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Finite element analysis of the proximal phalanx of the thumb 
in Hominoidea during simulated stone tool use
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Bucchi A., Püschel T. A., Lorenzo C. & Marcé-Nogué J. 2020. — Finite element analysis of the proximal phalanx of the 
thumb in Hominoidea during simulated stone tool use. Comptes Rendus Palevol 19 (2): 26-39. https://doi.org/10.5852/
palevol2020v19a2

ABSTRACT
Finite element analysis was applied to analyze six individuals from different primate species (Homo 
sapiens Linnaeus, 1758, Homo neanderthalensis King, 1864, Pan troglodytes Blumenbach, 1779, Gorilla 
gorilla Savage, 1847, Pongo pygmaeus Linnaeus, 1760 and Hylobates lar Linnaeus, 1771) to identify 
stress distribution patterns on the pollical proximal phalanx during simulated hammerstone use.  
We expected the stress to be better distributed in our species than in other hominids based on the 
idea that, unlike apes, the human hand is adapted to tool-related behaviors. Our results indicate that 
the human phalanx unevenly distributes stresses and is one of the most fragile of all, especially when 
a small hammerstone is simulated. Tool orientation relative to the phalanx did not have a substantial 
effect on average stress or distribution. We conclude that great apes can resist loads exerted during 
this activity more efficiently than humans and that there were probably other evolutionary factors 
acting on this bone in our species.
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RÉSUMÉ
Analyse par éléments finis de la phalange proximale du pouce des Hominoidea pendant l’utilisation simulée 
d’outils lithiques.
Une analyse par méthode des éléments finis a été appliquée à six individus représentant différentes 
espèces de primates (Homo sapiens Linnaeus, 1758, Homo neanderthalensis King, 1864, Pan troglodytes 
Blumenbach, 1779, Gorilla gorilla Savage, 1847, Pongo pygmaeus Linnaeus, 1760 et Hylobates lar 
Linnaeus, 1771) pour identifier les patrons de distribution des contraintes au niveau de la phalange 
proximale du pouce, pendant l’utilisation d’un percuteur. Nous avons émis l’hypothèse que les 
contraintes étaient mieux distribuées dans notre espèce que chez les autres hominidés en se basant 
sur le postulat que, à l’inverse des grands singes, la main humaine est adaptée aux comportements 
liés à l’utilisation d’outils. Nos résultats indiquent que la phalange humaine distribue les contraintes 
de manière inégale et est une des plus fragile de tout l’échantillonnage testé, notamment quand 
l’utilisation d’un petit percuteur est simulée. L’orientation de l’outil par rapport à la phalange n’a pas 
montré d’effet substantiel sur les contraintes moyennes ou leur distribution. Nous concluons que les 
grands singes peuvent mieux résister que les humains à des contraintes subies durant cette activité 
et qu’il y a probablement d’autres facteurs évolutifs agissant sur la structure osseuse de notre espèce.

2008; Tocheri et al. 2008). Robust first metacarpals have been 
identified in early Homo/Paranthropus (Susman 1988), which 
helps to produce stronger, efficient grips and tolerate higher 
joint stresses (Rolian et al. 2011; Key & Dunmore 2015; Key & 
Lycett 2018).

Even though most of the paleoanthropological literature agrees 
that hands of humans and non-human primates are adapted to 
different functions (i.e., manipulation vs locomotion), recent 
studies have concluded that some derived traits leading towards 
Homo (e.g. finger proportions) are not the product of selective 
pressures acting directly on the hands but on other region of the 
skeleton (i.e., the foot) (Rolian et al. 2010) which are related to 
terrestriality (Heldstab et al. 2016; Bardo et al. 2017) and were 
subsequently exapted for tool manipulation. This can explain 
why skillful hands were present long before the first record of 
lithic industry (Alba et al. 2003; Almécija et al. 2010).
How humans acquired this unique configuration of mus-
culoskeletal traits in the hand which facilitates tool related 
behaviors has profound implications in our understanding of 
human evolution overall, considering that stone technology is 
a key element defining culture in our species (e.g. Foley & Lahr 
2003). However, testing biological causality is hard to address 
and we may never be absolutely certain on the evolutionary 
mechanisms having shaped the human hand. Consequently, we 
think that new insights are needed to better assess whether the 
evolution of the human hand is driven by tool-related behaviors.

Here we use finite element analysis (FEA) to evaluate if stress 
on the human pollical proximal phalanx (PP1) fits with the 
functional adaptation (to tool use) hypothesis for the evolu-
tion of our hand. This method makes it possible to control 
and repeat biomechanical scenarios under modifiable condi-
tions (for a review, see Rayfield 2007) making it suitable for 
morpho-functional problems such as this. To our knowledge, 
no study has applied FEA to evaluate the effect of stone tool 
use on the hand.

