
at SciVerse ScienceDirect

Journal of Human Evolution 62 (2012) 520e532
Contents lists available
Journal of Human Evolution

journal homepage: www.elsevier .com/locate/ jhevol
Hand pressure distribution during Oldowan stone tool production

Erin Marie Williams a,*, Adam D. Gordon b, Brian G. Richmond a,c

aCenter for the Advanced Study of Hominid Paleobiology, Department of Anthropology, The George Washington University, 2110 G St. NW, Washington, DC 20052, USA
bDepartment of Anthropology, University at Albany e SUNY, 1400 Washington Avenue, Albany, NY 12222, USA
cHuman Origins Program, National Museum of Natural History, Smithsonian Institution, Washington, DC 20560, USA
a r t i c l e i n f o

Article history:
Received 27 June 2011
Accepted 13 February 2012
Available online 23 March 2012

Keywords:
Force
Knapping
Pressure
Thumb
Pollical musculature
* Corresponding author.
E-mail address: emswill@gwmail.gwu.edu (E.M. W

0047-2484/$ e see front matter � 2012 Elsevier Ltd.
doi:10.1016/j.jhevol.2012.02.005
a b s t r a c t

Modern humans possess a highly derived thumb that is robust and long relative to the other digits, with
enhanced pollical musculature compared with extant apes. Researchers have hypothesized that this
anatomy was initially selected for in early Homo in part to withstand high forces acting on the thumb
during hard hammer percussion when producing stone tools. However, data are lacking on loads
experienced during stone tool production and the distribution of these loads across the hand.

Here we report the first quantitative data on manual normal forces (N) and pressures (kPa) acting on
the hand during Oldowan stone tool production, captured at 200 Hz. Data were collected from six
experienced subjects replicating Oldowan bifacial choppers. Our data do not support hypotheses
asserting that the thumb experiences relatively high loads when making Oldowan stone tools. Peak
normal force, pressure, impulse, and the pressure/time integral are significantly lower on the thumb than
on digits 2 and/or digit 3 in every subject. Our findings call into question hypotheses linking modern
human thumb robusticity specifically to load resistance during stone tool production.

� 2012 Elsevier Ltd. All rights reserved.
Introduction

Humankind’s command of technology is commonly cited as an
essential component of what defines us as Homo sapiens. Conse-
quently, the origin of our relationship with technology is a subject
of intense interest across a range of disciplines. The manufacture of
stone tools, the earliest form of technology in the archaeological
record (Semaw, 2000), is regarded as a principal selective pressure
that may have acted on some aspects of early human evolution,
such as cognition (Holloway, 1969; Stout et al., 2008; Faisal et al.,
2010) and hand and wrist anatomy (Napier, 1965; Marzke, 1997;
Tocheri et al., 2007). In regard to the latter, anatomically modern
H. sapiens possess a number of derived features that enhance our
ability to forcefully grasp and manipulate small objects in a single
hand, two important components of stone tool production (Marzke
and Shackley, 1986). These include short, relatively straight
phalanges, broad apical tufts on the distal phalanges, and carpal
and carpometacarpal shapes and articular orientations that allow
simultaneous flexion and rotation of the second and fifth meta-
carpals, among others (Napier, 1962; Lewis, 1977; Susman, 1979,
1994; Panger et al., 2002). The thumb, in particular, has been
illiams).
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directly linked to stone tool production and is hypothesized to have
been selected to generate high forces and withstand the high
repetitive percussive forces experienced during stone tool
production (Marzke, 1992; Susman, 1994; Tocheri et al., 2007).
However, the data on manual pressure during stone tool produc-
tion that are needed to evaluate such hypotheses have not been
available until now. Here we present the first quantitative data on
the manual pressures and normal forces experienced during stone
tool production, and their distribution across the hand. Data were
collected from six stone tool makers (i.e., knappers) experienced in
the replication of Oldowan stone tool industries, using a high speed
manual pressure sensor system and 3-Dmotion capture technology
(both recording at 200 Hz). With these data, we test the hypothesis
that during the production of Oldowan stone tools, the thumb is
subject to normal force and/or pressure at least as high as other
regions of the hand.

The association between modern humans’ derived thumb
anatomy and stone tool production has been proposed due to the
key role the thumb plays in hand function and the relatively large
number of derived anatomical features that contribute to our
ability to forcefully oppose the thumb with the finger digits while
resisting high loads and maintaining joint stability. For example,
the modern human thumb is unusually robust, particularly at the
metacarpal base and head, which helps to resist increased joint
forces due to our enhanced thumbmusculature (Susman,1994).We
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have a relatively flat first carpometacarpal joint (Guthrie, 1991;
Marzke et al., 2010) and the highest mean thumb length to index
finger length ratio of all extant primates (Napier, 1993). Together
these assist in true thumb-to-finger opposition, which is necessary
for precision handling. Our carpals are also oriented in a manner
such that they are better able to withstand forces directed into the
thumb, as has been hypothesized to occur during stone tool
manufacture, compared with the condition seen in extant African
apes, the likely primitive condition (Tocheri et al., 2007, 2008).

