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Abstract 

As defined by J. Tixier, a knapping technique corresponds to the concrete means 

used to detach a flake. It involves three essential parameters: the tool(s) used, the 

mode of force application and the behaviour of the body which includes the knapping 

gesture. In order to identify the knapping techniques used in prehistory, previous 

studies have mainly focused on macroscopic features on the blanks, but difficul-

ties have often been encountered, leading to mixed results. We present the results 

of an experimental study that incorporates the macroscopic and microscopic level 

to examine and characterize knapping traces and integrates a hierarchical cluster 

analysis to refine identifications. Microscopic traces prove to be complementary to 

macroscopic traces and to constitute a key aspect for the identification of prehistoric 

knapping techniques. By focusing on the mode of force application and the contact 

tool, we show that each parameter of the knapping technique needs to be identified 

separately. Based on this principle, we demonstrate that it is possible, on the basis of 

specific sets of attributes, to identify blades produced by direct and indirect percus-

sion and pressure, as well as to differentiate between the use of harder and softer 

contact tools, although further characterization of the latter does not seem possible 

without the identification and analysis of knapping-related residues.

1.  Introduction

According to J. Tixier’s definition, knapping methods correspond to the approaches 
followed by knappers to achieve a desired goal. It refers to the organisation of remov-
als extracted from the raw material processed. Knapping techniques, on the other 
hand, are the concrete means by which a method – and therefore the detachment of 
flakes – is carried out [1] (see also [2: 60, 3: 30]).
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According to Tixier, a knapping technique involves the combination of three 
parameters:

•	 the tool(s) used (hammer, punch, crutch, anvil, abrader, etc.) and its(their) charac-
teristics (raw material, morphology, dimensions, mass, hardness, etc.);

•	 the mode of force application (MFA in the rest of the text): direct percussion, indi-
rect percussion or pressure;

•	 all aspects related to the use of the body – what we will refer here as the “body 
behaviour” – which includes the body position during knapping, the way of holding 
the core or the flake that is retouched (when no device is used) and the knapping 
gesture (kinematic, kinetic energy, angle of incidence of the contact tool), etc.

Based on an experimental reference library, it is possible to try to identify the 
nature of the prehistoric contact tool (= the tool that came in contact with the striking/
pressure platform; CT in the rest of the text) and MFA used. Multiple archaeological 
examples of knapping tools are also documented, providing direct evidence on past 
knappers’ toolkits [e.g., 4–17]. The body behaviour, however, largely requires direct 
observation and is therefore very difficult to grasp in prehistoric contexts.

Interest in the manufacturing process of prehistoric stone tools and the associ-
ated knapping techniques began in the second half of the 19th century and continued 
throughout the second half of the 20th century. This interest mainly came from modern 
knappers who were trying to replicate prehistoric and ethnographic artefacts using 
materials that were compatible with those available to their makers (e.g., [18–25]), as 
well as from other scholars [26,27] who began to quantify certain features on archae-
ological pieces, such as bulb height, exterior platform angle, and “bulb angle” (after 
[28]) which are still used today in technological studies. This pioneering research 
was conducted in parallel with studies of contemporary flintknapping, both local and 
non-local (e.g., [29]). Local flintknapping concerns above all the gun flint industry 
which, although in decline at the time due to the evolution of firearm technology, 
was still practiced by few craftsmen in England [30–32], France [33–35], or Albania 
[36]. Although gun flint production is obviously not related to prehistoric flintknap-
ping in many respects, these studies document it in great detail and demonstrate 
the authors’ interest in all aspects of the techniques (sensu Tixier) used by these 
craftsmen.

This dynamic then led to more systematic and comparative testing of a wide range 
of techniques (e.g., [37–40]). In the second half of the 20th century, the rise of the 
technological approach, driven in France by A. Leroi-Gourhan, J. Tixier and their 
teams, and by others elsewhere (e.g., [41–43]), considerably increased interest in 
prehistoric techniques, as illustrated by the November 1964 conference at Les Eyzies 
(France) where self-taught knappers F. Bordes, D. Crabtree and J. Tixier, as well as 
other scholars, met [44,45], and by an increase of the number of knapping experi-
ments reported in the literature [46]. Although experiments with different techniques 
for accurately reproducing archaeological objects continued (e.g., [47–52]), from the 
1970s onwards, knapping experiments gradually moved towards a more in-depth 
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understanding of stone-knapping. Different research directions therefore begun to be explored, such as fracture mechan-
ics and flake formation (e.g., [53–77]), idiosyncratic knapping behaviours (e.g., [78–88]; see also [89–91] for strictly 
archaeological cases) and the related topics of skill levels and skill acquisition (e.g., [85,92–105]; see also [106–116] for 
archaeological and ethnographical cases).

Several researchers became also interested in trying to isolate features on archaeological lithic artefacts made from 
brittle, isotropic materials (chert/flint and obsidian) that would allow formal identification of the knapping techniques used 
to manufacture them. Multiple combinations of MFA (direct and indirect percussion, pressure) and CT types (e.g., quartz-
ite, limestone, antler, copper) were tested in the context of bifacial flaking and blade production [117–121]. However, 
few attributes were taken into account during the analyses (e.g., dimensions and weight of the flakes, dimensions of the 
butt, presence/absence of butt crushing), and although certain patterns were identified, no causal relationship could be 
established with the techniques tested in most cases, which led the authors to stress the difficulty of identifying knapping 
techniques, as well as the need to work with large samples when pursuing this goal [121: 57].

K. Ohnuma and C. Bergman, who used blind tests to confirm the reliability of their results, were among the first to 
identify a set of features which, in their opinion, allow for a reliable distinction between hard stone direct percussion (clear 
percussion point and cone, pronounced conchoidal fracture marks on the bulb, absence of lip, pronounced bulb) and soft 
(i.e., organic) direct percussion (vague percussion point and cone, presence of lip, diffuse bulb), while also highlighting the 
difficulty of discriminating the latter and soft stone direct percussion [122]. However, some of the features they considered 
to be diagnostic seem questionable, in particular the presence/absence of a lip, since R. Bonnichsen had already demon-
strated a few years earlier that there was no direct causal relation between this feature and the nature of the CT [59: 176], 
a fact that was subsequently confirmed by A. Pelcin [72].

In France, the extensive experimental research of J. Tixier and J. Pelegrin on flintknapping had a major impact by pro-
posing qualitative analysis grids for identifying different variants of direct percussion (hard stone, soft stone and organic 
CT [123], see also [6,124] for some nuances concerning the discrimination of certain variants), indirect percussion [125] 
(see also [126: 10–15, 127]), and pressure flaking and its various modes [125,128,129] (see also [126: 10–15, [130,131]: 
98–101]) in relation to blade production, as well as for several retouching techniques used for the preparation of backed 
pieces [132]. While this research was initially linked to specific archaeological case-studies, its success with French lithic 
technologists led to the transfer of its results to flint industries from various other contexts. It also created a framework 
for applications with materials other than flint, such as obsidian [133] and schist [134], for example (see also [135] for 
dolerite).

Recent research on bifacial shaping [136–138], blade production [139–142], and blank retouching [143–146] pursued 
tests of multiple morpho-metric attributes in an attempt to discriminate various MFA and types of CT used under “realistic” 
conditions (i.e., where a limited set of variables is controlled, generally excluding idiosyncratic knapping behaviours). The 
variable results obtained confirm the complexity of the task, even more so when coarser, or anisotropic raw materials such 
as quartz, are considered [147–149].

Beyond the variability of their protocols, almost all of these studies share a common focus on the macroscopic knap-
ping features present on the experimental artefacts they produced. This is maybe the result of the analyses being 
generally carried out with the naked eye, while low-magnification instruments, and even more so high-magnification 
instruments, were usually not used with a few exceptions (e.g., [144]; see also [150] for a recent example of a high-
magnification approach applied to the traces left by the retouching of backed pieces). This choice is not meaningless, 
since S.A. Semenov, in his seminal work available in English since the mid-1960s [151] (1970 edition consulted), already 
drew attention to the formation of microscopic traces during manufacturing processes. It seems that lithic technologists 
(we are referring here to scholars who primarily study the knapping methods and techniques used to transform raw 
material into functional tools) have largely left aside microscopic observation, which remained in the realm of functional 
studies’ specialists. From this perspective, it appears logical that the latter are to be credited for initiating the analysis of 
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microscopic wear traces related to knapping techniques, even if, in comparison with the amount of literature produced by 
technologists on the theme of techniques, these studies remain understandably limited from a strictly quantitative point of 
view. They nevertheless highlight the research potential of the different types of microscopic features related to knapping, 
including striations, polishes and residues [152: 25–28, 153–162], which appear on the platforms of flakes, i.e., the areas 
where the physical interactions between the CT and the striking/pressure platforms occurred. Fracture wings (also known 
as “gull wings”, see [61: 80–84]) are also worth mentioning, as their relationship with crack velocity makes them an inter-
esting proxy for identifying specific combinations of MFA and CT on glassy materials like obsidian [163–166].

To our knowledge however, few attempts have been made to date to test a wide range of MFA and CT in order to char-
acterise and compare the resulting microscopic knapping traces (but see [155,158]). Bearing in mind J. Tixier’s reflection 
about pressure flaking and knapping techniques in general: “Y a-t-il une clé pour reconnaître le débitage par pression? 
Non. Comme pour tout ce qui concerne les techniques de taille il y a une série de stigmates plus ou moins caractéris-
tiques” (Is there a key to recognising pressure flaking? No. As with everything concerning knapping techniques, there is a 
series of more or less characteristic features [128: 66]; our translation), we believe nonetheless that the wider the range of 
knapping features taken into account, the greater the chances of reducing the risk of false positives and accurately identi-
fying prehistoric knapping techniques.

Considering the literature accumulated to date, which has highlighted the need to identify techniques, not on the basis 
of isolated traces, but on the basis of specific associations of several traces, this article has two aims:

1)	To take the characterisation of microscopic knapping traces further, building on the earlier work of V. Rots;

2)	To combine several scales of analysis (macroscopy and microscopy), to facilitate the identification of trace associations 
specific to different techniques, using a suitable statistical tool (cluster analysis).

2.  Review of the knapping features used in the literature and their diagnostic value

2.1.  Creation of a sample of studies

The high number of studies related to the identification of knapping techniques makes any attempt at synthesis difficult. To 
provide a general overview of the attributes that have been considered in recognising the use of these techniques in an 
archaeological context, we have chosen to examine a sample of 29 studies published between the 1940s and the present 
day (S1a Fig, S1 Table). The observations presented below do not claim to be exhaustive: we have only sought to identify 
the main trends associated with this research theme.

This sample was selected according to several criteria. Because of the focus of our research, we first gave priority to 
publications presenting original experimental results (n = 27), or possibly a synthesis of previously obtained results (n = 1; 
[130]). The experiments reported in these works are mainly (n = 26) “realistic” experiments, in the sense that they were 
carried out by experimenters knapping freely, without the body behaviour (gestures, position, holding of the core or the 
bifacial piece) being controlled, or at least strictly controlled. Controlled experiments, i.e., those in which the fracturing of 
the rock is not carried out by an experimenter, but with the aid of an ad hoc device enabling all the variables involved to be 
controlled, are rarer (n = 2; [59,72]). This difference between the number of “realistic” and “controlled” experiments is due 
less to the choices we made in selecting our sample than to the history of research on knapping techniques. Finally, in 
addition to the experimental research mentioned above, a study based on the analysis of archaeological collections was 
also included [167], mainly because it mentions a particular knapping trace (lateralized oblique crack) for which we have 
found no other mention (or at least no explicit mention).

In addition, we have selected studies that use flint/chert (25 cases) and/or obsidian or industrial glass (8 cases). Some 
of the works (n = 3) included in the sample also concern other types of rock in addition to the above materials, but often 
anecdotally. Because our research focuses on traces and attributes related to débitage, we have selected studies based 
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on the production of blades (17 cases) or flakes (6 cases), or on the analysis of flakes detached during the shaping of 
bifacial pieces (10 cases), with some studies combining several of these productions. We did not, however, include stud-
ies focusing on the knapping traces formed during the retouching of tool blanks. Finally, we sought to include experimental 
studies documenting the three MFA, as well as a wide range of tools. The publications included in our sample primarily 
concern direct percussion (59 cases), of which the variants using antler (n = 18), hard stone (n = 14), and soft stone (n = 12) 
hammers are the most frequently studied (S1b Fig, S1 Table). Indirect percussion (n = 20) and pressure (n = 19) appear 
less frequently but are equally represented. The variants with an antler (n = 9) and a wood (n = 5) punch, and those with a 
crutch fitted with an antler (n = 6) or a copper (n = 4) CT are the best represented, respectively, for these two MFA. Occa-
sionally, publications describe the traces associated with a specific MFA, without describing the nature of the tool used, 
but this remains a minority case (n = 5 for pressure; n = 1 for direct percussion).

2.2.  Data processing

An initial examination of the publications selected enabled us to list a total of 185 attributes which, depending on the case, 
are considered useful or not useful for the recognition of knapping techniques (S2 Table). These attributes can be clas-
sified essentially according to the time of their formation in relation to the initiation of the fracture that causes the flake to 
detach, and according to the location or nature of the features observed (Fig 1). For example:

•	 The external platform angle (= the angle between the striking/pressure platform and the extraction surface) is an attri-
bute that is defined before the flake is detached.

•	 The formation of a circular crack on the flake’s butt (contact surface) or a pronounced bulb (ventral surface) is directly 
associated with the detachment.

•	 “Spontaneous retouch” [168], which would be more accurately described as “spontaneous scars” (“enlèvements spon-
tanés” in French [169: 74]) since its formation is not intentional unlike proper retouch, occurs when the conditions under 
which the core is held cause the flake to come into contact with it, in the fraction of a second after detachment.