The stress distribution in the PP1 was analyzed in six Homi-
noidea taxa (Homo sapiens Linnaeus, 1758, Homo neanderthalensis 
King, 1864, Pan troglodytes Blumenbach, 1779, Gorilla gorilla 
Savage, 1847, Pongo pygmaeus Linnaeus, 1760 and Hylobates lar 

INTRODUCTION

There is a widespread idea that the derived manual anatomy 
of humans is a result of selective pressures related to manipula-
tive behaviors (e.g. Hamrick et al. 1998; Young 2003; Key & 
Dunmore 2015; Skinner et al. 2015; Kivell et al. 2016) as, 
among primates, humans exert unique, more efficient preci-
sion and power grips (e.g. Niewoehner 2001; Shrewsbury et al. 
2003; Tocheri et al. 2003; Rolian et al. 2011; Marzke 2013; 
Key & Dunmore 2015; Bardo et al. 2017). Unlike humans, 
locomotion constitutes the primarily selective pressure on the 
hand for most primates (e.g. Tuttle 1969; Jouffroy et al. 1991). 
This is not to say that non-humans primates are unable of 
performing tool-based activities, as they have been reported in 
other primates (Pruetz & Bertolani 2007; Wynn et al. 2011; 
Gumert & Malaivijitnond 2013; Visalberghi et al. 2015), and 
some of their tools, including stone hammers, and the behaviors 
involved (e.g. direct hard hammer knapping) are very similar 
or indistinguishable from Oldowan culture (Wynn & McGrew 
1989; Wynn et al. 2011). However, the manual pressures and 
high muscle activities experienced by the hand during travel 
(Susman & Stern 1979; Wunderlich & Jungers 2009; Mata-
razzo 2013; Samuel et al. 2018) play a more important role.

The selective pressures related to stone tool use supposedly 
started early in the human lineage. The intrinsic muscles of the 
thumb show high level forces during hard hammer percussion 
manufacture of Oldowan tools (Hamricket et al. 1998; Marzke 
et al. 1998). The thumb also experiences significant pressures 
during stone tool production (Key & Dunmore 2015; Williams-
Hatala et al. 2018). In addition, some derived morphology 
facilitating manipulation of stone tools, as the expanded apical 
tuft of the distal thumb phalanx, were already present in Orrorin 
(Gommery & Senut 2006), although numerous derived condi-
tions evolved later in a mosaic fashion until the fully-derived 
hand of Neanderthals and modern humans (for a review, see 
Tocheri et al. 2008, and also Key & Dunmore 2018). Changes 
in hominins in the shortening of the fingers relative to thumb 
length, which ensures the human-like precision grip capability, 
occurred in Australopithecus (Alba et al. 2003; Green & Gordon 

MOTS CLÉS
Morphologie fonctionnelle, 

 évolution de la main, 
primates, 

stress. 
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Table 1. — Sample. Abbreviations: a, age of individuals, if known; unk: unknown. b, M: male; F: female. c, R: right; L: left.

Species Common name Agea Sexb Side Digital database/ no CT/microCT 
resolution (mm)

Homo sapiens Modern human 59 M R None 0.08 
Homo neanderthalensis Neanderthal unk unk R NESPOS/ Krapina 202 0.03 
Pan troglodytes Chimpanzee 29 M L KURPI/345 0.219 
Gorilla gorilla Gorilla 38 M R KUPRI/1353 0.500 
Pongo pygmaeus Orangutan 32 F R None 0.03 
Hylobates lar Gibbon 33 M R KUPRI/465 0.250 

Table 2. — Percentage of main locomotor behavoir of the non-human  
sample, according to Hunt (2004). 

Taxon Climb Braquiate Clamber Walk

Chimpanzee 6.5 0.8 0.0 89.9
Gorilla 19.7 3.6 0.0 64.4
Orangutan 31.3 15.5 40.7 12.0
Gibbon 34.2 51.2 0.0 0.0

Linnaeus, 1771) (Table 1) under loading conditions related to 
hard hammer percussion to describe stress patterns on PP1s 
during the same task. We expect to find that the human PP1s 
distribute stresses differently than apes, as hands in humans 
and apes show morphologically commitment to different 
functions – manipulation and locomotion (Table 2) – and the 
loading condition simulated here are related to stone tool use. 
In particular, we expect that the human phalanges distribute 
stresses more efficiently and can withstand the stresses related 
to hammerstone use better than our closest living relatives.

