumb and thengdeAlbbreviations add = aductioryf CMC =
carpometacarpablIP = distal interphalangeal joinfiex = flexion;IP = interphalangeal jointMCP = metacarpophalangeal joint; PHproximal

interphalangeal joint; TMG trapeziometacarpal (first CMC).



Figure 4. Example of a video posture used (a; pinch grip use by a bonobo) to adapt the 3D rejuesénket primate hand mod€ls; bonobo
hand 3D model during pinch grip). The segments of the thumb and index fingers are in blue, thegaiseamd the wrist in black, and the

bamboo is in green.
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Figure 5. Radar plot of net joint moments (in-&n) exerted on the thumb (in bold at right) and index fingers (left) during theasiom for
humans (black)Homo naledi(red), Australopithecus sedibglue), bonobos (purple), gorillas (greeaipdorangutans (orange), during: a) the
dynamic tripod grip b) the pinch grip ¢) the interdigital 2/3 braged) the power grip techniques) the hook gripf) the scissor grip.
Abbreviations:abd= abductionDIP = distal interphalangeal jointtex = flexion; IP = interphalangeal jointMCP = metacarpophalangeal joint;
PIP = proximal interphalangeal joinT,MC = trapeziometacarpal joint. Negatives values are in thgmart of the radar plot and corresponded to

extension and adduction.
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Figure 6. Radar plot of muscle coordination and force magnitude (in N) during the simulatidrurdeans (black)Homo naledi (red),

Australopithecus sedib@lue), bonobos (purple), gorillas (green), orangutans (orange), during: @yndwic tripod gripb) the pinch gripc)



the interdigital 2/3 braced) the power grip technique) the hook gripf) the scissor gripAbbreviations: Ext =fingers extensors=flex =
fingers flexorsFint = fingers intrinsis; Text =thumb extensorstflex =thumb flexors;Tint = thumb intrinsis; Wext =wrist extensorsWflex

= wrist flexors



Table 1 Description of the grip techniques simulated in this study.

Grip techniques Description
Dynamic tripod The tool is stabilized against the radial side of the third finger by the thumb ghltheiindex finger pulp on top of the
tool

Defined in human studies as the common pencil grip (Wynn-Parry, 1966)
Interdigital 2/3 brace The tool is held by flexed index finger and exits the hand between the proximal ¢e phdthnges of the index and third
fingers.

Defined in human studies as an inefficient variant of the pencil grip (Selin, 2003)

Power The tool is held in opposition between the palm and flexed fingers with pressure pagplitdy by the thumb
Hook The tool is held transversally by flexed fingers and without the thumb
Pinch The tool is held between the thumb pad and the side of the index finger

Considered particularly important during stone tool making and use in humans (Marzkeaakig\s 1986; Marzke, 1997)

Scissor The tool is held between two fingers excluding the thumb




Table?2

Joint anglegin degreesdf the thumb and the index finger input in the model for each grip techniques and each species.