Because of the considerable number of attributes identified, and because many of them turned out to be quite similar, 
we have grouped together attributes of the same order (for example, those relating to the length of the flakes, or those 
referring to the dimensions of the platform). The correspondence between the initial attributes and the simplified attributes 
is shown in S2 Table. This grouping enabled us to reduce the number of attributes considered to 82 (S3 Table).

Fig 1.  Classification of attributes in the studies examined.

https://doi.org/10.1371/journal.pone.0329848.g001

https://doi.org/10.1371/journal.pone.0329848.g001
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Most of these 82 attributes appear in only one (n = 44) or two (n = 15) studies, but more than a quarter of them (n = 23) 
appear in at least three publications, including four in 10 publications or more: flake thickness (10 publications for a total of 
20 recorded uses), flake morphology (11 publications for 22 uses), lip (15 publications for 37 uses) and bulb size (17 publi-
cations for 37 uses; S1c, S1d Fig, S2 Table). Only the eraillure scar was used more frequently than some of these, despite 
a slightly lower number of publications (9 publications for 23 uses; S3 Table).

In S3 Table, we have used a colour code to highlight the convergences and divergences observed in the estimated 
usefulness of each attribute for the identification of the different techniques considered. Convergences were defined on 
the basis of a minimum of three studies presenting converging results, which are not contradicted by other work. Finally, 
S4 Table simplifies the visualisation of the results a little further, by offering a count of the cases of convergence and 
divergence observed for the attributes that appear in at least three different publications. Because of this simplification S4 
Table does not refer to the publications used, but this information is available in S3 Table.

2.3.  Results

The most numerous and therefore instructive results concern direct percussion in its hard mineral (15 results), soft mineral 
(9 results) and antler (15 results) variants. For pressure knapping, the results only concern the antler variant (4 results) 
and the MFA in general (4 results). The three results available for indirect percussion only concern the MFA. While it 
is likely that the inclusion of a larger number of studies could compensate for these imbalances, several trends can be 
identified.

Of the attributes used in the selected studies, only six are unanimously considered useful (Fig 2), across all techniques. 
This represents a quarter of the 23 simplified attributes appearing in at least three studies, and around 7% of all 82 sim-
plified attributes. Besides this small number, the usefulness of these “useful” attributes needs to be qualified. In the case 
of direct percussion, the formation of a point of impact and a cone of percussion, and the presence of a circular crack are 

Fig 2.  Synthesis of the usefulness of attributes for the identification of knapping techniques based on the studies examined.

https://doi.org/10.1371/journal.pone.0329848.g002

https://doi.org/10.1371/journal.pone.0329848.g002


PLOS One | https://doi.org/10.1371/journal.pone.0329848  August 27, 2025 7 / 75

considered diagnostic of the hard and soft stone variants, so it can be estimated that these attributes do not really make it 
possible to distinguish between the two.

The usefulness of the external platform angle in identifying indirect percussion deserves to be considered even more 
cautiously, because the values proposed differ between authors (e.g., between 80 and 95° according to [125]; between 80 
and 90° according to [127]; between 75 and 85° if the punch is organic according to [161]), and especially because these 
values overlap with those defined for other techniques (e.g., 60–90° and 70–85° for direct hard mineral and soft mineral 
percussion according to [123]; angle below 90° for pressure debitage according to [125]). Similarly, the values defined for 
the thickness of the platform of products obtained by indirect percussion (3–4 mm for blades approximately 20 cm long 
according to [125]; 3.3 mm on average according to [127]), turn out to be close to those proposed for other techniques (a 
few millimetres for direct organic percussion according to [123]; 3–4 mm or less for pressure according to [125]).

The morphology and thickness of the products obtained by pressure, which are the two most effective attributes for 
identifying the use of this MFA, can also be discussed. The studies we examined often state that pressure knapping, 
particularly when used to knap blades, produces thin products with regular morphology and thickness. However, a few 
authors have observed that indirect percussion can also produce regular blades when they are no longer than around 
20 cm [125], or if the débitage is conducted using an antler punch [141]. Similarly, products with a regular thickness can be 
obtained by direct organic percussion [123], indirect organic percussion [161], or indirect percussion when the blades do 
not exceed 20 cm [125]. In addition, direct wood percussion and indirect percussion can produce thin blades [38].

There are 5 attributes unanimously estimated to be unhelpful for the identification of knapping techniques, including 
the mass and general dimensions of the products (direct percussion with hard stone and antler), the eraillure scar (direct 
percussion with soft stone and pressure with antler), the width of the butt (direct percussion with antler) and the width of 
the products (direct percussion with hard stone).

In most cases, however, the literature reviewed reveals contradictions in the assessment of the usefulness of attributes. 
In fact, 14 simplified attributes (platform size; platform thickness; crushed platform; point of impact; cracks; lip; bulb; bulb 
size; eraillure scar; morphology, length, width, thickness and curvature of the products) out of the 23 that we defined and 
retained for this analysis present such contradictory evaluations in 34 cases, 28 of which concern direct percussion, 5 
pressure and 1 indirect percussion (Fig 2; S4 Table).

2.4.  Synthesis

Despite its non-exhaustive nature, some conclusions can be drawn from this review of the literature on the identification of 
knapping techniques.

Firstly, and as has been noted on multiple occasions, while some attributes are more useful than others in identify-
ing certain techniques, none of them is truly diagnostic. In other words, there is no attribute whose observation makes it 
possible to identify with certainty the use of a specific combination of MFA and CT, without any risk of confusion with other 
combinations.

Secondly, because the same causes produce the same effects, the high number of contradictions that we have noted 
in the literature must be caused by the influence of variables related to the design of the protocols or the execution of the 
experiments that have not been taken into account, or only to a limited extent. Because most of these experiments were 
carried out under “real” conditions, i.e., without it being possible to control certain aspects of the body behaviour, it seems 
credible to us that inter-individual behavioural variations constitute a large part of the explanation. Differences, however 
subtle, in the nature of the materials used (e.g., more or less homogeneous varieties of flint, or with fine or coarser grain; 
soft stone hammers of varying hardness, etc.) may also have played a significant role.

Thirdly, the correlation established between the use of direct mineral percussion (hard or soft) and, on the one hand, 
the formation of a point of impact and a percussion cone and, on the other hand, that of a circular crack, is instructive. 
Generally speaking, stone is in fact the hardest of the materials used as knapping tools in the literature examined, with the 
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exception of steel used in direct percussion in a single study [72]. This suggests that the hardness differential between the 
knapping tool that transmits the energy, and the material that fractures as a result of the mechanical stress thus created, is 
a key aspect in the recognition of techniques. We will come back to this point later.

3.  Materials and methods

3.1.  Creation of the experimental reference collection

3.1.1.  Protocol of the experiment.  Three MFA, each associated with different CT were included in the experiment: 
direct percussion, indirect percussion, and pressure with an abdominal crutch (see Table 1).

A single experienced knapper produced the entire experimental collection analysed in this study, using fine-grained flint 
collected in a quarry at Harmignies (Province of Hainaut, Belgium). Aged 57 at the time of the experiment, he had over 10 
years’ experience in blade production and had practised this activity between one and two days a week, on average, during 
the year preceding the experiment. He also has experience with all the techniques included in the study but has more train-
ing in direct percussion and pressure with an abdominal crutch (experience of over 10 years in both cases), than in indirect 
percussion (experience of between 5 and 10 years). According to his own perception, he feels more comfortable with the first 
two techniques. He is right-handed and learnt flintknapping by practising with a more experienced knapper.

For each combination of CT and MFA, a minimum of 11 blades had to be produced. These blades should preferably be 
complete, and it was imperative that their platforms be preserved. In addition, for this experiment, the blades were defined 
as elongated flakes:

•	 the length of which is equal to or greater than twice their width;

•	 at least 6 cm long (no upper limit has been defined);

•	 obtained during the laminar reduction of a core, i.e., a reduction process whose primary aim is to produce blades.

The knapper has received no instructions on how to proceed with the reduction process, other than to:

•	 try to extract the longest blades possible according to the characteristics of the core and his personal abilities;

•	 avoid using a specific reduction process associated with a particular archaeological culture;

•	 use a maximum of two hammers to prepare and maintain the core, in addition to the CT used to extract the blades;

•	 use (and maintain) flat striking/pressure platforms.

Table 1.  Combinations of MFAs and CTs used with the number of blades produced with each.

MFAs CTs categories CTs materials N blades

Direct percussion Hard stone Quartzite 11

Soft stone Sandstone 11

Organic Antler (Cervus elaphus) 10

Bone (Bos taurus) 13

Wood (Buxus) 11

Indirect percussion Organic Antler (Cervus elaphus) 11

Bone (Bos taurus) 4

Wood (Buxus) 11

Pressure (abdominal crutch) Organic Antler (Cervus elaphus) 11

Wood (Buxus) 14

Metallic Copper 13

Total 120

https://doi.org/10.1371/journal.pone.0329848.t001

https://doi.org/10.1371/journal.pone.0329848.t001
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The reason for the last instruction is that flat platforms can record different types of traces during contact with the CT, 
whereas platforms with protruding areas (e.g., dihedral or faceted platforms) are more likely to record only the crushing of 
the latter [158], which is not as informative about the technique used.

During the experiment, the knapper worked seated on a chair when using direct percussion or indirect percussion and 
standing when using pressure with an abdominal crutch. In the latter case, an ad hoc wooden device was used to hold the 
core in place. Each blade detachment was documented with a Photron FASTCAM NOVA S12 camera facing the knapper 
at a 90° angle to the trajectory of his knapping gestures, at a speed of 16000 frames per second. The number of percus-
sions or pressures applied to the core to detach a blade was not recorded, and in cases where several attempts were 
made, only the video recording of the one that succeeded in detaching the blade was kept.

The knapper only worked with tools selected from his personal kit. All the CTs used had a spherical or pointed active 
part. For indirect percussion, the knapper used a boxwood hammer with a flat active part together with the punches, and 
a hazelwood abdominal crutch for pressure knapping designed to allow the insertion of a dynamometer load cell. The 
characteristics of the CTs used are shown in Table 2. The mass of the crutch indicated in this table takes into account 
the mass of the load cell. Finally, a total of six quartzite and sandstone hammers (length between 59 and 135 mm, width 
between 17 and 105 mm, thickness between 12 and 60 mm, mass between 149 and 1176 g) were used to shape and 
maintain the cores during the experiment, but as mentioned above, only two were used for each chaîne opératoire.

3.1.2.  Composition of the experimental collection.  For each combination of CT and mode of force application, 
a core was exploited to produce at least 11 blades meeting the above-mentioned criteria. If this number could not be 
reached, another core was exploited using the same knapping tools. At the end of a reduction sequence, each blade was 
placed in a separate minigrip bag to avoid friction against other flint pieces prior to analysis. Its order of extraction during 
the reduction process was also noted on the bag. The core, as well as flakes larger than 3 cm with preserved, non-cortical 
butts, were also placed in separate minigrip bags for later analysis. All other flakes and debris were kept together in a 
single bag.

During the analysis of the experimental material, two blades, one extracted by direct percussion using an antler ham-
mer and one extracted by pressure with a copper CT, had to be set aside because their butt were missing, which was not 
noticed during the experiment. As these pieces were therefore unusable for the analysis, only 10 blades extracted with 

Table 2.  Characteristics of the tools used.

MFAs Tool types CT Material Length
(mm)

Width
(mm)

Thickness
(mm)

Mass
(g)

Direct percussion Hammer Yes Quartzite 83 73 47 374

Hammer Yes Sandstone 120 59 38 406

Hammer Yes Antler 275 59 37 582

Hammer Yes Bone 340 70 42 413

Hammer Yes Boxwood 280 30 52 421

Indirect percussion Punch Yes Antler 155 39 36 163

Punch Yes Bone no1 106 28 15 48

Punch Yes Bone no2 84 30 21 50

Punch Yes Boxwood 190 42 47 224

Hammer No Boxwood 300 48 50 660

Pressure Crutch indenter Yes Antler 98 14 13 35

Crutch indenter Yes Boxwood 93 15 14 16

Crutch indenter Yes Copper 92 5 13 53

Crutch (+ load cell) No Hazelwood 710 260 35 2200

https://doi.org/10.1371/journal.pone.0329848.t002

https://doi.org/10.1371/journal.pone.0329848.t002
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the antler hammer and 13 extracted with the copper CT were studied. In addition, the combination of indirect percussion 
and bone CT proved ineffective: two different bone CT (Bos taurus) were used successively, but the first cracked after 
extraction of the third removal, while the second was damaged after its first removal to the point where it could no longer 
be used. Furthermore, each of these four removals in total did not meet the 6 cm length threshold set for the experiment. 
We conclude from this result that the physical properties of bone do not allow it to withstand the mechanical stress asso-
ciated with indirect percussion, at least as far as the production of blades is concerned. The four removals were analysed, 
but due to the failure of the technique and their small number, they were removed from the subsequent statistical analysis. 
Apart from the above, all the other techniques are documented by a minimum of 11 blades, up to 14 blades. A total of 120 
blades were analysed (Table 1) and 116 were included in the statistical analysis (120 minus the 4 removals produced by 
indirect percussion with a bone punch). These blades are generally complete (78.4%) and, when fragmented, all frag-
ments have usually been collected. However, in a few cases (n = 5; 4.3%), we were only able to collect part of the frag-
mented blades, usually their proximo-mesial part (n = 4), and in one case, their proximal part.

The collection is incorporated in the TRAIL experimental reference library for wear traces and residues housed in the 
TraceoLab at the University of Liège and can be consulted on request.