MATERIAL AND METHODS

Sample and digitalization

A recent modern human, a Neanderthal from Krapina (Vi 202) 
and four extant non-human hominoids were analyzed: chim-
panzee, gorilla, orangutan and gibbon. All specimens were 
adults with no evident pathologies (Table 1).

The PP1 from the human individual was obtained from a 
fresh cadaver and scanned with a micro-CT (Perkin Elmer, 
model Quantum Fx, Hopkinton MA, United States). The 
orangutan PP1 is from the Senckenberg Museum in Frank-
furt, Germany (SMF 74303) and was scanned on a BIR 
ACTIS 225/330 micro-CT scanner at the Department of 
Human Evolution, Max Planck Institute for Evolutionary 
Anthropology (Leipzig, Germany). The remaining specimens 
were obtained from digital databases; the micro-CT of the 
Neanderthal PP1 from NESPOS (www.nespos.org/display/
PublicNesposSpace/Human+Fossils), whereas the CT scans 
from the rest of the non-human sample were downloaded from 
the Digital Morphology Museum, Kyoto University, Japan 
(KUPRI; dmm.pri.kyoto-u.ac.jp/dmm/WebGallery/index.html). 
Even though KUPRI CT scans have a relative low resolution 
(Table 1) and do not allow to observe bone segments in high 
detail, they can still provide relevant morphological infor-
mation, as it has been shown that even medium-resolution 
scans can accurately quantify shape (Slizewski et al. 2010; 

McCurry et al. 2015). In fact, it has been shown that this 
resolution is sufficiently accurate to even identify intra-specific 
differences of relatively small specimens (Marcy et al. 2018).

In order to make models from different resolution scans 
comparable, trabecular bone was enclosed using the “Convex 
Hull” tool in Meshlab v.2016.12 (Cignoni et al. 2008) and the 
same mechanical properties were defined for all the specimens. 
Elements were then converted to CAD models. During this 
last step, irregularities in the surface caused by segmentation 
were repaired using refinement and smoothing tools (Lauten-
schlager 2016) in Geomagic Studio® (3D Systems, v. 12, Rock 
Hill, SC, United States).

All scans were segmented using Seg3D software (CIBC, 
v. 2.4.0, 2017). The medullary cavity, trabeculae and compact 
bone were segmented on the specimens by applying a combina-
tion of case-specific thresholding values and manual painting 
techniques. Models of left PP1’s (Table 1) were reflected to 
enable meaningful comparisons.

To avoid possible problems when aligning different indi-
viduals (due to inter-specific morphological differences), we 
selected one individual as a reference (i.e., the chimpanzee 
representative) to perform a best-fit alignment to align all the 
models according to a common reference plane. This procedure 
was carried out in Geomagic Studio® (3D Systems, v. 12, Rock 
Hill, SC, United States) prior to FEA to align all the models, 
so that loads could be applied in the same axis and allow an 
easier interpretation of the results.

Model properties

Structural static analysis was performed to evaluate the biome-
chanical behavior of the PP1s using the Finite Element Package 
ANSYS 17.1 in a Dell Precision™ Workstation T5500 with 48 
GB and 5.33 GHz. Elastic, linear and homogeneous material 
properties were assumed for the cortical bone using the values 
of E (Young’s modulus) 18.6 GPa and v (Poisson’s ratio) 0.3, 
while for trabecular bone values of E 0.75 GPa and v 0.3 were 
assumed (Butz et al. 2012).

In this study, the focus in the comparison of the models is 
primarily on the von Mises stress distribution. Bone can be 
modeled as a brittle (Doblaré et al. 2004) or ductile (Dumont 
et al. 2009) material. According to Doblaré et al. (2004), 
the von Mises criterion is the most commonly applied and 
useful criterion for predicting the yield and fracture location 
in bone when ductile and isotropic material properties are 
assumed in cortical bone. The PP1 models were meshed using 
an adaptive hexahedral mesh and ANSYS® (Marcé-Nogué 

https://www.nespos.org/display/PublicNesposSpace/Human+Fossils
https://www.nespos.org/display/PublicNesposSpace/Human+Fossils
http://dmm.pri.kyoto-u.ac.jp/dmm/WebGallery/index.html
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Fig. 1. — Biomechanical model of hammerstone use: B, corresponds to a zoom in palmar view of the area of interest during A, the grip of a human individual 
(based on Marzke et al. 1998). B, shows the angles of the muscular forces acting on the PP1. HRF is in 90° relative to the horizontal line for scenarios 1 and 
2 and in 45° for scenarios 2 and 4. This force was applied on the entire palmar surface of the PP1 except in the joint areas and is represented with a hatched 
rectangle. Angles of the muscle forces are shown relative to the horizontal line. Abbreviations: FAP, Adductor Pollicis Force; FAPB, Abductor Pollicis Brevis 
Force; FFPB, Flexor Pollicis Brevis Force; EPB, direction force was applied in 16.7° and is not showed here as it attached on the dorsal surface of the PP1. Grey 
rectangles represent the origin areas of the muscles.