Thumb Index finger

IP._FE MCP_RFE MCP_AA TMC_FE TMC_A-A DIP_FE PIP_FE MCP_FE MCP_AA
Dynamic tripod
Human 19.11 10.73 11.41 17.25 -13.08 -4.97 36.28 62.76 -4.45
Bonobo 19.11 10.73 11.41 28.65 -13.08 22.92 68.75 80.21 -4.45
Gorilla 19.11 10.73 11.41 28.65 -13.08 5.73 90.00 63.03 -4.45
Orangutan 15.41 10.73 11.41 28.71 -7.35 17.95 64.93 85.67 -4.45
A. sediba 19.11 10.73 11.41 17.25 -18.81 12.22 42.01 62.76 -4.45
H. naledi 19.11 10.73 11.41 17.25 -13.08 23.68 36.28 62.76 -4.45
Pinch grip
Human 27.22 -5.92 -13.76 13.91 -26.93 36.35 75.27 55.62 2.07
Bonobo 11.46 -5.92 -13.76 13.91 -15.47 47.81 81.00 90.00 2.07
Gorilla 27.22 -5.92 -13.76 13.91 -14.32 36.35 81.00 90.00 2.07
Orangutan 27.22 -5.92 -13.76 19.64 -14.32 42.08 92.46 101.45 2.07
A. sediba 27.22 -5.92 -13.76 13.91 -26.93 36.35 75.27 67.08 2.07
H. naledi 27.22 -5.92 -13.76 13.91 -26.93 36.35 75.27 67.08 2.07
Interdigital 2/3 brace
Human 51.31 61.46 0.00 -51.57 -50.35 14.64 41.38 56.93 10.97
Bonobo -12.83 -15.36 -7.36 13.08 -33.57 14.64 41.38 56.93 10.97
Gorilla -12.83 -15.36 -7.36 13.08 -33.57 14.64 41.38 58.20 10.97
Orangutan 17.19 11.46 -7.36 -11.46 -20.05 14.64 68.75 68.75 10.97
A. sediba -12.83 -15.36 -7.36 13.08 -33.57 43.28 41.38 56.93 10.97
H. naledi -12.83 -15.36 -7.36 13.08 -33.57 14.64 41.38 56.93 10.97
Power
Human 34.51 22.2 -12.42 -17.22 -42.35 -4.13 83.54 86.36 -3.76

Bonobo 0 0 0 0 -14.32 7.33 89.27 86.36 -3.76



Gorilla
Orangutan
A. sediba
H. naledi
Hook
Human
Bonobo
Gorilla
Orangutan
A. sediba
H. naledi
Scissor
Human
Bonobo
Gorilla
Orangutan
A. sediba

H. naledi

-4.13
16
7.33
7.33

47.02
47.02
64.21
64.21
58.48
55.62

-0.72
-0.72
-0.72
16.47
-0.72
-0.72

89.27
89.27
83.54
83.54

89.06
94.79
89.06
100.52
89.06
89.06

49.34
49.34
49.34
60.80
49.34
49.34

86.36

103.55

86.36
86.36

23.47
23.47
23.47
23.47
17.74
17.74

37.30
37.30
37.30
37.30
37.30
37.30

-3.76
-3.76
-3.76
-3.76

-4.29
-4.29
-4.29
-4.29
-4.29
-4.29

-10.79
-10.79
-10.79
-10.79
-10.79
-10.79

Abbreviations: AA = abduction/adduction; DIP = distal interphalangeal joirE £ flexion/extension; IP = interphalangeal joiMiCP =

metacarpophalangeal joint; PIP = proximal interphalangeal joint; TMC = trapdaicamgal.



Table3
Summaryof muscle coordination assessed in regards to the mean muscle force magnitvedthumib, fingers, and wrist for each oé thix

grips across all species

Dynamic tripod Pinch Interdigital 2/3 brace  Power Hook Scissor
Number of involved 7 6 6 5 3 3
muscle groups (TI, TR, TE, FE, FI, FF, WF) (TI, TF, TE, FE, FI, WE) (TI, TF, FE, FI, FF WF) (TI, FE, FI, FF, WE) (FF, FI, FE) (FF, FI, FE)
Thumb Tl +++++2 Tl +++++ Tl +++ Tl +++
TF ++ TF+++ TF + TF -
TE + TE + TE- TE -
Fingers FE +++ FE ++ FE ++++ FE ++ FE + FE +++++
Fl ++++ Fl ++ Fl + Fl + Fl + Fl +++++
FF + FF- FF + FF +++ FF + FF +
Wrist WE - WE +++ WE - WE +++ WE - WE 0
WF + WEF - WF + WF 0 WF - WF 0

Abbreviations: FF =ihgers flexorsfl = fingers intrinsis; FE =fingers extensorstF =thumb flexorsT1 = thumb intrinsicsTE =thumb
extensorsWF =wrist flexors WE =wrist extensors.
@ Muscle force magnitude requires< 20 N; +, magnitude > 20 N; ++, magnitude > 40 N; +++, magnitude > 70 N; ++++, ougritl00 N;

+++++, magnitude> 130 N; O = absent.
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SOM Table S1
Mean values of the length of each segment (in cm) used for each great ape nehbigiis werderived from morphometric data on

osteological collections.