3.2.  Analysis

3.2.1.  Visual analysis of the experimental collection.  The blades were analysed in three stages. They were first 
observed with the naked eye to describe their macroscopic characteristics. Next, each blade was examined using a Zeiss 
Discovery V12 stereomicroscope (magnification up to 120x) and a Zeiss Vario Scope.A1 microscope (magnification up 
to 500x), both before and after cleaning the knapping residues. The cleaning procedures were adapted according to the 
nature of the residues present on the platforms and usually involved the use of chemicals (3% hydrochloric acid [HCl] 
solution) to remove organic residues. As the latter sometimes exhibited very pronounced adhesion, certain pieces had 
to be subjected to more prolonged and intensive cleaning, sometimes involving the use of a 10% HCl solution. In some 
cases, certain residues were analysed in more detail with a JEOL IT300 SEM-EDS (EDS detector JEOL ex-230) by Dries 
Cnuts. Images and elemental spectra of the residues were acquired in situ on the tool surface in low vacuum (LV) mode 
(100 Pa) using the backscattered electron detector (BED) at 20.0kV with a probe current (PC) of 60.0.

Photos were acquired using a Hirox HRX-01 microscope equipped with a Zoom Revolver MXB-2500REZ lens and pro-
cessed using the associated Hirox software, and a Zeiss V16 Axio Zoom microscope. The colorimetry of some photos has 
been modified using the DStretch plugin (version 8.41) of the ImageJ software to help the reader locate certain knapping 
traces, in which case the source photo is also provided. CAD illustrations were created using Affinity Designer 2 software. 
Statistical analyses were carried out using Jamovi software (version 2.3.28).

Data from the analysis of the 120 blades were recorded in a Microsoft Excel database (S5 Table). The data were 
recorded using 201 attributes describing the conditions under which the blades were produced (name of the knapper, raw 
material, MFA, tools used, etc.; 20 attributes in total), the cleaning procedures used to remove the knapping residues (30 
attributes), and finally the macro- and microscopic traces observed (151 attributes). Due to the small number of descrip-
tions currently available, the different types of microscopic traces observed are described in detail (see section 4.1. The 
microscopic knapping traces; S1 Text). Macroscopic traces, on the contrary, have already been extensively analysed 
and discussed in the literature (see section 2. Review of the knapping features used in the literature and their diagnostic 
value), so another description would not provide any new information. Appropriate attributes associated with macroscopic 
and microscopic traces were used together in the hierarchical cluster analyses (see section 3.2.3.1. First stage: attributes 
selection).

3.2.2.  Types of microscopic traces observed.  Several types of microscopic traces have been examined. By 
“microscopic”, we refer to traces that most often require low or high magnification to be examined. The distinction between 
macroscopic and microscopic traces remains partly arbitrary, however, since the latter can sometimes be perceived with 



PLOS One | https://doi.org/10.1371/journal.pone.0329848  August 27, 2025 11 / 75

the naked eye (e.g., knapping residues). For the purposes of this work, we have included the following traces into the 
microscopic category:

•	 Residues: exogenous material deposited on the blade when it is detached. These residues mainly include material 
deposited by the CT on the platform of the blade, but they can have another origin as well (e.g., mineral residue depos-
ited on the ventral face of the blade following a counter-shock with the core).

•	 Cracks: initiated on the surface of the platform, ring cracks can be more or less complete, of varying dimensions, and 
located in different places on the platform. For the purposes of this work, they have been classified into several types 
according to these different criteria (Fig 3).

•	 Polishes: a modification of the microtopography of the flint that is still visible after chemical cleaning of the surfaces 
and which, when observed under a reflected-light microscope, results in a clear reflection of light. Although the possi-
ble causes of polish formation have been debated for a long time, we suspect that knapping-related polishes mainly 
result from an attritional levelling of the higher parts of the microtopography, which may itself be caused by the abra-
sion that probably occurs when the CT comes into contact with and rubs against the striking/pressure platform (e.g., 
[170,171]).

•	 Many of the knapping polishes observed in this work have a distinctly linear aspect that results from the frictional move-
ment of the CT against the striking/pressure platform. Instead of using the term “striations” which seems to encompass 
linear traces of various nature [153], we chose to use the term “linear polishes” here to designate these specific traces, 
as they do not have the appearance of grooves and they do not seem to differ in nature from the non-linear polishes, 
only in morphology.

Fig 3.  Types of cracks.

https://doi.org/10.1371/journal.pone.0329848.g003

https://doi.org/10.1371/journal.pone.0329848.g003
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•	 Incisions or grooves: narrow linear traces, generally associated with linear polishes, but which, unlike the latter, are 
formed as a result of material being scratched off and therefore present a dark appearance when observed under a 
reflected-light microscope.

•	 Scars: negatives of small removals or chips that detach along the edges of the blade, because of the blade hitting 
external elements shortly after extraction (e.g., counter-shock against the core, shocks against the core’s holding device 
if pressure knapping is used, contact with the ground when it falls, etc.).

3.2.3.  Hierarchical cluster analysis.  The hierarchical cluster analyses were carried out in several stages using 
Jamovi’s snowCluster - Multivariate Analysis module (version 7.1.7) with the goal to determine whether knapping 
techniques can be identified from the recorded attributes, and, if so, to which extent. Hierarchical cluster analysis 
is an interesting tool for testing such an assessment, as it groups blades “blind” (i.e., without any knowledge of the 
techniques used) according to their degree of similarity defined based on the attributes they possess, or do not 
possess.

3.2.3.1. First stage: attributes selection: First, we chose to discard 84 attributes whose recording was relevant to 
the documentation of the experimental collection, but whose inclusion in the cluster analysis was not appropriate to the 
objectives pursued. These attributes include, for example, cracks and polishes resulting from abrasion of the edge of the 
striking/pressure platform prior to blade detachment, cracks associated with previous detachment attempts (type 2 later-
alized cracks; Fig 3), attributes that do not relate to knapping traces per se, or attributes whose link with the MFA and CT 
was considered too weak or indirect to be useful for the identification of knapping techniques. The list of rejected attributes 
and the reasons for their rejection are detailed in S6 Table.

We therefore retained a total of 67 attributes out of the 151 used to describe knapping traces. We then tried to deter-
mine which of these 67 attributes could be useful in the following situations:

•	 Identification of the MFA, regardless of the CT used

•	 Identification of the CT, regardless of the MFA used

•	 Identification of the CT when the MFA is direct percussion

•	 Identification of the CT when the MFA is indirect percussion

•	 Identification of the CT when the MFA is pressure

The three last situations were chosen because of the composition of the experimental collection. Since each MFA 
was used with at least two CTs (in the case of indirect percussion, since the few laminar flakes obtained with bone were 
excluded from the cluster analysis) and at most five CTs (in the case of direct percussion), it was interesting to see how 
the cluster analysis would perform in CT identification when the MFA is already known. On the other hand, because four 
out of six CTs were used with only one MFA (quartzite, sandstone and bone with direct percussion; copper with pressure), 
testing situations where the CT is already known would have been of less interest, as it would also have led to the identi-
fication of the MFA in most cases. Furthermore, given the results presented below (see section 4.2.5. Identification of the 
CT without prior identification of the MFA), we believe that the order in which the MFA and the CT are identified is import-
ant and that the identification of the MFA should probably be prioritised.

To select the attributes used in each situation, Fisher’s exact tests were performed for nominal attributes, and Kruskal-
Wallis tests were performed for quantitative attributes (S6 Table). Attributes with a p-value ≤ 0.05 were selected. When 
Fisher’s exact test failed to provide a result, we considered that the link between the attribute and the parameter (MFA or 
CT) under consideration could not be determined (the conditions were not met to apply a chi-square test instead), and we 
excluded the attribute from the hierarchical cluster analysis.
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Finally, due to a bias in the formation of polishes on several blades knapped by direct percussion with antler (see sec-
tion 4.1.1.3 Polishes), the attributes associated with the description of polishes were excluded when these blades were 
included in the analysis. These are seven attributes for the identification of the MFA.

The hierarchical cluster analyses were performed with the following numbers of attributes:

•	 Identification of the MFA, regardless of the CT used: 22 attributes

•	 Identification of the CT, regardless of the MFA used: 21 attributes

•	 Identification of the CT when the MFA is direct percussion: 18 attributes

•	 Identification of the CT when the MFA is indirect percussion: 8 attributes

•	 Identification of the CT when the MFA is pressure: 41 attributes

The attributes used in each situation are indicated in S6 Table.
3.2.3.2. Second stage: attributes coding: As most of the 67 attributes we selected were initially recorded in nom-

inal form, they were then transcribed in continuous form so that they could be used in the cluster analysis (S7 Table). 
The different possible states of a nominal attribute were coded using one-hot encoding, so that all data are coded ‘0’ or 
‘1’. In cases where an attribute has more than two states, columns were added so that each state could be coded using 
these numbers. Where possible, we also reduced the number of columns associated with a single attribute to simplify 
the database. For example, the attribute “Edge scarring – Location” has seven possible states (proximal, proximo-mesial, 
mesial, mesio-distal, distal, entire length, and NA if no edge scars are observed). We therefore coded this attribute using 
only three columns labelled ‘proximal’, ‘mesial’ and ‘distal’. If a scar is present at one of these locations, the code used is 
‘1’, and if no scar is observed, the code used is ‘0’. In cases where scars are present or absent in several locations, ‘1’ or 
‘0’ was entered in each of the appropriate columns. Thus, if scars are present, for example, along the entire length of a 
blade, ‘1’ was coded in all three columns. In cases where an attribute has only two states, we kept a single column and 
simply coded each state using ‘0’ and ‘1’. For example, the attribute “Edge scarring – Presence” has the possible states 
‘presence’ and ‘absence’, so the former was coded ‘1’ and the latter ‘0’.

Metric data, such as the width or thickness of a blade’s platform, was normalised to reduce the risk of undue influence 
on the clustering results. To do this, we applied a min-max scaling so that all values are also between 0 and 1, while pre-
serving the relative distribution of the data. Ordinal data, which concern only two attributes in the database, underwent the 
same procedure. For example, the attribute “Polishes – Density” has three ordinal states (low, intermediate, and high, as 
well as NA if no polish was observed), which were coded between 0 and 1 while respecting their order.

The results of the cluster analyses are presented in section 4.2. Identifying knapping techniques using hierarchical clus-
ter analysis.

4.  Results

4.1.  The microscopic knapping traces

4.1.1.  Direct percussion. 
4.1.1.1. Residues: The five CTs used in direct percussion nearly always leave residues on the platforms of the blades. 

Only one blade detached with bone does not have any residue, while the presence of residues on a few blades detached 
with boxwood and antler could not be formally confirmed (Figs 4 and 5; Table 3). This observation confirms previous 
experimental results which had already shown that débitage and retouching are major causes of residue deposition 
[172]. Quartzite, which is the hardest CT used in the experiment, regularly leaves residues concentrated in a specific 
area of the butt (n = 4 cases out of 11; Fig 4a), but this phenomenon is less frequently observed with the other, softer 
CTs (only 2 cases observed in total with antler and bone). Moreover, these residues are mostly found in close spatial 
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association with cracks in the case of quartzite (n = 6/11). When the cracks are circular in morphology, quartzite residues 
are commonly located within these cracks exclusively, with little or no overlap with their contours (Fig 4a). With the other 
CTs, this association is partial most of the time, and only direct percussion with sandstone gives a few cases (n = 2/11) of 
associations comparable to what is observed with quartzite. Conversely, the platforms of three blades knapped by direct 
percussion with bone show a total absence of spatial links between the residues and the cracks.

The knapping residues generally take the form of deposits of variable shape, and it is uncommon that they have a 
clear linear morphology testifying to a brief friction of the CT against the striking platform (n = 3/11 with quartzite, 1/10 
with antler, 1/13 with bone). This directional friction is however noticeable from the grooves or incisions that can often be 
observed within the residues, particularly when these are organic. These incisions are indeed more frequently observed 
with boxwood (n = 6/11) and antler (n = 4/10; Fig 5a) residues, but slightly less common with bone (n = 3/13), sandstone 
(n = 2/11) and quartzite (n = 1/11) residues. It is conceivable that these incisions are created by silica particles detached 
during impact and trapped between the CT and the surface of the striking platform. These particles would then be rubbed 
against the latter and would incise the residues. In the case of organic CTs, it is also possible that some silica particles 
could become stuck on their surface after several detachments and cause these incisions to form.

In this work, we did not attempt to quantify the degree of adhesion and resistance of the knapping residues. Neverthe-
less, we found that there were significant differences in these aspects depending on the CT used in direct percussion. The 

Fig 4.  Residues associated with the use of direct percussion and a mineral CT. a: quartzite; b: sandstone.

https://doi.org/10.1371/journal.pone.0329848.g004

https://doi.org/10.1371/journal.pone.0329848.g004
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cleaning of knapping residues related to the use of organic CTs showed that these residues can be very resistant. Antler 
residues required the most aggressive procedures to be removed, combining exposure to a 10% hydrochloric acid solu-
tion over periods of up to two hours in some cases, and the use of an ultrasonic bath. Previous observations suggested a 
broad variation in adhesion for hydroxyapatite-rich residues depending on the cause of deposition (knapping, use, hafting, 

Fig 5.  Residues associated with the use of direct percussion and an organic CT. a: antler; b: bone; c: boxwood.

https://doi.org/10.1371/journal.pone.0329848.g005

https://doi.org/10.1371/journal.pone.0329848.g005
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etc., cf. [173]). Production-related residues were found not to adhere very strongly when using an ultrasonic bath, but 
only a small number of blanks were tested (n = 3; [173]). Here, an ultrasonic bath was only used in a subsequent phase 
of cleaning due to the adhesion of production-related organic residues, which can indeed be important according to this 
larger dataset. This adhesion could be explained by the amount of kinetic energy involved in direct percussion which likely 
causes strong compression of the residues on the striking platform. As this compression increases, the adhesion of the 
residues also increases [173] which makes them less vulnerable to little or moderately aggressive cleaning procedures. 
Mineral residues proved much easier to remove by comparison, with simple exposure to the ultrasonic bath for around ten 
minutes often being sufficient. Although the adhesion of knapping residues should be more precisely studied and quanti-
fied in the future, it is nevertheless interesting to note their very pronounced adhesion in certain cases, particularly when 

Table 3.  Count of the types of microscopic traces observed on the blades for each combination of MFA and CT used.