Table 3. — Mesh characteristics for each one of the specimens. Abbreviations: 
a, volume of the cortical bone; b, volume of trabecular bone; c, number of ele-
ments used to create the mesh for each FE model.

Specimen
Volume  

CB (mm3)a
Volume  

TB (mm3)b
N elementsc

Modern human 1012.8 651.1 225729
Neanderthal 733.3 662.6 240469
Chimpanzee 1046.1 178.6 160103
Gorilla 1642.9 577.9 225710
Orangutan 610.1 542.8 199857
Gibbon 250.7 65.9 311431

et al. 2015). The model meshes ranged between 200.000 and 
320.000 elements depending on the particular specimen and 
loading scenario (Table 3).

Loading scenarios and boundary conditions

The hands were modeled using a free-body diagram approach 
in a precision three-jaw chuck grip (Fig. 1), following Marzke 
et al. (1998), since we obtained the applied muscle recruit-
ment data from their study.

Forty-eight loading cases were generated. These included 
two hammerstone orientations relative to the PP1 and two 
muscle activity patterns associated with differences in ham-
merstone mass for the six individuals under study (Figs 1; 2). 
We also generated two different scaling scenarios for muscu-
lar data considering that for only two species (Homo sapiens 
and Pan troglodytes) there is enough muscular information 
to perform the simulations.

In the first scaling scenario, we scaled the forces of the 
Neanderthal, chimpanzee, gorilla, orangutan and gibbon using 

the extant human data as a reference, whereas in the second 
one, we used the chimpanzee muscular data as a reference 
to scale the forces of all the other representatives. In each of 
these two settings, the loads of the remaining specimens were 
scaled relative to the individuals of reference to yield identical 
force, i.e., the volume ratios (supplementary data Appendix 1). 
This way differences in stress distribution can be interpreted 
entirely as result of shape differences (Dumont et al. 2009). 
These values of muscular contraction pressure were calculated 
according to the method developed by Marcé-Nogué et al. 
(2013) and rearranged for 3D models by Fortuny et al. (2015). 

Equation for this is FA =   FB, where FA is  the scaled 
force, FB the reference force, and VA and VB the respective 
volumes for CB.

For the human, muscle forces were calculated by means 
of the physiological cross-sectional area (PCSA) collected 
from the forearm of a fresh cadaver of a 59-year-old man. 
All muscles attached at the PP1 were dissected: abductor 
pollicis brevis (APB), extensor pollicis brevis (EPB), flexor 
pollicis brevis (FPB), and adductor pollicis (AP) (cf. Sacks & 
Roy 1982). The PCSA obtained from the human cadaver 
were the following: FPB (0.6612 cm2), ADP (1.429 cm2), 
EPB (0.2121 cm2), and APB (0.2587 cm2). The insertion 
areas of the muscles involved were defined in the model to 
apply the forces of muscular contraction. The angles of the 
muscle tendons were estimated in situ. For the remaining 
specimens, tendon angles were assumed to be the same as 
for the human (Appendix 1), as areas of the bone in which 
muscles attached are similar between them (Diogo et al. 2011, 
2012a, 2013a, b). PCSAs for chimpanzees were obtained from  
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Fig. 2. — Free-body diagram of the phalanx in the different scenarios. This figure depicts the boundary conditions, areas of insertion of muscles, and direction of 
forces. For all loading configurations, joint reaction forces resulted from the rigid boundary constraints that were fixed at the distal joint in X, Y and Z-axes (light 
blue area), and at the proximal joint in the X-axis (dark blue area). The hammer reaction force (HRF) was applied to the entire palmar surface of the bone. 3.29 N 
for the HRF was simulated for Sc 1 and 3, and 7.65 N for Sc 2 and 4. Phalanges are shown in palmar (right) and radial (left) views.

Marzke et al. (1999) for the APB, FPB and AD muscles, and 
from Kikuchi (2010) for EPB. The PCSA for the chimpanzee 
was: FPB (1.40 cm2), ADP (2.50 cm2), EPB (1.44 cm2), and 
APB (1.80 cm2) (Marzke et al. 1999; Kikuchi 2010).