H. sapiens also possess a unique representation of pollical
muscles, including two ventrally derived pollical muscles and one
dorsally derived pollical muscle, all of which cross the first meta-
carpophalangeal joint. Nearly all other primates lack these three
muscles: what has been called the ‘first volar interosseous of
Henle,’ an extensor pollicis brevis, and an independent flexor pol-
licis longus (FPL) muscle (Susman et al., 1999; Diogo et al., in
review). The first muscle is a small intrinsic hand muscle found in
the majority (about 90%) of people (Diogo et al., in review) and is
hypothesized to either extend the thumb at the interphalangeal
joint while assisting adductor pollicis in thumb adduction or to
provide sensory information concerning thumb position (Susman
et al., 1999). The second muscle is an extrinsic hand muscle,
which in humans inserts into the first phalanx to assist extensor
pollicis longus and abductor pollicis brevis with thumb extension.
By inserting onto the thumb’s proximal phalanx, it enables the
thumb to be in an extended posture while flexing the thumb tip
(distal phalanx) against an object. The last muscle, FPL, is also an
extrinsic thumb muscle, though far larger than extensor pollicis
brevis. It comprises approximately 22% of the thumb’s total
muscular physiological cross-sectional area (Marzke, 1997). In
humans, the muscle belly of FPL is completely (w70%) or largely
(w30%) separate from that of flexor digitorum profundus, unlike
the condition found in all other primates except hylobatids (Straus,
1942; Diogo et al., in review). In hylobatids, the FPL muscle belly is
anatomically separated from the flexor digitorum profundus
muscle, but they have a unique configuration with a variably
present connective tissue ‘shunt’ that connects the tendons of the
twomuscles, often at the level of the carpus. Tuttle (1969) proposes
that this shunt functions to coordinate flexion under specific
conditions, a hypothesis supported by Susman’s (1994) observation
in one gibbon that stimulation of the FPL also produced some finger
flexion. Therefore, modern humans are derived in having an FPL
that constitutes a separate muscle capable of strong thumb flexion
independent of the flexion of other digits.

FPL in particular is widely hypothesized to play a significant role
during stone tool manufacture (e.g., Susman, 1988, 1994; Marzke,
1992; Hamrick et al., 1998; Wood and Richmond, 2000). Indeed,
the presence of a large insertion site on the volar side of the pollical
distal phalanx for the FPL has historically been interpreted as
sufficient to infer tool-making capabilities (Napier, 1962; Susman,
1988, 1994; Ricklan, 1990). However, the presence of the FPL
insertion site in distal pollical phalanges of Miocene hominoids
such as Proconsul (Begun et al., 1994) and Oreopithecus (Moyà-Solà
et al., 1999), as well as early hominins such as Orrorin at almost
6 Ma (millions of years ago) (Almécija et al., 2010), Ardipithecus
(Lovejoy et al., 2009), and Australopithecus afarensis (Ward et al., in
press), strongly suggests that the Pan-Homo last common ancestor
possessed a tendon from a deep extrinsic flexor muscle. Whether
that muscle was an independent FPL or the first-digit component of
a flexor digitorum profundus is not known. However, it is now clear
that the presence of an insertion site for this tendon is not sufficient
evidence to infer stone tool-making abilities as previously thought.

At some point during human evolution, the FPL became an
independent muscle with an important role in manipulation. FPL’s
hypothesized contribution to stone tool production is the primary
role it plays during strong pinching activities, allowing for forceful
opposition of the thumb against the other digits, which act in
concert to stabilize objects held between the thumb and fingers.
Researchers argue that this strong precision pinching ability helps
ensure a firm grip on the hammerstone in order to resist ham-
merstone displacement throughout the knapping swing and
particularly at the strike (Susman, 1994, 1998; Marzke, 1997;
Hamrick et al., 1998).

Regarding thumb robusticity, researchers (e.g., Susman, 1994,
1998; Marzke, 1997) have interpreted the gracile thumb
morphology of Australopithecus as too gracile to habitually generate
the forces and resist the stresses involved inmaking primitive stone
tools, and they have argued that the robust thumb of Homo evolved
at least in part as a result of selective pressures for this activity. This
hypothesis predicts that the robust thumbs of modern humans
would experience forces at least as high as the forces on other
digits. In other words, human thumbs are expected to have enough
robusticity to keep the stresses on the thumb at least as low as the
stresses on the other digits. Rolian et al.’s (2011) results provide
some support for this hypothesis. Their experiments recorded
forces on the thumb that were significantly higher than those on
the index finger when subjects simulated stone tool-making by
striking an instrumented brass ‘simulated hammerstone’ against
a rubber target. Here we build on this work with an experimental
setup that measures normal forces and pressures acting across the
entire palmar surfaces of the thumb, index, and middle fingers of
experienced knappers while making Oldowan tools. Using this
setup, this study presents the first data on the forces acting on the
hand during stone tool production by experienced knappers in
order to test the hypotheses that the loads experienced by the
thumb are as high or higher that those experienced by other digits
and, consequently, whether the thumb is over-built or adequately-
built for the loads experienced during tool production.

Methods

Normal force (N) and pressure (kPa) datawere captured from six
subjects (Subjects AeF) during the production of Oldowan bifacial
choppers (two tools per subject, 148 swings). Associated kinematic
data were captured from five of the six subjects. Informed consent
was obtained from each subject prior to experimentation. Data
were captured in The George Washington University’s Motion
Capture and Analysis laboratory in Washington, DC.

Five males (Subjects AeC, E and F) and one female (Subject D)
participated in the study. All subjects were professional archaeol-
ogists or archaeology graduate students familiar with Oldowan tool
typologies and proficient in the production of Oldowan tools. All
subjects were healthy adults, free from muscular and/or osteolog-
ical arm, forearm, and hand conditions, which may have compro-
mised their motion patterns. Subjects BeF were right-hand
dominant, Subject A was left-hand dominant.

All reduction sequences were conducted on nodules of cortex-
free raw English flint. English flint was selected for use because it
is more homogeneous and less likely to include random inclusions
that may influence the data in a non-uniform manner compared
with other raw materials commonly used for the manufacture of
stone tools (e.g., basalt). Early Oldowan tools were made from
a variety of stone types, and some of the most common raw
materials such as basalt (Braun et al., 2010) are commonly
heterogeneous materials that vary in composition. This variability
introduces considerable variation in mechanical properties, such as
toughness, stiffness, and ‘durability’ (Braun et al., 2009). Because of
this complexity, we designed this study’s experiments to hold
constant as many variables as possible. The flint used in these
experiments offers the advantage of being relatively homogeneous



Figure 1. Example of an Oldowan style bifacial chopper, produced by Subject E. The edge is shown from two sides.