Location Trace Direct percussion Indirect percussion Pressure Total

Antler 
(n = 10)

Bone 
(n = 13)

Box-
wood 
(n = 11)

Quartz-
ite 
(n = 11)

Sand-
stone 
(n = 11)

Antler 
(n = 11)

Bone 
(n = 4)

Box-
wood 
(n = 11)

Antler 
(n = 11)

Box-
wood 
(n = 14)

Cop-
per 
(n = 13)

Platform Residue 9 12 10 11 11 7 3 10 9 5 13 100

Platform Incision with residue 4 3 6 1 2 7 2 7 1 2 1 36

Platform Polish 5 12 10 10 9 11 4 9 10 3 10 93

Platform Incision with polish 5 12 10 10 9 9 4 9 4 3 4 79

Platform Crack (all types) 10 11 8 10 10 10 4 8 8 5 13 97

Platform Crack – circle w/ 
protrusion

0 0 0 2 3 1 0 0 0 0 0 6

Platform Crack – circle w/ pro-
trusion incomplete

0 2 0 1 3 1 0 0 0 0 4 11

Platform Crack – circle 2 1 0 5 2 1 1 0 2 0 0 14

Platform Crack – circle 
incomplete

3 0 0 5 0 3 1 1 0 0 2 15

Platform Crack – fingernail 4 1 0 1 0 3 2 4 0 0 7 22

Platform Crack – slit 1 5 6 0 2 2 1 4 2 3 0 26

Platform Crack – lateralized 
type 1

1 6 3 0 1 2 1 2 1 0 1 18

Platform Crack – lateralized 
type 1 incomplete

0 0 0 0 0 0 0 0 0 0 1 1

Platform Crack – rectilinear 0 0 0 1 0 0 0 0 0 0 1 2

Platform Crack – sinusoidal 1 0 0 0 0 1 0 0 1 0 1 4

Platform Crack – zigzag 1 0 0 0 0 0 0 0 0 0 0 1

Platform Crack – network 3 0 1 1 4 2 0 0 3 1 4 19

Platform pos-
terior edge

Residue strip 3 8 10 5 5 11 4 11 11 14 13 95

Platform pos-
terior edge

Scar 0 1 1 0 0 0 0 1 7 4 1 15

Platform 
anterior edge

Polish 7 13 11 11 10 11 4 11 11 14 4 107

Platform 
anterior edge

Crack 9 12 9 10 10 11 4 11 9 14 12 111

Dorsal face Residue 0 2 1 0 0 1 0 1 11 14 13 43

Ventral face Residue 0 1 0 0 0 3 0 4 1 0 1 10

Edges Scar 8 9 8 8 5 11 3 11 11 14 13 101

https://doi.org/10.1371/journal.pone.0329848.t003

https://doi.org/10.1371/journal.pone.0329848.t003
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the CT is organic. Provided that taphonomic conditions are favourable, this suggests that such residues could often be 
preserved in archaeological contexts, which would facilitate the identification of the CTs used.

Blades knapped by direct percussion often (n = 31/56) show of a more or less continuous trace along part of the 
posterior edge of their platform, which can be likened to a polish due to its reflective nature under the microscope. 
This trace also appears with indirect percussion and pressure knapping (see sections 4.1.2.1. and 4.1.3.1.). The 
SEM-EDS analyses carried out by D. Cnuts (TraceoLab/ULiège) on a sample of blades knapped by indirect percus-
sion with a boxwood CT (Fig 6) and pressure with a copper CT (Fig 7) have shown that this trace corresponds to 
a residue of organic matter, whose presence both on top and in-between the higher parts of the microtopography 
suggests that it has undergone very strong compression. This also explains why the cleaning procedures employed, 
although they generally reduced the density of these residues, never resulted in their complete disappearance. 
Because they also appear with pressure knapping with copper, we assume that they correspond primarily to organic 
material unintentionally deposited by the knapper himself on the active part of the CT before blade detachment. 
Nevertheless, the nature of the CT used probably also influences the formation of these residues, as the SEM-EDS 
analyses indicate a more marked presence of carbon in the case of indirect percussion with boxwood than in the 
case of pressure with copper (Figs 6 and 7).

4.1.1.2. Cracks: Cracks are extremely common with direct percussion (Fig 8). Boxwood is more often associated with 
platforms with no crack (n = 3/11) than other materials (n = 2/13 for bone, 1/11 for sandstone and quartzite, 0/10 for antler). 
Cracks may be single or multiple, and more or less concentrated or dispersed over the surface of the platform depending 
on the number of contact points, which is influenced by the microtopography of the CT and also by the possible repeti-
tion of detachment attempts made in the same area of the striking platform. In most cases, cracks are in contact with the 
posterior edge of the platform, but it is not uncommon, especially with quartzite (n = 4/11) and antler (n = 3/10), to observe 
cracks located both in contact with and further away from this edge. When cracks are present on the platforms of blades 
knapped with boxwood, they are always in contact with the posterior edge (Fig 8c). In addition, on three blades knapped 
with quartzite, some cracks are associated with small, crushed areas (Fig 8a). This phenomenon corresponds to the 
“frosted” contact points described by J. Pelegrin for direct percussion with hard stone [123]. Like this author, we did not 
observe it with other CTs.

From a morphological point of view (see Fig 3 for the different crack morphologies considered in this work), circular 
cracks are observed with rather hard or moderately hard CTs, especially mineral CTs, but never with boxwood. Circular 
cracks associated with a protrusion (débord) of the posterior edge of the platform appear both with sandstone (n = 3/11 for 
complete as well as incomplete circular cracks), and with quartzite (n = 2/11 for complete cracks and 1/11 for incomplete 
cracks), and sometimes with bone (no case of complete crack, but 2/13 for incomplete cracks). Circular cracks without 
protrusion are mainly observed with quartzite (n = 5/11 for complete as well as incomplete cracks), but they also form with 
sandstone (n = 2/11 for complete cracks, no case of incomplete crack), with antler (n = 2/10 for complete cracks and 3/10 
for incomplete cracks), and with bone (n = 1/11 for complete cracks, no case of incomplete crack).

Conversely, non-circular cracks tend to be more often observed with moderately hard or rather soft CTs, whether 
organic or mineral (sandstone), and are only exceptionally documented with quartzite. Fingernail cracks are mainly 
observed with antler (n = 4/10; Fig 8b) and to a lesser extent with quartzite (n = 1/11) and bone (n = 1/13). Type 1 lateralised 
cracks are observed mainly with bone (n = 6/13) and boxwood (n = 3/11), while rare cases were found with sandstone 
(n = 1/11) and antler (n = 1/10). Slit cracks show a similar pattern: they are more present with boxwood (n = 6/11; Fig 8c) 
and bone (n = 5/13), but they also appear occasionally with sandstone (n = 2/11) and antler (n = 1/10). Finally, network 
cracks are mainly encountered with sandstone (n = 4/11) and antler (n = 3/10), and more rarely with quartzite (n = 1/11) and 
boxwood (n = 1/11). Network cracks are probably created because of repeated attempts at detachment in the same area 
of the striking platform, by CTs with irregular microtopography that creates multiple contact points, or by a combination of 
these two factors.
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Fig 6.  Mapping of the elemental characterisation of a section of the platform of a blade knapped by indirect percussion with a boxwood CT 
(experimental piece Exp122-93). On the left, SEM micrograph showing the analysed platform area, with part of its posterior edge visible in the lower-
left corner (a1), and the elemental mapping of silica (Si; a2), oxygen (O; a3), and carbon (C; a4). Note that carbon is concentrated along the posterior edge 
of the platform and indicates the deposition of organic matter in this specific location. On the right, SEM micrograph (b1) of a specific area of image a1, 
showing the locations (yellow circles) where the elemental spectra in b2 (sample 004 shown in b1), b3 (sample 005) and b4 (sample 006) were obtained. 
Note that the spectra in b3 and b4 come from the dark area shown in b1 and have high peaks for carbon (C), indicating that this area is rich in organic 
matter. In contrast, the spectrum in b2 shows high peaks only for oxygen (O) and silica (Si) and therefore corresponds to the flint matrix (SEM analysis: 
D. Cnuts; CAD: O. Touzé).

https://doi.org/10.1371/journal.pone.0329848.g006

https://doi.org/10.1371/journal.pone.0329848.g006
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Fig 7.  On the left, SEM micrograph (a1) of a section of the platform of a blade knapped by pressure with a copper CT (experimental piece 
Exp122-230), showing the locations (yellow circles) where the elemental spectra in a2 (sample 013 shown in a1), a3 (sample 014) and a4 (sample 
016) were obtained. The spectrum in a2 comes from what was expected to be a copper residue and, in addition to high peaks for oxygen (O) and silica 
(Si), also shows moderate peaks for copper (Cu) and carbon (C), the latter indicating the presence of organic matter. In the spectrum in a3, carbon is 
also represented by a moderate peak. The spectrum in a4 comes from an area expected to contain only flint and logically shows high peaks for oxy-
gen and silica, but carbon is still present. On the right, SEM micrograph (b1) of a section of the same platform, with part of its posterior edge visible in 
the lower part of the image, showing the location (yellow circle) within a white area where the elemental spectrum in b2 (sample 017 shown in b1) was 
obtained. The spectrum in b2 displays a moderate peak for carbon, indicating the presence of deposited organic matter in this area (SEM analysis: D. 
Cnuts; CAD: O. Touzé).

https://doi.org/10.1371/journal.pone.0329848.g007

https://doi.org/10.1371/journal.pone.0329848.g007
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Fig 8.  Cracks associated with the use of direct percussion. a: quartzite (complete and incomplete circle cracks); b: antler (light blue arrows: finger-
nail cracks due to the detachment of the blade; dark blue arrows: cracks maybe due to the preparation of the edge of the striking platform); c: boxwood 
(slit crack). In image a2, a small crushed area is visible (solid orange circle), along with silica dust particles located along the posterior edge of the 
platform (dotted orange curved line). Several striations extend from this same edge (orange arrows) and were probably created by silica particles being 
rubbed against the platform by the CT, as suggested by the location of some of these particles at the end of a striation (dotted orange circle).

https://doi.org/10.1371/journal.pone.0329848.g008

https://doi.org/10.1371/journal.pone.0329848.g008
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4.1.1.3. Polishes: Polish observations were made only after complete or nearly complete removal of the residues 
through cleaning. Direct percussion almost always results in the formation of polishes (Figs 9–11), but the grain of the 
flint plays a role. In total, we counted 10 blades whose platforms show no polish: 5 of them were knapped with antler – 
half the number of blades obtained with this CT –, 2 with sandstone, and 1 with quartzite, bone and boxwood. Most of 
these blades (n = 7) were detached either from a rough and weathered non-cortical surface, or from a surface totally or 
partially characterised by a coarse grain. A Fisher’s exact test (p-value = 0.031) confirms the existence of a link between 
the presence of polish and the grain size of the flint observed on the platform of the blades knapped by direct percus-
sion. We can therefore deduce that the more weathered or coarser-grained the flint, the lower the probability that it will 
record the formation of knapping polishes. This corresponds to what has been noted previously for use-wear polishes 
(e.g., [154: 27,28, 174: 89, 175]). It should be noted, however, that the abrasiveness of the CT is also a factor to be 
considered. Of the 11 blades knapped with sandstone, all were extracted from a striking platform prepared in a coarse-
grained area of the core, but only two of them have no polish as mentioned above.

The polishes develop only on the upper parts of the microtopography, but we did not observe any significant differences 
in their appearance or their brightness, which can vary greatly from one blade to another, regardless of the CT used  
(Fig 12). It seems likely that the fact that knapping polishes are formed in a very short time span, of the order of a second, 
limits or prevents the appearance of polishes with well-differentiated characteristics with regards to the CTs used, contrary 
to what is observed for polishes related to tool use. Although this remains speculative, we suspect that knapping polishes 
are created by an erosive levelling – i.e., a loss of material in the form of silica dust – of the higher parts of the microto-
pography, caused by the friction of the CT against the striking platform.

Several “spots” or small groups of polishes are generally present on the platforms (e.g., Fig 9), and it is rare for there to 
be only one (n = 1/13 with bone, 1/11 with boxwood). Their density in a given area is low to moderate with most of the CTs, 
except with quartzite where it is often moderate to high. This can probably be explained by a difference in abrasiveness, 
even though dense polishes were also observed on a blade knapped with boxwood. When several spots of polish are 
present, they are most often scattered in several places on the platform and rarely concentrated in a specific area (n = 2/11 
with quartzite, 2/11 with sandstone, 1/11 with boxwood). The spots of polishes are also located at varying distances from 
the posterior edge of the platform, regardless of the CT used. In a few cases, the spots were located exclusively in contact 
with, or close to, this edge (n = 2/13 with bone, 1/11 with sandstone). Only one blade knapped with boxwood has polishes 
all located at a distance from the posterior edge.

The spatial association of polishes and cracks is also an interesting aspect of the distribution of polishes. Although this 
association is only partial most of the time, mineral hammers (n = 3/11 for sandstone, 2/11 for quartzite) can lead to a strict 
association of the two types of traces, which is more rare with organic hammers (n = 1/10 for antler, 1/13 for bone, no case 
for boxwood): in this case, the polishes are located inside (if cracks are circular), or in the immediate vicinity of the cracks. 
Conversely, the cases where the polishes are clearly dissociated from the cracks are mainly observed with organic ham-
mers (n = 4/13 with bone, 3/11 with boxwood) and rarely with mineral hammers (n = 1/11 with sandstone).