The PCSA for FPB, APB, and EPB muscles was then 
adjusted to the levels of muscle activity described in the elec-
tromyography (EMG) study of Marzke et al. (1998). These 
data correspond to the active (i.e., dominant) hand and were 
recorded at the strike, so all scenarios were simulated at that 
specific moment. Following Maier & Hepp-Reymond (1995), 
we assumed that the activity for the APB, not monitored in 
Marzke et al. (1998), was similar to EPB.

Muscle activity was considered during the use of two 
hammerstone sizes (400 g and 780 g, respectively, which are 
equivalent to 3.92 N and 7.65 N and represent the HRF). 
Although it would be interesting to include the loads from 
the core, they can significantly vary in size, as well as during 
the reduction sequence. More importantly, the reaction force 
corresponding to the core would need to be considerably higher 
than the hammerstone reaction force to alter the stress distri-
bution on the PP1, which is the focus of the present study.

We simulated two tool orientations relative to the PP1: 
one with the long axis of the bone parallel to horizontal line 
(Sc 1 and 2), and the other at 45° (Sc 3 and 4), as shown in 
Figures 1 and 2.

The hands were modeled using a free-body diagram approach. 
A biomechanical model (Fig. 1b) was constructed based on 
data about hand posture, muscles active during hammerstone 

use, the reaction forces from the hammerstone (HRF), and 
the joint reaction forces from metacarpal and distal phalanx 
(JRFmc and JRFd, respectively). Details of all loads involved 
are in Appendix 1.

Boundary conditions were defined to represent the fixed 
displacements that the models of PP1 experience during the 
loading scenarios. Once the models were solved, the joint 
reaction forces from the metacarpal (JRFmc) and from the 
distal phalanx (JRFd) were obtained. As boundary conditions 
have a great impact in the solution of the model, we intended 
to reproduce biological meaningful conditions for the PP1 to 
constrain the movements of the FEA models. The proximal 
part of the bone was fixed in the X dimension, and the distal 
part fixed in the X, Y and Z-axes (Fig. 2). All analyses were 
performed under these conditions (Appendix 1).

Analysis of von Mises stress

We applied the recently-proposed quasi-ideal mesh (QIM) 
and its percentile values (M25, M50, M75, and M95) as a 
basis for our analysis (Marcé-Nogué et al. 2016). The use of 
a QIM mesh, corresponding to a mesh in which all the ele-
ments have practically the same size, facilitated between model 
comparisons, thus allowing the stress values obtained to be 
displayed as boxplots. Because the maximum value cannot be 
properly analyzed since it corresponds to artificially inflated 
values (Marcé-Nogué et al. 2015), here the M95 percentile 
is assumed as the peak value of stress following the concept 
introduced by Walmsley et al. (2013).
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Fig. 3. — Von Mises stress maps for all analyzed species under different loading scenarios using the extant human as reference to scale the simulated muscular 
forces in all other specimens. Species are ordered from higher to lower peak stresses values. Phalanges are shown at the same length. MPa bar is set at 12 MPa.
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forces in all other specimens. Species are ordered from higher to lower peak stresses values. Images are not scaled. MPa is set at 25 MPa.
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In addition, a quantitative single measurement of the relative 
strength of the structure under study was used to summa-
rize the strength of the whole phalanx as the mesh-weighted 
arithmetic mean (MWAM) and the mesh-weighted median 
(MWM). These last values are also required to estimate the 
percentage error of the arithmetic mean (PEofAM) and the 
percentage error of the median (PEofM), which are statistics 
used to ensure that our models were reliable QIMs as described 
in Marcé-Nogué et al. (2016). This information can be found 
in supplementary data Appendices 2 and 3.

RESULTS

The distribution of von Mises stress for each phalanx and 
scenario is shown in Figures 3 and 4. The specimen with 
the highest peak stress level was the gibbon, followed by the 
extant human, the Neanderthal, the orangutan, the gorilla 
and the chimpanzee representatives. This order was the same 
for all analyzed loading and scaling scenarios, except for the 
chimpanzee and gorilla, with the former having higher peak 
stresses than the gorilla in the first and second loading sce-
nario (Homo-scaled), but lower in the remaining ones (Fig. 5).

Maximum von Mises stress values in the gibbon, extant 
human, Neanderthal and gorilla models were located in the 
center of the palmar surface of the phalanx body, decreasing 
towards the dorsal surface and the distal and proximal portions 
(Figs 3; 4). In these specimens, the lowest stress values were 
found in the joint areas and dorsal part, where the bone was 
not significantly affected by stress. Stress for the orangutan, 
chimpanzee and gorilla specimens were lower and more evenly 
distributed over the bone and, similarly to the humans and 
gibbon, did not affect the joint areas. In most cases, median 
stress values (MWM) for the extant human and Neanderthal 
representatives (Fig. 5) were lower and more focused than 
measured in chimpanzee, gorilla and orangutan (Figs 3; 4).