Table 1
Timing of cumulative peak normal force (strike) in relation
to peak angular acceleration.

Subject Seconds � CI

A 0.008 � 0.0096
B 0.002 � 0.0009
C �0.0005 � 0.0016
D �0.001 � 0.0016
E 0.0005 � 0.001

Negative results indicate cumulative peak normal force
occurred before peak angular acceleration. Positive results
indicate cumulative peak normal force occurred after peak
angular acceleration.
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in its mechanical properties. Subjects were given two fist-sized flint
‘cobbles’, which were knobs of flint that had been removed from
larger nodules, and were requested to produce an Oldowan bifacial
chopper from each cobble with no more than 15 flake removals per
chopper (Fig. 1). Each subject was allowed to select a hammerstone
of his or her choosing from among a group of 12 hammerstones
weighing <0.75 kg each. The sole stipulation placed on hammer-
stone selectionwas the knapper’s ability towield the hammerstone
using only the first through third digits during stone tool produc-
tion. Most employed a three-jaw chuck grip or a variant of that grip.
Previous knapping experiments have demonstrated that the three-
jaw chuck would have been particularly effective in Oldowan stone
tool production, and modern hand morphology has been related
specifically to this grip (Marzke and Shackley, 1986; Marzke, 1992,
1997). Additionally, hominins as early as A. afarensis and Austral-
opithecus africanus would have been capable of using a three-jaw
chuck grip to grasp large objects such as a hammerstone (Marzke,
1997), given their near-modern thumb:finger length proportions
(Alba et al., 2003; Green and Gordon, 2007). However, as is always
the casewhen conducting experiments using amodel organism, we
cannot replicate the anatomy of extinct hominin species, injecting
a degree of uncertainty into interpretations made about biome-
chanics in extinct taxa (Susman, 1998). All knapping occurred with
the subjects seated in a wooden chair (seat height ¼ w46 cm). The
subjects all naturally assumed similar knapping positions, with the
core nodule resting against one leg (i.e., the left leg for right-handed
subjects, the right left for left-handed subjects) and the hammer-
stone held in their dominant hand. The subjects naturally employed
a standard knapping swing (Williams et al., 2010) to remove flakes,
swinging with their dominant hand and arm across their midline to
the core. Up to three leather pads (5 mm thick) were laid across
subjects’ core-leg to protect it from injury.

Dynamic normal force and pressure data were captured using
a Novel Pliance pressure sensor system. The Pliance system is
comprised of three sensor strips (100 � 10 mm2), each connected
via a sensor cable to a Pliance-x electronic analyser. Each sensor
strip contains ten sensor elements (area of each element:
10 � 10 mm2, thickness of each sensor strip: <1.2 mm) arranged in
a single row and embedded between two thin sheets of rubber
coating (thickness of rubber coating: 0.1e0.6 mm). A 1 cm exten-
sion of the rubber coating (i.e., the lead) extends off of the distal end
of each sensor strip. Sensors strips were connected to the palmar
sides of subjects’ first through third digits. The strips were held in
place by wrapping the lead around the distal phalanx from the
palmar side to dorsal side of the digit and taping the lead onto the
dorsal side of the digit. Care was taken to avoid placing any tape on
the section of the strips containing sensor elements. Finger
condoms were placed over each digit to further secure the sensor
strip. The sensor strips travelled across the palm and wrist to
connect to the sensor cable just proximal to the wrist. The trailing
end of each sensor strip was held in place at the wrist using a small
strip of Velcro. Within each strip, the sensor elements stopped
approximately at the metacarpal head while the element-free strip
continued across the entire palm and wrist. Proximal to the wrist,
sensor cables were connected to the Pliance-x electronic analyser.
The Pliance-x electronic analyser was placed either in a utility belt
worn by each subject or on a small table next to the subject. Both
positions rendered it out of the knapping swing path.

The five subjects fromwhom kinematic data were collected also
wore a fingerless glove (rayon/cotton/rubber blend) fitted with five
10 mm diameter reflective markers to capture corresponding
kinematic data. Each glove had separate holes for the thumb and
index fingers, and a single large hole for the remaining digits.
Reflective markers were placed at the following landmarks on the
dominant hand: the radial and ulnar styloid processes (RSP and
USP, respectively), andmetacarpal (MC) heads I, II and V. Additional
markers were placed on the olecranon process (OP) and on the
point of the shoulder (SH). Marker bases were taped to the subjects
using double-sided tape to prevent their displacement.

A Vicon kinematics motion capture system was used to capture
the knapping motions of Subjects AeE. The system uses high speed
infrared cameras to record the position of the reflective markers
affixed to each subject. Up to eight cameras were used to record
each subject’s motion from various angles to provide multiple
views of the same movements. During data collection, the subjects
and markers move across a calibrated space, allowing extraction of
each landmarks’ coordinates from which is it possible to derive
landmark velocities and accelerations, joint angles, and joint
angular velocities and accelerations. Coordinate data were
compiled to create a 3-Dmodel of the relevant anatomical region. A
digital camera (60 Hz) was also used to capture digital images of the
reduction sequence to verify subject behaviour.

After each subject was fitted with the sensor strips and glove,
the Pliance systemwas unloaded to factor out the pressure exerted



Figure 2. Relationship between angular acceleration (mm/s2) at the wrist (solid line) and peak cumulative normal force acting across all three sensor strips (dashed line) averaged
over 24 swings for Subject A. The vertical line indicates strike.
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by the attachment apparatus. Subjects then progressed through the
production of two Oldowan bifacial choppers. Each removed simple
flakes from the flint nodule by striking the hammerstone, against
the nodule as described above. Normal force, pressure, and
Table 2
Peak normal force (N) and pressure (kPa).