The presence of incisions within the polishes is systematic. Visually, incisions appear to be the result of a deep removal 
of material, unlike the polishes which are formed on the most prominent parts of the microtopography. As we envisaged 
for the incisions associated with residues (see above), those associated with polishes are almost certainly created by 
highly abrasive particles [153] of silica already present on the surface of the CT, as supported by the SEM-EDS identifi-
cation of a silica deposit on the contact surface of the copper indenter used for pressure knapping during the experiment 
(Fig 13), or detached during impact, which, under the combined effect of the compression exerted by the percussion and 
the friction of the CT against the striking platform, incise the surface of the latter (i.e., that of the butt of the blade) in depth.

In most cases, the polishes take the form of rectilinear lines of varying width, isolated or grouped (Figs 9d–11), as well 
as “patches” or isolated points with no particular morphology (Fig 9a–9c). In some cases, the polishes can be exclusively 
non-linear (n = 4, all CTs combined), or linear (n = 7, all CTs combined), but this is independent of the CT used. The linear 
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nature of many polishes is a clear indication of the friction movement between the CT and the striking platform which occurs 
immediately after impact, and which is linked to the (more or less) tangential nature of the percussive gesture. Linear pol-
ishes are also often characterised by their discontinuous nature, their ‘tracks’ being made up of zones of polish more or less 
distant from each other (e.g., Fig 11c). However, continuous linear polishes can sometimes be formed, although this does 

Fig 9.  Polishes associated with the use of direct percussion and a quartzite CT (images a2, b2, c2 and d2 modified with DStretch).

https://doi.org/10.1371/journal.pone.0329848.g009

https://doi.org/10.1371/journal.pone.0329848.g009
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not seem to be linked to the abrasiveness of the CT, as continuous linear polishes were observed with boxwood (n = 3/11), 
quartzite (n = 2/11) and sandstone (n = 2/11). Finally, it can happen that the orientations of the linear polishes are secant 
rather than parallel: this phenomenon indicates that repeated attempts at detachment were made, since the slightest change 
in the trajectory of the percussion gesture, or in the orientation of the striking platform mechanically leads to the formation of 
linear polishes of different orientations. In the experimental collection, polishes with secant orientations are most common 
with quartzite (n = 6/11), which suggests that the knapper had slightly more difficulty extracting the blades with this CT.

4.1.2.  Indirect percussion. 
4.1.2.1. Residues: The deposition of residues on the surface of the platform is common with indirect percussion 

(Fig 14), but cases where residues are absent are more frequent than with direct percussion (n = 4/11 with antler, 1/11 
with boxwood, 1/4 with bone). When they are present, residues are generally scattered over the platform and rarely 
concentrated in a particular, limited, area (n = 1/11 with antler as well as with boxwood, 0/4 with bone), and it is exceptional 
for them to be located within a crack (n = 1/11 for antler), unlike what is observed with direct (mainly mineral) percussion. 
The shapes of the residue deposits are varied and non-specific, but a few cases of residues with a partly linear distribution 
were observed with boxwood (n = 2/11). The presence of incisions within the residues is common (Fig 14a, 14b), but a few 
exceptions were also observed (n = 3/11 with boxwood, 1/4 with bone).

The knapping residues associated with indirect percussion can be resistant, but a cleaning procedure combining expo-
sure to a 3% hydrochloric acid solution combined with the use of an ultrasonic bath for around ten minutes has often been 
sufficient to remove them, or at least to remove most of them. By comparison, organic residues proved to adhere more 
strongly in the case of direct percussion.

In our experimental collection, indirect percussion is also associated with the systematic presence of a more or less 
continuous trace along the posterior edge of the platform (Fig 15a), similar to that observed on most blades knapped by 

Fig 10.  Polishes associated with the use of direct percussion and a bone CT.

https://doi.org/10.1371/journal.pone.0329848.g010

https://doi.org/10.1371/journal.pone.0329848.g010
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Fig 11.  Polishes associated with the use of direct percussion and a boxwood CT (images b2, c2 and d2 modified with DStretch).

https://doi.org/10.1371/journal.pone.0329848.g011

https://doi.org/10.1371/journal.pone.0329848.g011
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Fig 12.  Different aspects of polishes observed on the platform of two blades associated with the use of direct percussion at magnification 
x1500. a-b: boxwood (experimental piece Exp122-56); c-d: quartzite (experimental piece Exp122-44). The polishes in the images on the left have a con-
tinuous aspect because they have formed with little interruption on the upper and lower parts of the microtopography. They also have a distinctly linear 
appearance and are associated with narrow incisions. The polishes in the photos on the right have formed mainly on the upper parts of the microtopog-
raphy and are more discrete in the lower parts, hence their more “fragmented” appearance. Their linear nature is less obvious.

https://doi.org/10.1371/journal.pone.0329848.g012

direct percussion and on all blades knapped by pressure. As mentioned above, SEM-EDS analysis has shown that this 
trace corresponds to a residue of organic material, potentially deposited by the knapper on the active part of the CT before 
the blade was detached.

4.1.2.2. Cracks: The cracks present on the platform of blades knapped by indirect percussion (Fig 16) show some 
differences depending on whether the CT is antler or boxwood. Despite the inefficiency of the bone punch, the character-
istics of the cracks associated with this material are fairly similar to those associated with antler.

Only boxwood is associated with platforms without cracks, although this situation is not frequent (3 cases out of 11). 
When cracks are present, boxwood is generally associated with only one (n = 6/11; compared with 2 cases of multiple 
cracks: Fig 16c), whereas antler (3 cases of single cracks and 7 cases of multiple cracks; the presence of cracks on the 
last blade could not be determined; Fig 16a, 16b) and bone (1 case of single crack and 3 cases of multiple cracks) are 
more often associated with several. The number of cracks observed is probably related to the number of detachment 
attempts made to detach the blades. When several cracks are present, they are more often scattered over the platform 
(n = 5/11 with antler; 2/11 with boxwood) than concentrated in a specific area, except sometimes with antler (n = 2/11) and 
especially with bone (n = 3/4). As with direct percussion, cracks associated with the use of indirect percussion are either 
in contact with, or at varying distances from the posterior edge of the platform. In two cases, the boxwood punch created 

https://doi.org/10.1371/journal.pone.0329848.g012
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with quartzite (54.5%) appear in another cluster (cluster 3), with a few other blades associated with various CTs (9.1% for 
sandstone and boxwood, 7.7% for bone). We hypothesize that the distinction between each of these clusters results from 
knapping traces patterns that are mainly influenced by the physical properties of the CTs, probably their respective hard-
nesses in particular. If this interpretation is correct, cluster 1 could be considered to indicate the use of a rather soft CT, 
while cluster 3 would indicate the use of a rather hard CT. Cluster 2, which is dominated by blades knapped with bone, 

Fig 33.  Clustering of MFAs based on eight clusters (in %).

https://doi.org/10.1371/journal.pone.0329848.g033

Fig 34.  Plot showing the clustering of MFAs based on eight clusters (MFA 1: direct percussion; MFA 2: indirect percussion; MFA 3: pressure; 
each dot represents a blade).

https://doi.org/10.1371/journal.pone.0329848.g034
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being closer to cluster 3 than to cluster 1 (see dendrogram in S8 Fig), could potentially indicate that the bone CT (a cow 
fibula, the head of which was used as the percussive part) was somewhat harder than the other soft CTs we used.

4.2.3.  Identification of the CT used with indirect percussion.  Cluster analysis proves quite effective with indirect 
percussion, as a grouping into two clusters allows to distinguish the two CTs used with a satisfactory degree of precision. 
Each cluster includes the majority (81.8%) of blades knapped with one of these two CTs, and a few blades (18.2%) 
knapped with the other CT (Figs 40 and 41; Table 11; S9 Fig). A Fisher’s exact test (p-value = 0.009), as well as a chi-
square test (value = 8.91; df = 1; p-value = 0.003) and a Cramér’V (value = 0.636) confirm that the CT parameter is linked 
with the clustering.

4.2.4.  Identification of the CT used with pressure.  In the case of pressure knapping, an analysis based on two 
clusters gives results that allow to discriminate between the three CTs used with a relative efficiency, probably according 

Fig 35.  Clustering of MFAs according to the CTs used based on eight clusters (in %).

https://doi.org/10.1371/journal.pone.0329848.g035

Table 7.  Results of the hierarchical cluster analysis applied to the identification of MFAs, regardless of the CTs used, based on eight clusters.

MFAs Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 Cluster 7 Cluster 8 Total

Direct percussion Observed 17 15 21 1 1 1 0 0 56

Expected 8.21 12.55 11.59 4.83 0.966 5.79 0.966 11.10 56.0

% within row 30.4 % 26.8 % 37.5 % 1.8 % 1.8 % 1.8 % 0.0 % 0.0 % 100.0 %

Indirect percussion Observed 0 10 2 8 1 1 0 0 22

Expected 3.22 4.93 4.55 1.90 0.379 2.28 0.379 4.36 22.0

% within row 0.0 % 45.5 % 9.1 % 36.4 % 4.5 % 4.5 % 0.0 % 0.0 % 100.0 %

Pressure Observed 0 1 1 1 0 10 2 23 38

Expected 5.57 8.52 7.86 3.28 0.655 3.93 0.655 7.53 38.0

% within row 0.0 % 2.6 % 2.6 % 2.6 % 0.0 % 26.3 % 5.3 % 60.5 % 100.0 %

Total Observed 17 26 24 10 2 12 2 23 116

Expected 17.00 26.00 24.00 10.00 2.000 12.00 2.000 23.00 116.0

% within row 14.7 % 22.4 % 20.7 % 8.6 % 1.7 % 10.3 % 1.7 % 19.8 % 100.0 %

https://doi.org/10.1371/journal.pone.0329848.t007

https://doi.org/10.1371/journal.pone.0329848.g035
https://doi.org/10.1371/journal.pone.0329848.t007
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to their degree of hardness (Figs 42 and 43; Table 12; S10 Fig). Blades knapped with the hardest CTs, i.e., copper and 
antler, are mainly grouped in cluster 1 (84.6% and 63.6% respectively), which also includes 14.3% of blades knapped with 
boxwood. Conversely, cluster 2 includes 85.7% of the blades detached with boxwood, the softest CT, as well as part of the 
blades extracted with antler (36.4%) and copper (15.4%). A Fisher’s exact test (p-value < 0.001), as well as a chi-square 
test (value = 14.1; df = 2; p-value < 0.001) and a Cramér’V (value = 0.610) confirm that the CT parameter is linked with the 
clustering results.

An analysis based on three clusters makes it possible to distinguish most of the blades knapped with copper (n = 9, 
i.e., 69.2%) which are grouped in cluster 1, in which there are no blades knapped with another CT (Figs 44 and 45; Table 
13; S11 Fig). According to the dendrogram, this group is closer to cluster 2, which mainly includes blades knapped with 
antler, than to cluster 3, which is mainly associated with boxwood. If these clusters are influenced primarily by the degree 

Table 8.  Results of the hierarchical cluster analysis applied to the identification of MFAs, depending on the CTs used, based on eight clusters.

MFAs CTs Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 Cluster 7 Cluster 8 Total

Direct percussion Quartzite Observed 3 2 5 1 0 0 0 0 11

Expected 3.34 2.946 4.125 0.196 0.196 0.196 0.000 0.00 11.0

% within row 27.3 % 18.2 % 45.5 % 9.1 % 0.0 % 0.0 % 0.0 % 0.0 % 100.0 %

Sandstone Observed 6 3 2 0 0 0 0 0 11

Expected 3.34 2.946 4.125 0.196 0.196 0.196 0.000 0.00 11.0

% within row 54.5 % 27.3 % 18.2 % 0.0 % 0.0 % 0.0 % 0.0 % 0.0 % 100.0 %

Antler Observed 2 3 5 0 0 0 0 0 10

Expected 3.04 2.679 3.750 0.179 0.179 0.179 0.000 0.00 10.0

% within row 20.0 % 30.0 % 50.0 % 0.0 % 0.0 % 0.0 % 0.0 % 0.0 % 100.0 %

Bone Observed 3 4 4 0 1 1 0 0 13

Expected 3.95 3.482 4.875 0.232 0.232 0.232 0.000 0.00 13.0

% within row 23.1 % 30.8 % 30.8 % 0.0 % 7.7 % 7.7 % 0.0 % 0.0 % 100.0 %

Boxwood Observed 3 3 5 0 0 0 0 0 11

Expected 3.34 2.946 4.125 0.196 0.196 0.196 0.000 0.00 11.0

% within row 27.3 % 27.3 % 45.5 % 0.0 % 0.0 % 0.0 % 0.0 % 0.0 % 100.0 %

Indirect percussion Antler Observed 0 6 1 3 1 0 0 0 11

Expected 0.00 5.000 1.000 4.000 0.500 0.500 0.000 0.00 11.0

% within row 0.0 % 54.5 % 9.1 % 27.3 % 9.1 % 0.0 % 0.0 % 0.0 % 100.0 %

Boxwood Observed 0 4 1 5 0 1 0 0 11

Expected 0.00 5.000 1.000 4.000 0.500 0.500 0.000 0.00 11.0

% within row 0.0 % 36.4 % 9.1 % 45.5 % 0.0 % 9.1 % 0.0 % 0.0 % 100.0 %

Pressure Antler Observed 0 0 0 0 0 6 1 4 11

Expected 0.00 0.289 0.289 0.289 0.000 2.895 0.579 6.66 11.0

% within row 0.0 % 0.0 % 0.0 % 0.0 % 0.0 % 54.5 % 9.1 % 36.4 % 100.0 %

Boxwood Observed 0 0 0 0 0 4 0 10 14

Expected 0.00 0.368 0.368 0.368 0.000 3.684 0.737 8.47 14.0

% within row 0.0 % 0.0 % 0.0 % 0.0 % 0.0 % 28.6 % 0.0 % 71.4 % 100.0 %

Copper Observed 0 1 1 1 0 0 1 9 13

Expected 0.00 0.342 0.342 0.342 0.000 3.421 0.684 7.87 13.0

% within row 0.0 % 7.7 % 7.7 % 7.7 % 0.0 % 0.0 % 7.7 % 69.2 % 100.0 %

Total Observed 17 26 24 10 2 12 2 23 116

Expected 17.00 26.000 24.000 10.000 2.000 12.000 2.000 23.00 116.0

% within row 14.7 % 22.4 % 20.7 % 8.6 % 1.7 % 10.3 % 1.7 % 19.8 % 100.0 %

https://doi.org/10.1371/journal.pone.0329848.t008

https://doi.org/10.1371/journal.pone.0329848.t008
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of hardness of the CTs used, cluster 1 could result from the fact that copper is the hardest of the three CTs used with 
pressure. A Fisher’s exact test (p-value < 0.001; conditions were not met to perform a chi-square test), shows that the CT 
parameter is linked with the results of the cluster analysis.