Peak and mean stress levels were considerably higher when 
the smaller hammerstone was simulated in all species (Fig. 5), 
while the effect of hammerstone orientation was less important. 
Overall, the effect of the hammerstone size was even greater 
than that related to the morphological differences between 
species (Fig. 5). Of all the scenarios, that showing the high-
est mean and peak values for all species was the one with the 
smaller hammerstone and the second bone orientation (Sc 3).

DISCUSSION

The objective of this study was to assess stress distribution in 
the pollical proximal phalanx (PP1) of the active hand during 
the simulated use of hammerstones in different Hominoidea 
species. In the analyses, we varied the size of the hammer-
stone, the orientation of the tool relative to the hand, and 
the muscular properties to see their effects in stress distribu-
tion over the bone. We expected human PP1 to behave more 
efficiently in every scenario, as we assumed its greater adapta-
tion to tool-related behaviors. However, we found that, in all 

cases, the human phalanx behaved as one among the most 
fragile bones, second only to the gibbon (Figs 3; 5). Stress 
distribution in the human PP1 was uneven and its concentra-
tion at the center of the shaft indicates that it is less resistant 
to loads during forceful precision grip and is more prone 
to structural failure. These results indicate that non-human 
hominids (i.e., gorilla, chimpanzee and orangutan) can better 
withstand loads exerted during this activity as compared to 
humans, although other key anatomical characteristics, for 
instance finger proportions, facilitate this activity in the later 
(Napier 1960; Rolian et al. 2011).

Our results suggest that stresses in the PP1 during tool-
related behaviors were not the main driving force explain-
ing the morphology of this bone, otherwise a different 
stress distribution would have very likely been observed in 
the human PP1. It is possible that the selective pressures  
acting on the thumb during stone tool production were not 
as consistently high to affect the morphology of this bone. 
Although other studies have found that the biomechanical 
stresses experienced by the thumb are high during this activity 
(Hamrick et al. 1998; Marzke et al. 1998; Key & Dunmore 
2015; Williams-Hatala et al. 2018), there is a noticeably high 
variability between individuals in the observed kinematics 
(Rein et al. 2014), muscle activity (Marzke et al. 1998), and 
manual pressures (Williams et al. 2012; Williams-Hatala et al. 
2018). These results raise the possibility that there were other 
stronger selective pressures acting on the PP1 that may not 
be related to stone-tool use. The argument that the evolution 
of the human hand was driven by selective pressures other 
than manipulative capabilities has been introduced in some 
previous studies (Alba et al. 2003; Almécija et al. 2010; Rolian 
et al. 2010; Heldstab et al. 2016). Specifically, the concept 
that the evolution of thumbs is linked to the evolution of 
toes (Rolian 2009; Rolian et al. 2010), thus to locomotor 
functions, which imply higher biomechanical demands than 
manipulation. Accordingly, locomotor functions would rep-
resent the primarily selective pressures shaping feet and hands 
in primates, including humans.

Even though the mean (MWM) and median (MWAM) 
stress values of humans were found relatively similar to those 
of non-human hominoids (i.e., gorilla, chimpanzee and 
orangutan) (Fig. 5), the poor stress distribution observed on 
the human representative resulted in a more fragile PP1. The 
variation in the distribution of stress among the specimens 
is probably related to differences in the morphology of the 
PP1 (Figs 3; 4). Future analyses deepen the relation between 
PP1 morphology and stress distribution under stone tool 
use conditions might shed some light into this link. Previous 
studies provide some guidance to this problem, as anatomi-
cal variations in hand morphology and structure within and 
among primates has been described, notably with respect to 
cortices thickness (Susman 1979; Tsegai et al. 2017), trabecular 
bone organisation (Lazenby et al. 2011; Chirchir et al. 2015; 
Matarazzo 2015; Skinner et al. 2015; Stephens et al. 2016), 
external dimensions and proportions (Napier 1962; Susman 
1979; Key & Lycett 2018), and joint surface shape (Tocheri 
et al. 2003, 2005; Marchi et al. 2017).
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Fig. 5. — Box-plots of von Mises stress (MPa) distribution for all species under different scenarios, until Q95 (Sc 1 in grey, Sc 2 in yellow, Sc 3 in green 
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mens, whereas the second one shows the results when the chimpanzee is used as a reference. Species are ordered from higher to lower peak stresses.
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Does the force scaling of the non-human sample affect these 
results? While comprehensive knowledge is available about 
human muscles (e.g. Tuttle 1969; Marzke et al. 1998; Diogo 
et al. 2012b) and, to a lesser extent, in chimpanzees (Marzke 
et al. 1999; Kikuchi 2010), there are no analogous studies 
about the levels of muscular forces and activation patterns 
during the use of hammerstones for the other primate taxa 
considered here. To solve this problem, following Marcé-
Nogué et al. (2013) and Fortuny et al. (2015), we scaled 
the muscular forces in the non-human hominins using the 
human and chimpanzee data as a reference, which allowed us 
to compare the behaviors of the PP1 from species that differ 
in size and morphology. In spite of this assumption, what 
makes the human (and gibbon) PP1 fragile is the stress dis-
tribution along the bone, which in this comparative analysis 
is not affected by the level of activation of the muscles. This 
becomes apparent when results from the two muscle scaling 
scenarios (human and chimpanzee) are compared: while stress 
values increase when using the chimpanzee muscles as refer-
ence, the stress distribution was very similar to the human 
scaling reference (Figs 3; 5).