Peak normal N

Subject A, n ¼ 24
Ray I Ray II Ray III

Mean 27.652 26.870 28.859
Ray I e e e

Ray II 0.860 e e

Ray III 0.036 0.000 e

Subject B, n ¼ 36
Ray I Ray II Ray III

Mean 45.046 59.239 51.398
Ray I e e e

Ray II 0.001 e e

Ray III 0.055 0.004 e

Subject C, n ¼ 28
Ray I Ray II Ray III

Mean 28.313 46.031 47.609
Ray I e e e

Ray II 0.000 e e

Ray III 0.004 0.160 e

Subject D, n ¼ 13
Ray I Ray II Ray III

Mean 20.519 39.058 21.539
Ray I e e e

Ray II 0.001 e e

Ray III 1.000 0.001 e

Subject E, n ¼ 29
Ray I Ray II Ray III

Mean 3.917 50.286 18.583
Ray I e e e

Ray II 0.000 e e

Ray III 0.000 0.000 e

Subject F, n ¼ 18
Ray I Ray II Ray III

Mean 5.885 34.442 16.231
Ray I e e e

Ray II 0.000 e e

Ray III 0.000 0.000 e

Mean peak normal force and pressure occurring along each digit at any point during the s
of swings for each subject. Bolded results indicate that the second or third digit is signifi
kinematic data were captured at 200 Hz. Recording was paused
after the production of each flake and each flake was retrieved.

Associated kinematic data was captured for Subjects AeD
(n ¼ 130 swings). Those swings with missing data were removed
Peak kPa

Subject A, n ¼ 24
Ray I Ray II Ray III

Mean 191.090 168.478 156.630
Ray I e e e

Ray II 0.089 e e

Ray III 0.031 1.000 e

Subject B, n ¼ 36
Ray I Ray II Ray III

Mean 166.250 222.841 213.977
Ray I e e e

Ray II 0.000 e e

Ray III 0.107 0.228 e

Subject C, n ¼ 28
Ray I Ray II Ray III

Mean 93.281 173.594 213.594
Ray I e e e

Ray II 0.000 e e

Ray III 0.000 1.000 e

Subject D, n ¼ 13
Ray I Ray II Ray III

Mean 60.385 190.192 114.808
Ray I e e e

Ray II 0.000 e e

Ray III 0.001 0.005 e

Subject E, n ¼ 29
Ray I Ray II Ray III

Mean 15.119 145.357 57.976
Ray I e e e

Ray II 0.000 e e

Ray III 0.000 0.000 e

Subject F, n ¼ 18
Ray I Ray II Ray III

Mean 27.308 110.962 39.808
Ray I e e e

Ray II 0.000 e e

Ray III 0.018 0.000 e

wing and p-values from post-hoc pair-wise ManneWhitney U tests. n ¼ the number
cantly greater than the first.
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from the sample set, resulting in 98 sets of associated normal force/
pressure and kinematics data. Swings were sectioned into up-
swing, pre-strike down-swing, and post-strike down-swing
(Williams et al., 2010). The position of the radial styloid process was
used as a proxy for the wrist’s position. Up-swing was defined as
encompassing the instant of the wrist’s lowest vertical position
immediately prior to the initiation of the wrist’s vertical ascent
through the instant of the wrist’s highest vertical position imme-
diately prior to beginning a downward trajectory. Pre-strike down-
swing was defined as encompassing the instant immediately after
the wrist reached its highest vertical position through the instant
immediately prior to strike. Post-strike down-swing was defined as
encompassing the instant immediately after strike through the
wrist’s lowest post-strike vertical position.

The coupling of kinematic and force data verified that strike is
coincident with the moment of cumulative peak normal force
across all three digits. Our results confirm Werremeyer and Cole’s
(1997) report that peak grip force is associated with peak angular
acceleration. In our experiments, peak cumulative force acting
across all three sensor strips occurs at nearly the same instant as
peak angular acceleration at the wrist (extension to flexion),
occurring within two frames or 0.01 s of each other (Table 1, Fig. 2).
This also corroborates our previous report (Williams et al., 2010)
that peak angular acceleration is temporally associated with strike,
occurring 0.032 s prior to strike when recorded at 50 Hz. Thus, in
the experiments reported in this study, cumulative peak normal
force across digits one through three is regarded as strike.

Captured pressure and normal force data were analyzed on
a per-swing basis for each subject. Peak pressures and peak normal
forces acting on each digit were recorded for each swing, as well as
Figure 3. Peak normal force and pressure occurring at any time during the knapping swin
respectively) acting on the first, second and third digits. Colours on the hand in the upper r
pressures and normal forces occurring at strike. Peak pressures
reported for each digit may occur on any of the ten sensor elements
within a given sensor strip. For each sensor strip, normal force at
time (t) is the sum of pressures along that strip occurring at time (t)
divided by 10 (1 N/cm2 ¼ 10 kPa). Peak normal force reports the
peak normal force for a given sensor strip for a given swing. Peak
pressure and peak normal force occurring within a given sensor
strip frequently constitute a series of moments distinct from the
instant of cumulative peak force across all digits (i.e., strike).
Impulse and pressureetime integrals were also calculated for each
digit during each swing. A nonparametric KruskaleWallis test was
used to test for differences among the digits. P-values were deter-
mined using a post-hoc pair-wise ManneWhittney U test and
treated with a standard Bonferroni correction to determine
significance. ManneWhitney pair-wise P-values weremultiplied by
the number of pair-wise comparisons made and determined
significant if they were <0.05 (Zar, 1996).