Thumb Index Middle finger Ring finger Little finger Ratiothumb/index
Species Mcl PP1 DP2 Mc2 PP2 IP2 DP2 Mc3 PP3 IP3 DP3 Mc4 PP4 IP4 DP4 Mc5 PP5 IP5 DP5 length
Homo sapierfs 4.82 3.76 3.03 6.79 470 274 186 566 511 326 2.07 5.09 468 3.17 205 498 392 225 179 0.72
Pan paniscu‘é 397 280 1.72 880 468 298 166 8.70 546 385 207 780 5.08 3.65 204 6.97 417 258 1.63 0.46
Gorilla gorilla
gorilla® 533 3.00 1.70 10.12 592 3.92 177 9.77 634 436 205 937 582 379 194 9.13 511 326 1.59 0.46
Pongo
pygmaeL& 538 283 149 1155 7.05 433 219 1126 8.01 535 248 1093 791 539 223 10.09 6.65 436 2.09 0.39
Homo naledi 3.74 245 152 537 322 178 127 490 359 226 144 427 331 221 141 4.07 265 156 1.24 0.66
Australopithecus
sedibd 394 238 151 528 312 164 12°° 483 347 216 139 44 334 204 137 416 272 168 1.25 0.70

Abbreviations: DPf = distal phalange of the f finger with f = {1 for thumb,r2rfidex finger, 3 for middle, 4 for ring, 5 for little}; IPf = intermediate (aimed
of the f finger;Mcf = metacarpal othe f finger; PPf = proximal phalanx of the f finger.
4Bucholz et al. (1992).
®T.L.K. data set.
“Kivell et al. (2015).
dKivell et al.(2011) and Feix et al. (2015).
¢ Australopithecus sedib@IH2) DP2 length was estimated by Feix et al. (2015).
®MH2 is missing the distal phalanx of the middle finger (DP3) and the ringrf{ilP4). We estimated the length of DP3 and DP4 based on a ratio of the
overall length of the fingers 2—4 AKustralopithecus sedibaultiplied by, respectively, the DP3 and DRngth inH. naledi.
"The length of DP5 i. sedibahat we used (1.25 cm) is probably from ray four or five in MH2 left hand (Kéval. 2011).



SOM Table S2

Muscles groups used in the simulations for all the species.

Muscles groups Muscles

FF—Finger flexors FDPII, FDPIII, FDPIV, FDP V, FDSI, FDSIII, FDSIV, FDSV

FE — Finger extensors EDCII, EDCIII, EDCIV, EDCV, EIl, EDQ

FI — Finger intrinsics LU1, LU2, LU3, LU4, DIO1 (RI), DIO2 (RI), DIO3 (Ul), DIO4UI), PIO1 (Ul),
PI102 (RI), PIO3(RI), ADQ (Ul)

TF—Thumb flexors FPL, FPB

TE-Thumb extensors EPL, EPB, APL

Tl — Thumb intrinsics OPP, APB, ADPt, ADPo

WF — Wrist flexors FCR, FCU, PL

WE — Wrist extensors ECRL, ECRB, ECU

Abbreviations: ADPo = adductor pollicis oblique head; ADPt = adductorcotiansverse head; ADQ = abductor digiti quinti; APB = abductor llic
brevis; APL = abductor pollicis longus; DIOn B dorsal interosseous; ECRB = extensor carpi radialis brevis; ECRL =sext@mpi radialis longus; ECU =
extensor carpi ulnaris; EDCf = extensor digitorum communis of the éfiwgh f = {Il for index finger |l for middle,IV for ring, V for little}; EDQ =
extensor digiti quinti; El = extensor indicis; EPB = extensor pollicisipy&PL = extensor pollicis longus; FCU = flexarpi ulnaris; FCR = flexor carpi
radialis; FDPf = flexor digitorum profundus of the f finger; FDStexor digitorum superficialis of the f finger; FPB = flexor pdBibrevis; FPL = flexor
pollicis longus; LUn =n™ lumbrical; OPP = opponens polliGi®10n = i palmar interosseous; PL = palmaris longus.