4.2.5.  Identification of the CT without prior identification of the MFA.  A final cluster analysis was carried out to 
determine whether the nature of the CT could be identified when the MFA had not been determined beforehand.

Fig 36.  Clustering of CTs associated with direct percussion based on three clusters (in %).

https://doi.org/10.1371/journal.pone.0329848.g036

Fig 37.  Plot showing the clustering of CTs associated with direct percussion based on three clusters (CT 1: quartzite; CT 2: sandstone; CT 3: 
antler; CT 4: bone; CT 5: boxwood; each dot represents a blade).

https://doi.org/10.1371/journal.pone.0329848.g037

https://doi.org/10.1371/journal.pone.0329848.g036
https://doi.org/10.1371/journal.pone.0329848.g037
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A grouping into two clusters associates all blades knapped with quartzite and sandstone, as well as almost all blades 
knapped with bone (92.3%) in cluster 1 (Figs 46 and 47; Table 14; S12 Fig). Antler and boxwood are also associated 
with this cluster (71.9% and 61.1% respectively), but unlike the previous three CTs, they are also well represented in 
cluster 2 (28.1% and 38.9% respectively). Only copper is predominantly represented in cluster 2 (84.6%) and to a lesser 
extent in cluster 1 (15.4%). The significance of these results is not obvious as far as the CTs are concerned, as copper, 

Table 9.  Results of the hierarchical cluster analysis applied to the identification of CTs used with direct percussion, based on three clusters.

CTs Cluster 1 Cluster 2 Cluster 3 Total

Quartzite Observed 4 7 0 11

Expected 5.89 4.91 0.196 11.0

% within row 36.4 % 63.6 % 0.0 % 100.0 %

Sandstone Observed 10 1 0 11

Expected 5.89 4.91 0.196 11.0

% within row 90.9 % 9.1 % 0.0 % 100.0 %

Antler Observed 9 1 0 10

Expected 5.36 4.46 0.179 10.0

% within row 90.0 % 10.0 % 0.0 % 100.0 %

Bone Observed 1 12 0 13

Expected 6.96 5.80 0.232 13.0

% within row 7.7 % 92.3 % 0.0 % 100.0 %

Boxwood Observed 6 4 1 11

Expected 5.89 4.91 0.196 11.0

% within row 54.5 % 36.4 % 9.1 % 100.0 %

Total Observed 30 25 1 56

Expected 30.00 25.00 1.000 56.0

% within row 53.6% 44.6% 1.8% 100.0%

https://doi.org/10.1371/journal.pone.0329848.t009

Fig 38.  Clustering of CTs associated with direct percussion based on four clusters (in %).

https://doi.org/10.1371/journal.pone.0329848.g038

https://doi.org/10.1371/journal.pone.0329848.t009
https://doi.org/10.1371/journal.pone.0329848.g038
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for example, would be expected to show a clustering more similar to that of quartzite, sandstone, bone, or even antler, 
because it is harder than a material such as boxwood. This situation appears to be due to the composition of our refer-
ence collection, where most CTs (quartzite, sandstone, bone, and copper) were used in association with only one MFA, 

Fig 39.  Plot showing the clustering of CTs associated with direct percussion based on four clusters (CT 1: quartzite; CT 2: sandstone; CT 3: 
antler; CT 4: bone; CT 5: boxwood; each dot represents a blade).

https://doi.org/10.1371/journal.pone.0329848.g039

Table 10.  Results of the hierarchical cluster analysis applied to the identification of CTs used with direct percussion, based on four clusters.

CTs Cluster 1 Cluster 2 Cluster 3 Cluster 4 Total

Quartzite Observed 4 1 6 0 11

Expected 5.89 3.14 1.77 0.196 11.0

% within row 36.4 % 9.1 % 54.5 % 0.0 % 100.0 %

Sandstone Observed 10 0 1 0 11

Expected 5.89 3.14 1.77 0.196 11.0

% within row 90.9 % 0.0 % 9.1 % 0.0 % 100.0 %

Antler Observed 9 1 0 0 10

Expected 5.36 2.86 1.61 0.179 10.0

% within row 90.0 % 10.0 % 0.0 % 0.0 % 100.0 %

Bone Observed 1 11 1 0 13

Expected 6.96 3.71 2.09 0.232 13.0

% within row 7.7 % 84.6 % 7.7 % 0.0 % 100.0 %

Boxwood Observed 6 3 1 1 11

Expected 5.89 3.14 1.77 0.196 11.0

% within row 54.5 % 27.3 % 9.1 % 9.1 % 100.0 %

Total Observed 30 16 9 1 56

Expected 30.00 16.00 9.00 1.000 56.0

% within row 53.6% 28.6% 16.1% 1.8% 100.0%

https://doi.org/10.1371/journal.pone.0329848.t010

https://doi.org/10.1371/journal.pone.0329848.g039
https://doi.org/10.1371/journal.pone.0329848.t010
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whereas only two CTs (antler and boxwood) were used with all MFAs. For this reason, the results of the clustering are 
mainly driven by the MFA parameter, as confirmed by a Fisher’s exact test (p-value < 0.001), as well as by a chi-square 
test (value = 86.2, df = 2, p-value < 0.001) and a Cramér’s V (value = 0.862), rather than by the nature of the CTs itself.

Fig 40.  Clustering of CTs associated with indirect percussion based on two clusters (in %).

https://doi.org/10.1371/journal.pone.0329848.g040

Fig 41.  Plot showing the clustering of CTs associated with indirect percussion based on two clusters (CT 3: antler; CT 5: boxwood; each dot 
corresponds to a blade).

https://doi.org/10.1371/journal.pone.0329848.g041

https://doi.org/10.1371/journal.pone.0329848.g040
https://doi.org/10.1371/journal.pone.0329848.g041
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To investigate this question further, a hierarchical cluster analysis was carried out on all the blades knapped with 
antler and boxwood with the same attributes used in the previous situation (Figs 48 and 49; Table 15; S13 Fig). The 
results of this analysis show that all blades detached by direct and indirect percussion are grouped in the same cluster 
(cluster 1), whereas the vast majority of blades knapped by pressure (72.7% in the case of antler and 100% in the case 
of boxwood) are grouped in the other cluster (cluster 2). A Fisher’s exact test (p-value < 0.001), as well as a chi-square 
test (value = 55.9; df = 2; p-value < 0.001) and a Cramér’V (value = 0.907) confirm that the MFA parameter strongly deter-
mines the clustering, unlike the CT parameter (Fisher’s exact test: p-value = 0.301; chi-square test: value = 1.49; d = 1; 
p-value = 0.222).

Although other combinations of MFAs and CTs will need to be added to our reference collection in the future (e.g., 
direct percussion with copper, indirect percussion with sandstone, etc.) to better assess this, we can hypothesise from 
these results that the MFA may have more influence than the CT on the knapping traces we examined, and that the identi-
fication of techniques may therefore prioritize the identification of the MFA over that of the CT.

Table 11.  Results of the hierarchical cluster analysis applied to the identification of CTs used with indirect percussion, based on two clusters.

CTs Cluster 1 Cluster 2 Total

Antler Observed 2 9 11

Expected 5.50 5.50 11.0

% within row 18.2 % 81.8 % 100.0 %

Boxwood Observed 9 2 11

Expected 5.50 5.50 11.0

% within row 81.8 % 18.2 % 100.0 %

Total Observed 11 11 22

Expected 11.00 11.00 22.0

% within row 50.0% 50.0% 100.0%

https://doi.org/10.1371/journal.pone.0329848.t011

Fig 42.  Clustering of CTs associated with pressure based on two clusters (in %).

https://doi.org/10.1371/journal.pone.0329848.g042
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5.  Discussion

While knapping methods can be reconstructed based on a technological analysis of the archaeological artefacts they 
produced (flakes, blades, bladelets, core tablets, cores, bifacial pieces, production waste, etc.), ideally supplemented 
by physical refits, the same cannot be said for knapping techniques. In order to identify the latter, it is indeed necessary 
to decipher the meaning of the traces present on the lithic artefacts, which require the prior creation of an experimental 

Fig 43.  Plot showing the clustering of CTs associated with pressure based on two clusters (CT 3: antler; CT 5: boxwood; CT 6: copper; each 
dot corresponds to a blade).

https://doi.org/10.1371/journal.pone.0329848.g043

Table 12.  Results of the hierarchical cluster analysis applied to the identification of CTs used with pressure, based on two clusters.

CTs Cluster 1 Cluster 2 Total

Antler Observed 7 4 11

Expected 5.79 5.21 11.0

% within row 63.6 % 36.4 % 100.0 %

Boxwood Observed 2 12 14

Expected 7.37 6.63 14.0

% within row 14.3 % 85.7 % 100.0 %

Copper Observed 11 2 13

Expected 6.84 6.16 13.0

% within row 84.6 % 15.4 % 100.0 %

Total Observed 20 18 38

Expected 20.00 18.00 38.0

% within row 52.6 % 47.4 % 100.0 %

https://doi.org/10.1371/journal.pone.0329848.t012

https://doi.org/10.1371/journal.pone.0329848.g043
https://doi.org/10.1371/journal.pone.0329848.t012
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Fig 44.  Clustering of CTs associated with pressure based on three clusters (in %).

https://doi.org/10.1371/journal.pone.0329848.g044

Fig 45.  Plot showing the clustering of CTs associated with pressure based on three clusters (CT 3: antler; CT 5: boxwood; CT 6: copper; each 
dot corresponds to a blade).

https://doi.org/10.1371/journal.pone.0329848.g045
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collection according to specific conditions (raw material, type of production, type of striking/pressure platform, etc.) that 
reproduce the characteristics of the archaeological assemblage we intend to study as closely as possible [123].

To our knowledge, only one study to date has looked at the microscopic knapping traces associated with a wide range 
of techniques [158]. That study and this article show that the characteristics of these traces vary according to the MFA and 
the CT used and that they therefore represent an asset for identifying knapping techniques, in the same way as macro-
scopic traces. However, whether microscopic or macroscopic, no single type of trace can identify a particular technique 
with certainty. As an example, we can mention the bulb scar (esquillement du bulbe in French) which, when it was first 
recognised, was considered to be closely associated with direct soft stone percussion [123], before cases were also 
recorded with direct percussion with antler and boxwood [124]. In our experimental collection, bulb scars were mainly 
observed with direct percussion with antler (n = 5/10), quartzite (n = 5/11) and sandstone (n = 3/11), but discrete bulb scars 
were also observed sometimes with direct percussion with bone (n = 1/13), indirect percussion with antler and boxwood 

Table 13.  Results of the hierarchical cluster analysis applied to the identification of CTs used with pressure, based on three clusters.

CTs Cluster 1 Cluster 2 Cluster 3 Total

Antler Observed 0 7 4 11

Expected 2.61 3.18 5.21 11.0

% within row 0.0 % 63.6 % 36.4 % 100.0 %

Boxwood Observed 0 2 12 14

Expected 3.32 4.05 6.63 14.0

% within row 0.0 % 14.3 % 85.7 % 100.0 %

Copper Observed 9 2 2 13

Expected 3.08 3.76 6.16 13.0

% within row 69.2 % 15.4 % 15.4 % 100.0 %

Total Observed 9 11 18 38

Expected 9.00 11.00 18.00 38.0

% within row 23.7 % 28.9 % 47.4 % 100.0 %

https://doi.org/10.1371/journal.pone.0329848.t013

Fig 46.  Clustering of CTs based on two clusters (in %).

https://doi.org/10.1371/journal.pone.0329848.g046
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Fig 47.  Plot showing the clustering of CTs based on two clusters (CT 1: quartzite; CT 2: sandstone; CT 3: antler; CT 4: bone; CT 5: boxwood; 
CT 6: copper; each dot represents a blade).

https://doi.org/10.1371/journal.pone.0329848.g047

Table 14.  Results of the hierarchical cluster analysis applied to the identification of CTs, regardless of the MFAs used, based on two clusters.