Results

Across all six subjects, peak normal forces during knappingwere
significantly greater on the second and/or third digits compared to
the first digit (p < 0.04, Table 2, Fig. 3a). Peak pressures occurring
anywhere along each digit at any point in the knapping swing were
similarly distributed. Peak pressures were significantly greater on
the second and/or third digits compared with the first (p < 0.04,
Table 2, Fig. 3b). Mean normal force and peak pressure acting on the
first digit was greater compared with the means of the second and/
or third digits in only one subject (Subject A), however, this
difference was insignificant.
g (a and b, respectively) and normal force and pressure occurring at strike (c and d,
ight corner correspond to first (white), second (dark grey), and third (light grey) digits.
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Manual normal force distribution at strike was similar to the
distribution of peak normal force and pressure. Normal forces
acting on the second and/or third digits were significantly greater
than those acting on the first digit across all six subjects (p � 0.03,
Table 3, Fig. 3c). Pressures acting anywhere along a given digit at
strike were significantly greater on the second and third digits
compared with the first digit in all six subjects (p � 0.001, Table 3,
Fig. 3d). Mean normal force and pressure at strike were never
greater, significantly or otherwise, on the first compared with
either the second or third digits.

Impulse (i.e., force applied over time) and the pressureetime
integral consider not only the load applied, but the duration over
which the load is experienced. Results for both impulse and
pressureetime integrals were significantly greater on the second
and/or third digits compared with the first for five of six subjects
(all subjects other than Subject D, p < 0.03 and p < 0.0001, Table 4,
Fig. 4a and b). Differences between the first and second and first
and third digits were insignificant in Subject D.

Using corresponding kinematic data, normal forces and pres-
sures were separated into up-swing, pre-strike down-swing, and
post-strike down-swing for five subjects (AeE). During up-swing,
two of the five subjects displayed significant differences between
peak normal forces across the digits (second and third significantly
greater than first, Subjects B and E). All other differences were
Table 3
Normal force (N) and pressure (kPa) at strike.

Peak normal N

Subject A, n ¼ 24
Ray I Ray II Ray III

Mean 20.531 23.344 25.885
Ray I e e e

Ray II 0.104 e e

Ray III 0.004 0.000 e

Subject B, n ¼ 36
Ray I Ray II Ray III

Mean 44.319 57.979 48.750
Ray I e e e

Ray II 0.000 e e

Ray III 0.030 0.004 e

Subject C, n ¼ 28
Ray I Ray II Ray III

Mean 23.063 47.750 37.786
Ray I e e e

Ray II 0.000 e e

Ray III 0.004 0.160 e

Subject D, n ¼ 13
Ray I Ray II Ray III

Mean 18.673 38.904 20.327
Ray I e e e

Ray II 0.001 e e

Ray III 1.000 0.001 e

Subject E, n ¼ 29
Mean 2.638 49.724 16.638

Ray I Ray II Ray III
Ray I e e e

Ray II 0.000 e e

Ray III 0.000 0.000 e

Subject F, n ¼ 18
Ray I Ray II Ray III

Mean 2.611 29.486 15.667
Ray I e e e

Ray II 0.000 e e

Ray III 0.000 0.000 e

Mean strike normal force and pressure occurring along each digit and p-values from post-
results indicate that the second or third digit is significantly greater than the first.
insignificant between the first and second and first and third
(Table 5, Fig. 5a). Peak pressures were significantly greater on both
the second and third compared with the first in three of the five
subjects (B, C, and E) and significantly greater on the third
compared with the first in Subject D (Table 5, Fig. 5b). Subject A did
not exhibit significant differences in pressure. During pre-strike
down-swing and post-strike down-swing, peak normal forces
were significantly greater on the second and/or third digits
comparedwith the first digit in all subjects (p< 0.02, Tables 6 and 7,
Fig. 5c and e). Peak pressures during the pre-strike and post-strike
phases were significantly greater on both the second and third
digits compared with the first in all subjects (p < 0.015 and
p < 0.035, respectively, Tables 6 and 7, Fig. 5d and f).

Discussion

Our results do not support the hypothesis that human thumb
robusticity evolved in response to elevated stresses compared with
other regions of the hand during the making of stone tools, as the
modern human thumb is ‘over-built’ for this activity. Our experi-
ments show that the thumb experiences normal forces and/or
pressures lower than the other digits during the production of
Oldowan stone tools (Fig. 6). Peak and strike normal forces and
pressures, impulse, and pressure-time integrals were consistently
Peak kPa

Subject A, n ¼ 24
Ray I Ray II Ray III

Mean 116.150 147.190 135.210
Ray I e e e

Ray II 0.001 e e

Ray III 0.000 1.000 e

Subject B, n ¼ 36
Ray I Ray II Ray III

Mean 115.208 216.806 206.597
Ray I e e e

Ray II 0.000 e e

Ray III 0.001 0.228 e

Subject C, n ¼ 28
Ray I Ray II Ray III

Mean 70.446 161.786 149.464
Ray I e e e

Ray II 0.000 e e

Ray III 0.000 1.000 e

Subject D, n ¼ 13
Ray I Ray II Ray III

Mean 39.808 184.615 94.423
Ray I e e e

Ray II 0.000 e e

Ray III 0.001 0.005 e

Subject E, n ¼ 29
Mean 10.517 133.534 48.707

Ray I Ray II Ray III
Ray I e e e

Ray II 0.000 e e

Ray III 0.000 0.000 e

Subject F, n ¼ 18
Ray I Ray II Ray III

Mean 7.778 87.500 33.889
Ray I e e e

Ray II 0.000 e e

Ray III 0.000 0.000 e

hoc pair-wise ManneWhitney U tests. n¼ number of swings for each subject. Bolded



Table 4
Impulse and kPaetime integral.