SOM Table S3
Raw results of net joint momes (in N-cm) for the thumb and index finger joints for each of the six grig type: each extant and fossil hominfns.

Thumb Index finger
Dynamic tripod IPflex MCPabd MCPflex TMCabd TMCflex DIPflex PIPflex MCPabd MCPflex
Human -20.8 25.9 -67.7 56.7 -127.8 -9.2 -36.3 5.2 -75.9
Bonobo -11.9 18.3 -47.3 42.2 -96.8 0 -11.6 4.5 -58.2
Gorilla -4.9 50.3 -19.9 106.6 -52 0 -3.9 4.3 -62.6
Orangutan -16.5 20.1 -52.9 47.2 -122.2 0 -13.3 6.4 -83
A. sediba -10.5 15.6 -40.5 44.4 -88.2 -4.3 -18.1 34 -48.7
H. naledi -10.5 16 -41.5 40.7 -87.9 -4.5 211 3.6 -52
Pinch IPflex MCPabd MCPflex TMCabd TMCflex DIPflex PIPflex MCPabd MCPflex
Human -30 2.4 -93.6 12.4 -152.3 0 0 -34.8 -1
Bonobo -17.2 -1.7 -70 8.1 -139 0 0 29.4 1.1
Gorilla -17 -1.7 -68.4 0.9 -158.2 0 0 38.7 -1.4
Orangutan -23.8 -1.8 -72 7.3 -162.5 0 0 95.2 -2.5
A. sediba -15.1 -1.4 -55.8 7.3 -108.9 0 0 -11.3 -0.6
H. naledi -15.2 -1.4 -57.1 7.5 -106.6 0 0 -11 -0.6

Interdigital 2/3 brace IPflex MCPabd MCPflex TMCabd TMCflex DIPflex PIPflex MCPabd MCPflex

Human -13.9 0 -46.5 -27.9 -29.6 0 -13.6 -1.7 -47.7
Bonobo -7.9 -1 -30.5 9.5 -44.3 0 -14.9 -7.9 -49.1
Gorilla -7.8 -1.1 -32.1 11.8 -52.7 0 -19.6 -10.4 -62.8
Orangutan -11 1 -38.9 -5.6 -85.1 0 -34.6 -10.7 -59.1
A.sediba -6.9 -1 -26.2 8.9 -40.8 0 -8.2 -5 -31

H. naledi -7 -1 -26.8 8.8 -40.3 0 -8.9 -5.3 -32.4

Power IPflex MCPabd MCPflex TMCabd TMCflex DIPflex PIPflex MCPabd MCPflex




Human -12 2.9 -35.7 -14.5 -37.1 -5.5 -29.6 2.5 -37.7

Bonobo -6.9 0 -29.3 0 -590.1 -4.9 -31.2 19 -28.3
Gorilla -6.3 1.2 -28.6 -3.2 -67.3 -5.2 -39.9 2.8 -43.3
Orangutan -8.8 25 -30.3 -2.9 -68.7 -10.4  -56.5 3.6 -56.3
A. sediba -6 1.8 -21.2 -10.6 -25.7 -3.6 -18.1 1.3 -19.8
H. naledi -6.1 1.8 -21.7 -10.4 -25.3 -3.8 -19.5 1.4 -21.3
Hook IPflex MCPabd MCPflex TMCabd TMCflex DIPflex PIPflex MCPabd MCPflex
Human - - - - - -4 -12.1 0 -7.6
Bonobo - - - - - -3.6 -12.4 0 -6.6
Gorilla - - - - - -3.8 -11.2 0 -1.1
Orangutan - - - - - -7.6 -15.8 0 -10.7
A. sediba - - - - - -2.6 -6.4 0 -1.7
H. naledi - - - - - -2.8 -7.1 0 -2.7
Scissor IPflex MCPabd MCPflex TMCabd TMCflex DIPflex PIPflex MCPabd MCPflex
Human - - - - - 0 0 75.9 -3.9
Bonobo - - - - - 0 0 76.4 -4.2
Gorilla - - - - - 0 0 96.8 -5.6
Orangutan - - - - - 0 0 103.1 -11.3
A. sediba - - - - - 0 0 50.7 -2.3
H. naledi - - - - - 0 0 52.4 -2.5