A validation of FEA results against experimental data to see 
how precisely and accurately they reflect reality was not per-
formed. Assumptions in our study for the non-human sample 
are related to muscle properties (tendon angles and forces), 
muscle activation patterns, and muscle function. Although 
detailed scenarios for each non-human representative would 
be ideal in such kind of analyses, these simplifications were 
necessary to evaluate the performance of each specimen which 
are difficult to access, such as muscle activation patterns dur-
ing hammer use. Therefore, simulations were used to extract 
general patterns between species and should be interpreted 
in a comparative framework. This comparative approach 
has been successfully applied in several other studies using 
FEA (e.g. Serrano-Fochs et al. 2015; Püschel & Sellers 2016; 
Marcé-Nogué et al. 2017).

CONCLUSIONS

Non-human hominids (i.e., gorilla, chimpanzee and orangu-
tan) can better withstand loads exerted during simulations 
of hard hammer percussion than humans. Among extant 
Hominoidea, the human PP1s were relatively fragile at the 
moment of strike. Our results suggest that in humans the 
forces exerted during forceful precision gripping did not act 
as a strong selective pressure affecting the morphology of the 
first pollical phalanx.
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Appendix 2. — Number of elements (N elements), mesh-weighted arithmetic mean (MWAM), mesh-weighted median (MWM), quartiles values (Q25, 50, 75 and 
95), percentage error of the arithmetic mean (PEofAM) and percentage error of the median (PeofM) for each species and loading scenario, under human-scaled 
conditions. 

INDIVIDUAL SCENARIO
N of 

Elements
MWAM MWM Q25 Q50 Q75 M95 PEofAM PEofM

Modern Human 1 225689 3.7540 2.6128 1.3997 2.6690 5.6844 10.0261 0.7130 2.1509
Modern Human 2 225729 2.5238 1.7800 0.9680 1.8227 3.8100 6.6442 0.7309 2.3997
Modern Human 3 225689 3.8349 2.6530 1.4269 2.7080 5.8135 10.2790 0.7100 2.0714
Modern Human 4 225710 2.6876 1.8662 1.0241 1.9051 4.0670 7.1455 0.7225 2.0867
Neanderthal 1 240478 3.7401 2.7851 1.5604 2.8336 5.3814 9.6489 1.6161 1.7432
Neanderthal 2 240469 2.5277 1.8985 1.0995 1.9326 3.6118 6.4210 1.5858 1.7975
Neanderthal 3 240469 3.8275 2.8449 1.6271 2.8931 5.4883 9.8692 1.6163 1.6943
Neanderthal 4 240471 2.6708 1.9879 1.1443 2.0203 3.8108 6.8892 1.6184 1.6299
Chimpanzee 1 160103 4.1812 3.9750 2.2535 4.0610 5.9939 7.6454 0.0015 2.1631
Chimpanzee 2 160104 2.8698 2.7413 1.5694 2.8039 4.0960 5.1944 0.0004 2.2836
Chimpanzee 3 160046 4.2475 4.0192 2.2864 4.1141 6.0832 7.7941 0.0148 2.3599
Chimpanzee 4 160104 3.0042 2.8468 1.6410 2.9113 4.2753 5.4869 0.0164 2.2646
Gorilla 1 225710 2.6876 1.8662 1.0241 1.9051 4.0670 7.1455 0.7225 2.0867
Gorilla 2 327267 2.4440 2.1049 1.3316 2.1522 3.1882 5.1728 0.1482 2.2471
Gorilla 3 327267 3.7738 3.1737 1.9572 3.2548 5.0131 8.1784 0.1610 2.5570
Gorilla 4 327267 2.6870 2.2688 1.3987 2.3215 3.5807 5.7799 0.1603 2.3228
Orangutan 1 199857 4.0409 3.3878 2.1630 3.4804 5.2597 9.1689 0.6450 2.7344
Orangutan 2 199857 2.7519 2.3201 1.5089 2.3899 3.5526 6.1413 0.6300 3.0085
Orangutan 3 199813 4.1216 3.4543 2.2075 3.5543 5.3691 9.3611 0.6596 2.8941
Orangutan 4 199813 2.9129 2.4571 1.5893 2.5330 3.7670 6.5330 0.6369 3.0885
Gibbon 1 311431 6.3313 5.4576 3.2272 5.5294 8.5269 14.0750 0.1785 1.3156
Gibbon 2 311442 4.3431 3.7514 2.2259 3.8016 5.8425 9.6143 0.1738 1.3370
Gibbon 3 311442 6.4105 5.5281 3.2583 5.6069 8.6284 14.2694 0.1767 1.4247
Gibbon 4 311442 4.5087 3.9023 2.3007 3.9605 6.0438 10.0180 0.1783 1.4927