Impulse kPa/time integral

Subject A, n ¼ 24 Subject A, n ¼ 24
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 7.605 9.435 9.268 Mean 43.267 67.512 61.093
Ray I e e e Ray I e e e

Ray II 0.010 e e Ray II 0.000 e e

Ray III 0.027 1.000 e Ray III 0.000 1.000 e

Subject B, n ¼ 36 Subject B, n ¼ 36
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 17.061 21.194 17.340 Mean 47.408 86.863 60.738
Ray I e e e Ray I e e e

Ray II 0.000 e e Ray II 0.000 e e

Ray III 1.000 0.000 e Ray III 0.306 0.000 e

Subject C, n ¼ 28 Subject C, n ¼ 28
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 13.933 12.354 17.540 Mean 44.357 53.310 78.151
Ray I e e e Ray I e e e

Ray II 0.070 e e Ray II 0.352 e e

Ray III 0.006 0.000 e Ray III 0.000 0.000 e

Subject D, n ¼ 13 Subject D, n ¼ 13
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 12.919 11.214 12.534 Mean 12.919 11.214 12.534
Ray I e e e Ray I e e e

Ray II 0.655 e e Ray II 0.655 e e

Ray III 1.000 1.000 e Ray III 1.000 1.000 e

Subject E, n ¼ 29 Subject E, n ¼ 29
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 0.584 16.284 5.075 Mean 3.031 47.867 18.650
Ray I e e e Ray I e e e

Ray II 0.000 e e Ray II 0.000 e e

Ray III 0.000 0.000 e Ray III 0.000 0.000 e

Subject F, n ¼ 18 Subject F, n ¼ 18
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 1.876 9.106 8.103 Mean 6.322 27.948 15.592
Ray I e e e Ray I e e e

Ray II 0.000 e e Ray II 0.000 e e

Ray III 0.000 0.375 e Ray III 0.000 0.000 e

Mean impulse and kPa/time integrals and p-values from post-hoc pair-wise ManneWhitney U tests. n ¼ number of swings for each subject. Bolded results indicate that the
second or third digit is significantly greater than the first.
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significantly greater on the second and/or third digits compared
with the first digit in all analyses. Normal force and pressure acting
on the thumb were never significantly greater compared with
either of the other digits, and were insignificantly greater in only
Figure 4. Impulse (a) and pressure-time integral (b) acting on digits 1, 2, and 3 through
correspond to first (white), second (dark grey), and third (light grey) digits.
Subject A in the analysis of peak pressures (Table 2, Fig. 3a and b).
Corresponding kinematic data demonstrate that differences in
normal force and pressure distribution across the three digits are
not consistently present during up-swing. However, these
the entirety of the knapping swing. Colours on the hand in the upper right corner



Table 5
Peak normal force and pressure during up-swing.

Peak normal N Peak kPa

Subject A
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 11.075 10.350 10.388 Mean 80.625 74.625 68.000
Ray I e e e Ray I e e e

Ray II 1.000 e e Ray II 0.444 e e

Ray III 0.718 1.000 e Ray III 0.640 1.000 e

Subject B
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 18.264 27.564 21.400 Mean 51.786 108.643 86.071
Ray I e e e Ray I e e e

Ray II 0.000 e e Ray II 0.000 e e

Ray III 0.004 0.000 e Ray III 0.000 0.020 e

Subject C
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 15.988 16.900 18.263 Mean 54.375 71.875 81.875
Ray I e e e Ray I e e e

Ray II 1.000 e e Ray II 1.000 e e

Ray III 0.655 1.000 e Ray III 0.004 0.250 e

Subject D
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 14.500 15.577 15.212 Mean 35.385 75.385 82.500
Ray I e e e Ray I e e e

Ray II 1.000 e e Ray II 0.031 e e

Ray III 1.000 1.000 e Ray III 0.000 1.000 e

Subject E
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 0.100 11.600 4.625 Mean 1.000 27.500 21.750
Ray I e e e Ray I e e e

Ray II 0.001 e e Ray II 0.001 e e

Ray III 0.001 0.006 e Ray III 0.001 1.000 e

Mean peak normal force and pressure during the up-swing phase of the knapping swing and p-values from post-hoc pair-wise ManneWhitney U tests. Bolded results indicate
that the second or third digit is significantly greater than the first.
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differences are established prior to strike during the pre-strike
phase of down-swing and continue to the strike event, when
total cumulative force reached its peak, and through the post-strike
down-swing phase (Tables 5e7, Fig. 5).

Hand posture can explain the observation of higher forces on
the second and third digits relative to the thumb. The force of the
impact of the hammerstone against the core causes an equal and
opposite reaction force on the hammerstone. This reaction force,
according to Newton’s Third Law, is applied with equal magnitude
in the direction opposite to the strike. Therefore, where the
hammerstone reaction force acts on the hand depends on the size
and shape of the hammerstone, and the hand posture adopted by
the knapper. In our experiments, the knappers primarily used
a three-jaw chuck grip (Marzke, 1997) in which the hammerstone
was stabilized by the distal phalanges of the first through third
digits (Fig. 7) and strike occurred approximately opposite the
second and third digits (Marzke and Shackley, 1986), as the wrist
flexed from a position of peak extension (Williams et al., 2010).
Because the second and third digits were positioned over the
hammerstone opposite the point of strike, these fingers rather
than the thumb, experienced the highest pressures on the hand.
The thumb clearly plays an important role in maintaining the
hammerstone’s position and preventing it from being displaced
from the hand. However, this function does not require the high
forces acting on other digits.