Abbreviations: TMC = trapeziometacarpal joint; IP, interphalang&st MCP, metacarpophalangeal joint; PIP, proximal interphalangiesj PIP, distal
interphalangeal joint; flex, flexion; abd, abduction.

# Negative values corresponded to extension and adduction.



SOM Table 4
Raw results of muscle force intensities (in N) for each muscle groups, foofethehsix grip types, and each extant ossbils hominins’

Dynamic tripod Fflex  Fint Fext Tflex Tint Text Wflex Wext

Human 39.9 86.6 70.8 51.2 1178 249 O 25.7
Bonobo 13.9 136 1059 43.3 1189 20.1 373 25
Gorilla 59 1065 699 7.1 1447 55 556 227
Orangutan 10.5 1724 139 53.7 1496 26.3 56.2 8.1
A. sediba 35 979 683 464 1241 231 2 18.8
H. naledi 365 93.3 676 435 1251 202 O 18.4
Pinch Fflex Fint  Fext Tflex Tint Text Wiflex Wext
Human 171 696 59.1 704 153.8 16.6 4.2 109.2
Bonobo 79 577 563 779 169.8 298 O 66.7
Gorilla 163 70.1 699 72 1864 312 O 61.3

Orangutan 47 96.1 1059 78.9 1903 265 82 234
A. sediba 216 48.7 484 733 1571 295 O 95.6
H. naledi 244 526 473 516 1649 O 0 78.4

Interdigital 2/3 brace Fflex Fint Fext Tflex Tint Text Wflex Wext

Human 314 409 1135 152 1301 O 446 29
Bonobo 214 321 1152 272 575 O 40 0
Gorilla 21.3 309 1014 36 535 119 155 125

Orangutan 27.6 242 106.8 49.8 1139 308 17.2 20.2
Au. sediba 23.3 28.6 90.1 457 46.2 222 151 11.2
H. naledi 229 46 1104 36.8 515 116 324 59



Power Fflex Fint Fext Tflex Tint Text Wflex Wext

Human 759 298 50.2 134 628 208 O 69
Bonobo 678 281 625 221 875 O 0 81.1
Gorilla 675 29.2 658 271 993 153 O 78.3
Orangutan 84.2 363 732 287 1069 161 O 93.8
A. sediba 752 289 474 106 699 211 O 60.7
H. naledi 746 278 466 103 678 205 O 60
Hook Fflex Fint  Fext Tflex Tint Text Wiflex Wext
Human 443 389 363 13 52 44 49 7.7
Bonobo 355 378 457 19 6 44 85 29
Gorilla 299 373 451 47 92 92 144 141

Orangutan 39.2 368 259 21 83 75 31 134
A. sediba 427 374 427 24 36 43 65 69

H. naledi 431 372 407 23 34 43 57 7.2
Scissor Fflex Fint  Fext Tflex Tint Text Wiflex Wext
Human 215 1654 195 21 248 74 0 0
Bonobo 20.8 156.4 1779 54 218 118 O 0
Gorilla 21.3 1556 1742 44 178 9.7 0 0
Orangutan 23.3 150.7 1629 16 19.2 55 0 0
A. sediba 209 173.2 2106 6.6 263 143 O 0
H. naledi 20.5 168.9 205.2 2.2 26 7.9 0 0

Abbreviations: Fext = fingemxtensors; Fflex = fingers flexors; Fint = fingers intrinsibsxt = thumb extensors; Tflex = thumb flexors; Tint = thumb
intrinsics; Wext = wrist extensors; Wflex = wrist flexors.

# Negative values correspondedextension and to adduction.