CTs Cluster 1 Cluster 2 Total

Quartzite Observed 11 0 11

Expected 7.68 3.32 11.0

% within row 100.0 % 0.0 % 100.0 %

Sandstone Observed 11 0 11

Expected 7.68 3.32 11.0

% within row 100.0 % 0.0 % 100.0 %

Antler Observed 23 9 32

Expected 22.34 9.66 32.0

% within row 71.9 % 28.1 % 100.0 %

Bone Observed 12 1 13

Expected 9.08 3.92 13.0

% within row 92.3 % 7.7 % 100.0 %

Boxwood Observed 22 14 36

Expected 25.14 10.86 36.0

% within row 61.1 % 38.9 % 100.0 %

Copper Observed 2 11 13

Expected 9.08 3.92 13.0

% within row 15.4 % 84.6 % 100.0 %

Total Observed 81 35 116

Expected 81.00 35.00 116.0

% within row 69.8 % 30.2 % 100.0 %

https://doi.org/10.1371/journal.pone.0329848.t014

https://doi.org/10.1371/journal.pone.0329848.g047
https://doi.org/10.1371/journal.pone.0329848.t014
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Fig 48.  Clustering of antler and boxwood CTs, depending on the MFAs used, based on three clusters (in %).

https://doi.org/10.1371/journal.pone.0329848.g048

Fig 49.  Plot showing the clustering of antler and boxwood CTs, depending on the MFAs used, based on three clusters (CT 3: antler; CT 5: 
boxwood; each dot represents a blade).

https://doi.org/10.1371/journal.pone.0329848.g049
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percussion, although this appears to be less obvious, probably because these two MFAs behave in a similar way since 
the fracture is created in both cases following an impact. It is also possible to distinguish between rather hard versus 
rather soft CTs, regardless of the MFA used, but the characterisation of CTs can only go so far with this type of analysis. 
The identification and analysis of knapping residues, which can adhere strongly to the flint, is the best option for obtaining 
more precise information on this aspect.

While the MFA and CT can be identified, the body behaviour is very difficult to perceive from the knapping traces, even 
if at least one of its aspects (how the core is held) can be comprehended, albeit in an experimental context. Analysing 
the effect of body behaviour on knapping traces will necessarily involve looking at the inter-individual variability of those 
traces. On this subject too, it would undoubtedly be advisable to opt for a multiscale approach, drawing on both the tech-
nological approach and the traceological approach (e.g., [87]).
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spontaneous scars with crushed denticles on its distal part.
(TIFF)

S3 Fig.  Extract from the high-speed video recording of the detachment of the blade bearing the identification 
number Exp122-91, immediately after the fracture was created. Note that the knapper has positioned the core so that 
the striking platform is almost parallel to the ground. In this case, the entire length of the flaking surface is firmly main-
tained against the knapper’s thigh and only the proximal part of the blade (yellow circle) can barely move away from the 
core. In this position, there is no significant friction between the blade and the core, so that spontaneous scars show only 
intact denticles.
(TIFF)

S4 Fig.  Dendrogram of the hierarchical cluster analysis applied to the identification of MFAs, regardless of the 
CTs used, based on two clusters. 
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S5 Fig.  Dendrogram of the hierarchical cluster analysis applied to the identification of MFAs, regardless of the 
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S8 Fig.  Dendrogram of the hierarchical cluster analysis applied to the identification of CTs used with direct per-
cussion, based on four clusters. 
(TIFF)

S9 Fig.  Dendrogram of the hierarchical cluster analysis applied to the identification of CTs used with indirect 
percussion, based on two clusters. 
(TIFF)

S10 Fig.  Dendrogram of the hierarchical cluster analysis applied to the identification of CTs used with pressure, 
based on two clusters. 
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S13 Fig.  Dendrogram of the hierarchical cluster analysis applied to the identification of antler and boxwood CTs, 
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(TIFF)

S1 Video.  High-speed video recording (16,000 fps) of the detachment of the blade bearing the identification 
number Exp122-78 by indirect percussion with an antler punch. Note that at 00:00:21, the video documents the 
detachment of a tiny flake on the mesial part of the right edge of the blade, due to the blade’s counter-shock against the 
core. The negative of this flake corresponds to a spontaneous scar. The video also shows that after impact, the wooden 
hammer shakes slightly as it absorbs some of the kinetic energy of the knapping gesture. The quality of this video has 
been reduced to comply with PLoS ONE’s guidelines regarding supporting information; the original, higher-quality video 
can be provided by the authors upon request.
(MP4)

S2 Video.  High-speed video recording (16,000 fps) of the detachment of the blade bearing the identification 
number Exp122-91 by indirect percussion with a boxwood punch. The video very clearly shows that after impact, the 
wooden hammer shakes as it absorbs some of the kinetic energy of the knapping gesture. The quality of this video has 
been reduced to comply with PLoS ONE’s guidelines regarding supporting information; the original, higher-quality video 
can be provided by the authors upon request.
(MP4)

Acknowledgments

Our sincere thanks go to Christian Lepers for producing the experimental collection. We are grateful to Philippe Pirson, 
the Société de Recherche préhistorique en Hainaut (Society for Prehistoric Research in Hainaut) and the OMYA quarry for 
their help in collecting the flint blocks used in the experiment. We also express our gratitude to Cécile Ménager and Kim 
Redman for providing us with their unpublished theses, Dries Cnuts for performing the SEM-EDS analyses of several res-
idues, as well as the TraceoLab team for helpful discussions and support, and especially Lena Asryan, Dries Cnuts, Justin 
Coppe, Solène Escarguel, Noora Taipale and Sonja Tomasso. This article is published with the support of the University 
Foundation of Belgium (AS-0613), to whom we extend our gratitude. Finally, we thank the two anonymous reviewers for 
their constructive comments, which have helped improve our manuscript.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0329848.s016
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0329848.s017
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0329848.s018
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0329848.s019
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0329848.s020
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0329848.s021
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0329848.s022
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0329848.s023


PLOS One | https://doi.org/10.1371/journal.pone.0329848  August 27, 2025 69 / 75

Author contributions

Conceptualization: Olivier Touzé, Veerle Rots.

Data curation: Olivier Touzé, Veerle Rots.

Formal analysis: Olivier Touzé.

Funding acquisition: Olivier Touzé, Veerle Rots.

Investigation: Olivier Touzé.

Methodology: Olivier Touzé, Veerle Rots.

Project administration: Veerle Rots.

Supervision: Veerle Rots.

Visualization: Olivier Touzé.

Writing – original draft: Olivier Touzé.

Writing – review & editing: Olivier Touzé, Veerle Rots.

References
	 1.	 Tixier J. Procédés d’analyse et questions de terminologie concernant l’étude des ensembles industriels du Paléolithique récent et de l’Épipaléo-

lithique dans l’Afrique du Nord-Ouest. In: Bishop WW, Clark JD, editors. Background to Evolution in Africa. Chicago, London: University of Chicago 
Press; 1967. p. 771–820.

	 2.	 Pelegrin J. Aspects de démarche expérimentale en technologie lithique. In: 25 ans d’études technologiques en Préhistoire: bilan et perspectives. 
Actes des 11e Rencontres internationales d’Archéologie et d’Histoire d’Antibes (18-20 octobre 1990). Juans-les-Pins: APDCA; 1991. p. 57–63.

	 3.	 Inizan M-L, Reduron-Ballinger M, Roche H, Tixier J. Technology and terminology of knapped stone. Nanterre: Cercle de Recherches et d’Études 
préhistoriques; 1999. Préhistoire de la pierre taillée 5. p. 189.

	 4.	 Mallye J-B, Thiébaut C, Mourre V, Costamagno S, Claud É, Weisbecker P. The Mousterian bone retouchers of Noisetier Cave: experimentation 
and identification of marks. J Archaeol Sci. 2012;39(4):1131–42. https://doi.org/10.1016/j.jas.2011.12.018

	 5.	 Tartar É. Réflexion autour de la fonction des retouchoirs en os de l’Aurignacien ancien. Bull Soc Préhist Fr. 2012;109(1):69–83.

	 6.	 Biard M, Prost D-C. Le débitage à la pierre tendre : exemple de deux postes de taille de l’extrême fin du Paléolithique en Haute-Normandie. Bull 
Soc Préhist Fr. 2015;112(1):59–73. https://doi.org/10.3406/bspf.2015.14490

	 7.	 Bello SM, Delbarre G, De Groote I, Parfitt SA. A newly discovered antler flint-knapping hammer and the question of their rarity in the Palaeolithic 
archaeological record: Reality or bias? Quater Int. 2016;403:107–17. https://doi.org/10.1016/j.quaint.2015.11.094

	 8.	 David É, Sørensen M. First insights into the identification of bone and antler tools used in the indirect percussion and pressure techniques during 
the early postglacial. Quater Int. 2016;423:123–42. https://doi.org/10.1016/j.quaint.2015.11.135

	 9.	 Caricola I, Zupancich A, Moscone D, Mutri G, Falcucci A, Duches R, et al. An integrated method for understanding the function of macro-lithic tools. 
Use wear, 3D and spatial analyses of an Early Upper Palaeolithic assemblage from North Eastern Italy. PLoS One. 2018;13(12):e0207773. https://
doi.org/10.1371/journal.pone.0207773 PMID: 30540784

	10.	 Centi L, Groman-Yaroslavski I, Friedman N, Oron M, Prévost M, Zaidner Y. The bulb retouchers in the Levant: New insights into Middle Palaeolithic 
retouching techniques and mobile tool-kit composition. PLoS One. 2019;14(7):e0218859. https://doi.org/10.1371/journal.pone.0218859 PMID: 
31276507

	11.	 Doyon L, Li H, Li Z, Wang H, Zhao Q. Further Evidence of Organic Soft Hammer Percussion and Pressure Retouch from Lingjing (Xuchang, 
Henan, China). Lithic Technol. 2019;44(2):100–17. https://doi.org/10.1080/01977261.2019.1589926

	12.	 Arroyo A, Harmand S, Roche H, Taylor N. Searching for Hidden Activities: Percussive Tools from the Oldowan and Acheulean of West Turkana, 
Kenya (2.3-1.76 Ma). J Archaeol Sci. 2020;123:105238. https://doi.org/10.1016/j.jas.2020.105238

	13.	 Bello SM, Crété L, Galway-Witham J, Parfitt SA. Knapping tools in Magdalenian contexts: New evidence from Gough’s Cave (Somerset, UK). 
PLoS One. 2021;16(12):e0261031. https://doi.org/10.1371/journal.pone.0261031 PMID: 34941899

	14.	 Chiotti L. Outils de percussion au Paléolithique supérieur ancien: l’exemple de sites aurignaciens et gravettiens en Vallée de la Vézère (Dordogne, 
France). C R Palevol. 2021;21. https://doi.org/10.5852/cr-palevol2021v20a21

	15.	 Baumann M, Maury S. Identification de nouveaux percuteurs en bois de cervidé dans quelques gisements solutréens de Dordogne-Charente, 
approche tracéologique. Paleo. 2022;(32):74–97. https://doi.org/10.4000/paleo.7221

	16.	 Baumann M, Maury S, Plisson H. Les compresseurs solutréens. In: Cattelain L, Smolderen A, Gillard M, editors. Archéologues malgré-tout: 
apporter sa pierre pour y voir clair. Mélanges offerts à Claire Bellier et Pierre Cattelain. Treignes: Cedarc/Musée du Malgré-Tout; 2022. p. 191–211.

https://doi.org/10.1016/j.jas.2011.12.018
https://doi.org/10.3406/bspf.2015.14490
https://doi.org/10.1016/j.quaint.2015.11.094
https://doi.org/10.1016/j.quaint.2015.11.135
https://doi.org/10.1371/journal.pone.0207773
https://doi.org/10.1371/journal.pone.0207773
http://www.ncbi.nlm.nih.gov/pubmed/30540784
https://doi.org/10.1371/journal.pone.0218859
http://www.ncbi.nlm.nih.gov/pubmed/31276507
https://doi.org/10.1080/01977261.2019.1589926
https://doi.org/10.1016/j.jas.2020.105238
https://doi.org/10.1371/journal.pone.0261031
http://www.ncbi.nlm.nih.gov/pubmed/34941899
https://doi.org/10.5852/cr-palevol2021v20a21
https://doi.org/10.4000/paleo.7221


PLOS One | https://doi.org/10.1371/journal.pone.0329848  August 27, 2025 70 / 75

	17.	 Mathias C, Lemorini C, Marinelli F, Sánchez-Dehesa Galán S, Shemer M, Barkai R. Bulb retouchers half a million years ago: New evidence from 
late Acheulean Jaljulia, Israel. J Archaeol Sci Rep. 2023;47:103821. https://doi.org/10.1016/j.jasrep.2022.103821

	18.	 Cushing FH. Curious discoveries in regard to the manner of making flint implements by the aborigines and prehistoric inhabitants of America. Eng 
Mining J. 1879;28(6):91.

	19.	 Spurrell FCJ. On Some Palaeolithic Knapping Tools and Modes of Using Them. J Anthropol Inst Great Brit Ireland. 1884;13:109. https://doi.
org/10.2307/2842002

	20.	 Muller H. Essais de taille du silex: montage et emploi des outils obtenus. L’Anthropologie. 1903;14:417–36.

	21.	 Stewart CD. The Arrow-Maker. Atlantic Monthly. 1923;799–810.

	22.	 Coutier L. Expériences de taille pour rechercher les anciennes techniques paléolithiques. Bull Soc Préhist Fr. 1929;26(3):172–4.

	23.	 Cabrol A, Coutier L. L’utilisation du bois en guise de percuteur pour tailler la pierre. Bull Soc Préhist Fr. 1931;28(3):170.

	24.	 Cabrol A, Coutier L. Contribution à l’étude de la taille de l’obsidienne au Mexique. Bull Soc Préhist Fr. 1932;29(12):579–82.

	25.	 Baden-Powell DFW. Experimental Clactonian Technique. Proc Prehist Soc. 1949;15:38–41. https://doi.org/10.1017/s0079497x00019162

	26.	 Barnes AS, Cheynier A. Étude sur les techniques de débitage du silex et en particulier des nuclei prismatiques. Bull Soc Préhist Fr. 
1935;32(5):288–99. https://doi.org/10.3406/bspf.1935.6150

	27.	 Barnes AS, Kidder HH. Différentes techniques de débitage à La Ferrassie. Bull Soc Préhist Fr. 1936;33(4):272–88. https://doi.org/10.3406/
bspf.1936.4464

	28.	 Li L, Reeves JS, Lin SC, Tennie C, McPherron SP. Quantifying knapping actions: a method for measuring the angle of blow on flakes. Archaeol 
Anthropol Sci. 2022;14(8). https://doi.org/10.1007/s12520-022-01626-y

	29.	 Holmes WH. Handbook of Aboriginal American Antiquities. Part I, Introductory: the Lithic Industries (Bulletin of the Bureau of American Ethnology, 
Smithsonian Institution 60). Washington: Government Printing Office; 1919. p. 379.