These results highlight the importance of hand posture and
hammerstone size and shape on hand function and force distri-
butions on the hand during stone tool-making and other manual
activities. Early researchers (e.g., Napier, 1956, 1965) displayed the
thumb as being wrapped around the hammerstone and medially
rotated towards the third and forth digits so that it lay in full
opposition to the fingers. However, in this posture, the thumb
would be vulnerable to being crushed between the core and the
hammerstone at strike. Ricklan (1987) instead considered the
knapping swing to be similar to a traditional hammering swing.
Others, however, have regarded the two swings as constituting
distinctly different motion patterns (e.g., Hamrick et al., 1998). The
results of our knapping kinematics studies have upheld this
distinction. We found that the knapping swing relies primarily on
wrist extension and flexion, with the forearm pronated and the
palm facing the nodule, rather than on radial and ulnar deviation
(Williams et al., 2010). Together, this pattern of wrist motion with
this forearm orientation allows the knapper to execute a wrist snap
immediately prior to strike and to aim from his or her most distal
joint (i.e., the wrist), a common motion sequence that increases
angular velocity at the wrist and improves accuracy (Hore et al.,
1996; Chowdhary and Challis, 1999; Williams et al., 2010). The
emphasis onwrist extension and flexion necessitates that the palm
of the hand is oriented towards the nodule. The hammerstone,
when held in a typical three-jaw chuck grip, is in direct contact
with the second and third distal ends of the phalanges so that
throughout swing and at strike, the reaction force is directed
towards this anatomical region (Figs. 6and 7). These findings
support Marzke and Shackley’s (1986) qualitative observations, and
contradict the hypothesis that the hand is oriented in the tradi-
tional precision grip with the thumb in full opposition (i.e., medi-
ally rotated) described by Napier (1956, 1965) or a ‘hammering’
swing (Ricklan, 1987).



Figure 5. Peak normal force and pressure during each phase of the knapping swing, acting on the first, second, and third digits. (a) Peak normal force during up-swing, (b) Peak
pressure during up-swing, (c) Peak normal force during pre-strike down-swing, (d) Peak pressure during pre-strike down-swing, (e) Peak normal force during post-strike down-
swing, (f) Peak pressure during post-strike down-swing. Colours on the hand in the upper right corner correspond to first (white), second (dark grey), and third (light grey) digits.
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Results from the present study and our kinematics studies
(Williams et al., 2010, 2011) suggest that knappers employ the
thumb as a buttress against the side of the hammerstone in
a modified precision grip (Marzke et al., 1998). When used as
a buttress, and in combination with the knapping swing (Williams
et al., 2010), the thumb is necessarily abducted and slightly
extended (Fig. 7). EMG data of muscle recruitment during stone
tool production indirectly supports this reinterpretation of the
thumb’s role during knapping (Marzke et al., 1998). Marzke et al.
(1998) found that FPL was not consistently strongly recruited in
the dominant hand, suggesting that strong pinching activities were
not occurring. They hypothesized that the low activity levels in FPL
were due to a) extension of the pollical distal phalanx rather than
flexion during knapping, and b) the avoidance of grips which
strongly recruited FPL because they lead to rapid fatigue of the
muscle. Activity in the intrinsic thumb and index finger muscles
did, however, display a consistent tendency to peak during the
swing.



Table 6
Peak normal force and pressure during pre-strike down-swing.

Peak normal N Peak kPa

Subject A
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 19.738 23.813 26.713 Mean 114.875 149.375 140.625
Ray I e e e Ray I e e e

Ray II 0.243 e e Ray II 0.009 e e

Ray III 0.000 0.686 e Ray III 0.001 1.000 e

Subject B
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 41.214 57.643 47.586 Mean 145.286 212.357 186.143
Ray I e e e Ray I e e e

Ray II 0.000 e e Ray II 0.000 e e

Ray III 0.001 0.004 e Ray III 0.003 0.023 e

Subject C
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 22.088 48.875 34.638 Mean 70.750 163.375 131.750
Ray I e e e Ray I e e e

Ray II 0.000 e e Ray II 0.000 e e

Ray III 0.016 0.033 e Ray III 0.012 0.820 e

Subject D
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 18.731 32.039 20.039 Mean 48.077 148.462 106.538
Ray I e e e Ray I e e e

Ray II 0.001 e e Ray II 0.000 e e

Ray III 1.000 0.008 e Ray III 0.000 0.082 e

Subject E
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 2.000 54.675 17.900 Mean 11.750 147.500 60.250
Ray I e e e Ray I e e e

Ray II 0.001 e e Ray II 0.001 e e

Ray III 0.001 0.001 e Ray III 0.001 0.001 e

Mean peak normal force and pressure during the pre-strike down-swing phase of the knapping swing and p-values from post-hoc pair-wise ManneWhitney U tests. Bolded
results indicate that the second or third digit is significantly greater than the first.

Table 7
Peak normal force and pressure during post-strike down-swing.

Peak normal N Peak kPa

Subject A
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 21.813 22.838 25.825 Mean 123.750 146.750 146.875
Ray I e e e Ray I e e e

Ray II 0.702 e e Ray II 0.007 e e

Ray III 0.014 1.000 e Ray III 0.001 1.000 e

Subject B
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 44.243 55.457 44.221 Mean 159.571 219.286 189.857
Ray I e e e Ray I e e e

Ray II 0.000 e e Ray II 0.000 e e

Ray III 0.693 0.000 e Ray III 0.033 0.040 e

Subject C
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 23.188 47.700 36.025 Mean 73.875 163.375 138.625
Ray I e e e Ray I e e e

Ray II 0.000 e e Ray II 0.000 e e

Ray III 0.015 0.088 e Ray III 0.014 1.000 e

Subject D
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 18.904 35.077 20.442 Mean 57.115 170.385 110.192
Ray I e e e Ray I e e e

Ray II 0.001 e e Ray II 0.000 e e

Ray III 1.000 0.003 e Ray III 0.003 0.036 e

Subject E
Ray I Ray II Ray III Ray I Ray II Ray III

Mean 1.400 53.700 18.750 Mean 7.500 140.750 54.750
Ray I e e e Ray I e e e

Ray II 0.001 e e Ray II 0.001 e e

Ray III 0.001 0.001 e Ray III 0.001 0.002 e

Mean peak normal force and pressure during the post-strike down-swing phase of the knapping swing and p-values from post-hoc pair-wise ManneWhitney U tests. Bolded
results indicate that the second or third digit is significantly greater than the first.