Appendix 3. — Mesh-weighted arithmetic mean (MWAM), mesh-weighted median (MWM), quartiles values (Q25, 50, 75 and 95), percentage error of the arithmetic 
mean (PEofAM) and percentage error of the median (PEofM) for each species and loading scenario, under chimpanzee-scaled conditions.

SPECIE SCENARIO
N of

Elements
MWAM MWM Q25 Q50 Q75 M95 PEofAM PEofM

Chimpanzee 1 160104 8.0122 7.6599 4.2909 7.8345 11.4830 14.6530 0.0387 2.2794
Chimpanzee 2 160104 5.7312 5.4881 3.0880 5.6170 8.2101 10.4363 0.0341 2.3483
Chimpanzee 3 160104 8.0771 7.7090 4.3233 7.8865 11.5780 14.7960 0.0417 2.3024
Chimpanzee 4 160104 5.8607 5.5899 3.1557 5.7215 8.3844 10.7170 0.0419 2.3534
Modern Human 1 225743 7.5983 5.4469 3.0316 5.5620 11.3770 19.8150 0.7364 2.1135
Modern Human 2 225743 5.3623 3.8494 2.1389 3.9323 8.0325 13.9420 0.7334 2.1536
Modern Human 3 225720 7.6821 5.4907 3.0617 5.6072 11.4980 20.0690 0.7328 2.1222
Modern Human 4 225689 5.5209 3.9340 2.1951 4.0167 8.2813 14.4290 0.7156 2.1020
Neanderthal 1 240469 7.5408 5.7398 3.1415 5.8463 10.7260 19.1300 1.6003 1.8559
Neanderthal 2 240461 5.3229 4.0535 2.2448 4.1316 7.5691 13.4480 1.5817 1.9264
Neanderthal 3 240469 7.6103 5.7887 3.1663 5.8917 10.8170 19.3540 1.6076 1.7799
Neanderthal 4 240460 5.4615 4.1433 2.2936 4.2210 7.7516 13.9010 1.6017 1.8739
Gorilla 1 327267 7.5848 6.5180 4.1315 6.6614 10.0078 15.9652 0.1499 2.2001
Gorilla 2 327267 5.3112 4.5847 2.9071 4.6850 6.9811 11.1340 0.1473 2.1877
Gorilla 3 327267 7.7032 6.5956 4.1665 6.7425 10.1980 16.2770 0.1521 2.2272
Gorilla 4 327267 5.5459 4.7386 2.9746 4.8493 7.3571 11.7390 0.1536 2.3361
Orangutan 1 199857 7.9291 6.5783 4.2297 6.7471 10.3643 18.0617 0.6350 2.5660
Orangutan 2 199857 5.6296 4.6925 3.0326 4.8168 7.3231 12.7377 0.6308 2.6495
Orangutan 3 199782 8.0098 6.6472 4.2716 6.8239 10.4630 18.2554 0.6575 2.6582
Orangutan 4 199782 5.7884 4.8286 3.1119 4.9592 7.5206 13.1060 0.6481 2.7040
Gibbon 1 311442 12.1044 10.4260 6.1984 10.5940 16.2630 26.8950 0.1734 1.6114
Gibbon 2 311431 8.6667 7.4740 4.4483 7.5885 11.6390 19.2340 0.1762 1.5325
Gibbon 3 311442 12.1825 10.4940 6.2322 10.6650 16.3650 27.0820 0.1744 1.6295
Gibbon 4 311442 8.8241 7.6109 4.5179 7.7380 11.8330 19.6238 0.1753 1.6704
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