Figure 6. Typical peak pressure distribution across the thumb, second, and third
fingers of experienced knappers when making Oldowan tools. Note that the highest
pressures occur on the distal phalanges of the second and third fingers. Pressures on
the thumb peak around strike, when the thumb acts to stabilize the hammerstone
from moving, however, pressures on the thumb remain significantly lower than those
on the other digits.

Figure 7. Typical hand posture used by the experienced knappers in this study. Note
that the hand is held in a manner that emphasizes flexioneextension movements
during down-swing and at strike (Williams et al., 2010), and that the proximal
phalanges and metacarpal heads of the second and third digits are positioned roughly
opposite the strike contact point. This hand posture results in a strike reaction force
directed at this anatomical region, explaining the high pressures observed in this
region during Oldowan tool-making.
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Results from simulated knapping experiments with novice
knappers conducted by Rolian et al. (2011) may appear directly
contradictory to our findings and indirectly contrary to those
reported by Marzke et al. (1998). However, these differences are
most likely due to differences between the methods of our exper-
iments. Rolian et al. (2011) placed load cells into a brass device that
approximated the mass of typical Oldowan hammerstones. Unlike
a typical hammerstone, which has a spherical or a flattened
spherical shape, the brass ‘hammerstone’ had a narrow triangular
shape. Normal forces were measured on a side plate under the
thumb, and an edge plate under the index finger. This hammer-
stone design suited the purpose of their (Rolian et al., 2011)
experiment to examine how variation in digit length influences the
biomechanics of stone tool-making, andwas not explicitly designed
to test the hypotheses we test in this study, namely that forces
acting across the thumb are as high or higher than those acting
across the entire surfaces of the second and third fingers. The
differences between the two studies in the distribution of pressures
acting across the hand are likely due in part to differences in hand
orientation around the brass instrument, and its shape, used by
Rolian et al. (2011) compared with hand orientation around the
hammerstones used in our study. It is also possible that the act of
striking a rubber target differed biomechanically from the act of
a hammerstone striking a core. Future research is needed to
examine how variation in hammerstone size and shape influences
the magnitudes and distribution of forces on the hand.

Our study, as well as earlier ones (e.g., Marzke et al., 1998; Rolian
et al., 2011), does not assess the potential role of variation in the
mechanical properties of the stone materials selected as cores and
hammerstones. In addition to ‘durability’ (Braun et al., 2009), stone
raw materials vary in key mechanical properties such as stiffness
(howmuch or little the material deforms when subjected to a given
force) and toughness (the work done in producing unit area of
crack; Lucas, 2007). Mechanical theory strongly suggests that hand
posture, not mechanical properties of the raw material, is the most
important factor in determining the locations of highest stress on
the hand (i.e., the ‘reaction force’ of strike is constrained to having
equal magnitude in the opposite direction of the hammerstone’s
force on the core). However, the hypothesis that variation in the
mechanical properties of raw materials influenced the pressure
distribution on the hand remains to be tested.

Results from the present study do not support the traditional
interpretation of the thumb’s role during stone tool production.
When the entire swing was considered, normal forces and pres-
sures acting on the hand were consistently significantly greater at
the second and/or third digits comparedwith the first digit (Table 2,
Fig. 3a and b). Normal forces and pressures at strike were also
significantly greater on the second and/or third digits compared
with the first digit (Table 3, Fig. 3c and d). The same was true for
impulse and pressure-time integrals: the second and/or third digits
were significantly greater than those acting on the first digit across
all subjects except Subject D for whom there was not a significant
difference between the first and second digits nor a difference
between the first and third digits (Table 4, Fig. 4). Normal force
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and pressure differentiation did not consistently occur during
up-swing, however the distribution pattern described above
was established prior to strike during pre-strike down-swing
and maintained through the end of post-strike down-swing
(Tables 5e7, Fig. 5). These findings suggest that the high reaction
forces acting on the second and third distal phalanges during stone
tool-making would induce strong contraction of the flexor dig-
itorum superficialis and especially flexor digitorum profundus
muscles. This would in turn cause relatively high joint reaction
forces to occur on the articular joint surfaces of the second and
third digits (Richmond, 2007; Rolian et al., 2011). These results
highlight the roles the index and middle digits play in providing
force to, and resisting the reaction forces from, the hammerstone
during down-swing and at strike.
Conclusions

The results presented here call into question hypotheses
directly linking modern human thumb anatomy specifically to the
generation of high forces, or resistance of high loads experienced,
during stone tool production. It now appears that the thumb is
unlikely to have played the role traditionally assigned to it during
the manufacture of the earliest stone tools. However, this does not
mean that the thumb is not an integral component of hand func-
tion involving stone tools. Preliminary results on pressure distri-
bution during stone tool use suggest that the thumb experiences
relatively higher loads compared with the other digits when
gripping flakes with a two-jaw pad-to-side grip (Marzke, 1997), as
you would hold a key. These studies suggest that the evolution of
a robust human thumb did not involve selection to withstand high
loads during stone tool production. Instead, we propose that tool
use provided the selective context for the evolution of the robust
thumb in early Homo.
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