	30.	 Wyatt J. Manufacture of gun-flints. In: Stevens ET, editor. Flint Chips: A Guide to Pre-Historic Archaeology, as Illustrated by the Collection in the 
Blackmore Museum, Salisbury. London: Bell and Daldy; 1870. p. 578–90.

	31.	 Skertchly SBJ. On the Manufacture of Gun-Flints, the Methods of Excavating for Flint, the Age of Palaeolithic Man, and the Connexion Between 
Neolithic Art and the Gun-Flint Trade. London: Longman & Co. (Memoirs of the Geological Survey, England and Wales); 1879. p. 80.

	32.	 Clarke R. The Flint-Knapping Industry at Brandon. Antiquity. 1935;9(33):38–56. https://doi.org/10.1017/s0003598x00009959

	33.	 Salmon P. La fabrication actuelle des pierres à feu en France. Bull Soc Anthropol Paris. 1884;7:775–82.

	34.	 Bourlon M. Les tailleries de silex de Meusnes (Loir-et-Cher) (Mémoires de la Société des antiquaires du Centre; 30). Bourges: Société des antiqu-
aires du Centre; 1906. p. 12.

	35.	 Schleicher C. Une industrie qui disparaît. La taille des silex modernes (pierres à fusil et à briquet). L’Homme préhistorique. 1927;14(5–6):113–33.

	36.	 Evans AJ. On the Flint-Knapper’s Art in Albania. J Anthropol Inst Great Britain Ireland. 1887;16:65. https://doi.org/10.2307/2841740

	37.	 Ellis HH. Flint-working techniques of the American Indians: an experimental study. Columbus: The Ohio State Archaeological and Historical Soci-
ety; 1940. p. 78.

	38.	 Bordes F. Étude comparative des différentes techniques de taille du silex et des roches dures. L’Anthropologie. 1947;51(1–2):1–29.

	39.	 Bordes F. Considérations sur la typologie et les techniques dans le Paléolithique. Quartär. 1967;18:25–55.

	40.	 Bordes F. Reflections on typology and techniques in the palaeolithic. Arct Anthropol. 1969;6(1):1–29.

	41.	 Nelson MC. The study of technological organization. Archaeol Method Theory. 1991;3:57–100.

	42.	 Perlès C. La technologie lithique, de part et d’autre de l’Atlantique. Bull Soc Préhist Fr. 2016;113(2):221–40. https://shs.hal.science/
halshs-03878445

	43.	 Audouze F, Karlin C. La chaîne opératoire a 70 ans : qu’en ont fait les préhistoriens français. J Lithic Stud. 2017;4(2):5–73. https://doi.org/10.2218/
jls.v4i2.2539

	44.	 Jelinek AJ. Lithic Technology Conference, Les Eyzies, France. Am Antiq. 1965;31(2 Part 1):277–9. https://doi.org/10.2307/2694000

	45.	 Smith PEL. Lithic Technology. November 23-28, 1964. Les Eyzies (Dordogne). France. Curr Anthropol. 1966;7(5): 592–3.

	46.	 Johnson LL, Behm JA, Bordes F, Cahen D, Crabtree DE, Dincauze DF, et al. A History of Flint-Knapping Experimentation, 1838-1976 [and Com-
ments and Reply]. Curr Anthropol. 1978;19(2):337–72. https://doi.org/10.1086/202078

	47.	 Crabtree DE. Mesoamerican Polyhedral Cores and Prismatic Blades. Am Antiq. 1968;33(4):446–78. https://doi.org/10.2307/278596

	48.	 Crabtree DE. Flaking Stone with Wooden Implements: Flaked stone artifacts from Palliaike, Chile, suggest that wooden flaking tools were used in 
the New World. Science. 1970;169(3941):146–53. https://doi.org/10.1126/science.169.3941.146 PMID: 17828961

	49.	 Tixier J. Obtention de lames par débitage « sous le pied ». Bull Soc Préhist Fr. 1972;69(5):134–9. https://doi.org/10.3406/bspf.1972.4365

	50.	 Newcomer MH. “Punch technique” and Upper Paleolithic blades. In: Swanson E, editor. Lithic Technology: Making and Using Stone Tools. The 
Hague; Paris: Mouton; 1975. p. 97–102. https://doi.org/10.1515/9783111390376.97

	51.	 Clark JE. Manufacture of Mesoamerican Prismatic Blades: An Alternative Technique. Am Antiq. 1982;47(2):355–76. https://doi.org/10.2307/279907

https://doi.org/10.1016/j.jasrep.2022.103821
https://doi.org/10.2307/2842002
https://doi.org/10.2307/2842002
https://doi.org/10.1017/s0079497x00019162
https://doi.org/10.3406/bspf.1935.6150
https://doi.org/10.3406/bspf.1936.4464
https://doi.org/10.3406/bspf.1936.4464
https://doi.org/10.1007/s12520-022-01626-y
https://doi.org/10.1017/s0003598x00009959
https://doi.org/10.2307/2841740
https://shs.hal.science/halshs-03878445
https://shs.hal.science/halshs-03878445
https://doi.org/10.2218/jls.v4i2.2539
https://doi.org/10.2218/jls.v4i2.2539
https://doi.org/10.2307/2694000
https://doi.org/10.1086/202078
https://doi.org/10.2307/278596
https://doi.org/10.1126/science.169.3941.146
http://www.ncbi.nlm.nih.gov/pubmed/17828961
https://doi.org/10.3406/bspf.1972.4365
https://doi.org/10.1515/9783111390376.97
https://doi.org/10.2307/279907


PLOS One | https://doi.org/10.1371/journal.pone.0329848  August 27, 2025 71 / 75

	52.	 Volkov PV, Guiria EI. Recherche expérimentale sur une technique de débitage. In: 25 ans d’études technologiques en Préhistoire: bilan et perspec-
tives. In: 25 ans d’études technologiques en Préhistoire: bilan et perspectives. Actes des 11e Rencontres internationales d’Archéologie et d’Histoire 
d’Antibes (18-20 octobre 1990). Juans-les-Pins: APDCA; 1991. p. 379–90.

	53.	 Fonseca JG, Eshelby JD, Atkinson C. The fracture mechanics of flint-knapping and allied processes. Int J Fract. 1971;7(4):421–33. https://doi.
org/10.1007/bf00189112

	54.	 Crabtree DE. The Cone Fracture Principle and the Manufacture of Lithic Materials. Tebiwa. 1972;15(2):29–36.

	55.	 Faulkner A. Mechanical Principles of Flint-Working. PhD thesis. Washington State University; 1972. p. 169.

	56.	 Speth JD. Mechanical Basis of Percussion Flaking. Am Antiq. 1972;37(1):34–60. https://doi.org/10.2307/278884

	57.	 Speth JD. Experimental investigations of hard-hammer percussion flaking. Tebiwa. 1974;17(1):7–36.

	58.	 Speth JD. Miscellaneous Studies in Hard-Hammer Percussion Flaking: The Effects of Oblique Impact. Am Antiq. 1975;40(2 Part 1):203–7. https://
doi.org/10.2307/279616

	59.	 Bonnichsen R. Models for Deriving Cultural Information from Stone Tools [PhD thesis]. Edmonton: University of Alberta; 1974. p. 433.

	60.	 Tsirk A. Mechanical Basis of Percussion Flaking: Some Comments. Am Antiq. 1974;39(1):128–30. https://doi.org/10.2307/279229

	61.	 Tsirk A. Fractures in knapping. Oxford: Archaeopress; 2014. p. 261.

	62.	 Dibble HL, Whittaker JC. New experimental evidence on the relation between percussion flaking and flake variation. J Archaeol Sci. 
1981;8(3):283–96. https://doi.org/10.1016/0305-4403(81)90004-2

	63.	 Cotterell B, Kamminga J. The Mechanics of Flaking. In: Hayden B, editor. Lithic Use-Wear Analysis, Proceedings of the Conference on Lithic Use-
Wear (Simon Fraser University, Burnaby, 16-20 March 1977). New York: Academic Press; 1979. p. 97–112.

	64.	 Cotterell B, Kamminga J. Finials on stone flakes. J Archaeol Sci. 1986;13(5):451–61. https://doi.org/10.1016/0305-4403(86)90014-2

	65.	 Cotterell B, Kamminga J. The Formation of Flakes. Am Antiq. 1987;52(4):675–708. https://doi.org/10.2307/281378

	66.	 Cotterell B, Kamminga J, Dickson FP. The essential mechanics of conchoidal flaking. Int J Fract. 1985;29(4):205–21. https://doi.org/10.1007/bf00125471

	67.	 Bertouille H. Théories physiques et mathématiques de la taille des outils préhistoriques (Cahiers du Quaternaire; 15). Paris: CNRS; 1989. p. 100.

	68.	 Dibble HL, Pelcin A. The Effect of Hammer Mass and Velocity on Flake Mass. J Archaeol Sci. 1995;22(3):429–39. https://doi.org/10.1006/
jasc.1995.0042

	69.	 Pelcin AW. Controlled experiments in the production of flake attributes. PhD thesis. University of Pennsylvania; 1996.

	70.	 Pelcin AW. The Effect of Core Surface Morphology on Flake Attributes: Evidence from a Controlled Experiment. J Archaeol Sci. 1997;24(8):749–56. 
https://doi.org/10.1006/jasc.1996.0156

	71.	 Pelcin AW. The Formation of Flakes: The Role of Platform Thickness and Exterior Platform Angle in the Production of Flake Initiations and Termina-
tions. J Archaeol Sci. 1997;24(12):1107–13. https://doi.org/10.1006/jasc.1996.0190

	72.	 Pelcin A. The Effect of Indentor Type on Flake Attributes: Evidence from a Controlled Experiment. J Archaeol Sci. 1997;24(7):613–21. https://doi.
org/10.1006/jasc.1996.0145

	73.	 Dibble HL, Rezek Z. Introducing a new experimental design for controlled studies of flake formation: results for exterior platform angle, platform 
depth, angle of blow, velocity, and force. J Archaeol Sci. 2009;36(9):1945–54. https://doi.org/10.1016/j.jas.2009.05.004

	74.	 Rezek Z, Lin S, Iovita R, Dibble HL. The relative effects of core surface morphology on flake shape and other attributes. J Archaeol Sci. 
2011;38(6):1346–59. https://doi.org/10.1016/j.jas.2011.01.014

	75.	 Magnani M, Rezek Z, Lin SC, Chan A, Dibble HL. Flake variation in relation to the application of force. J Archaeol Sci. 2014;46:37–49. https://doi.
org/10.1016/j.jas.2014.02.029

	76.	 Leader G, Abdolahzadeh A, Lin SC, Dibble HL. The effects of platform beveling on flake variation. J Archaeol Sci. 2017;16:213–23. https://doi.
org/10.1016/j.jasrep.2017.09.026

	77.	 Lin SC, Rezek Z, Abdolahzadeh A, Braun DR, Dogandžić T, Leader GM, et al. The mediating effect of platform width on the size and shape of 
stone flakes. PLoS One. 2022;17(1):e0262920. https://doi.org/10.1371/journal.pone.0262920 PMID: 35061837

	78.	 Gunn J. Idiosyncratic behavior in chipping style: Some hypotheses and preliminary analysis. In: Swanson E, editor. Lithic Technology: Making and 
Using Stone Tools. The Hague; Paris: Mouton; 1975. p. 35–61.

	79.	 Gunn J. Idiosyncratic chipping style as a demographic indicator: A proposed application to the South Hills region of Idaho and Utah. In: Hill JN, 
Gunn J, editors. The individual in prehistory: Studies of variability in style in prehistoric technologies. New York; San Francisco; London: Academic 
Press; 1977. p. 167–204.

	80.	 Whittaker JC. Arrowheads and artisans: Stone tool manufacture and individual variation at Grasshopper Pueblo. PhD thesis. University of Arizona; 
1984. p. 372.

	81.	 Whittaker JC. Individual Variation as an Approach to Economic Organization: Projectile Points at Grasshopper Pueblo, Arizona. J Field Archaeol. 
1987;14(4):465–79. https://doi.org/10.1179/jfa.1987.14.4.465

	82.	 Ploux S. Études de débitages archéologiques et expérimentaux: la marque du tailleur. In: Préhistoire de la pierre taillée 2. Économie du débitage 
laminaire: technologie et expérimentation, 3e table ronde de technologie lithique (Meudon-Bellevue, octobre 1982). Paris: Cercle de Recherches et 
d’Études préhistoriques; 1984. p. 45–51.

https://doi.org/10.1007/bf00189112
https://doi.org/10.1007/bf00189112
https://doi.org/10.2307/278884
https://doi.org/10.2307/279616
https://doi.org/10.2307/279616
https://doi.org/10.2307/279229
https://doi.org/10.1016/0305-4403(81)90004-2
https://doi.org/10.1016/0305-4403(86)90014-2
https://doi.org/10.2307/281378
https://doi.org/10.1007/bf00125471
https://doi.org/10.1006/jasc.1995.0042
https://doi.org/10.1006/jasc.1995.0042
https://doi.org/10.1006/jasc.1996.0156
https://doi.org/10.1006/jasc.1996.0190
https://doi.org/10.1006/jasc.1996.0145
https://doi.org/10.1006/jasc.1996.0145
https://doi.org/10.1016/j.jas.2009.05.004
https://doi.org/10.1016/j.jas.2011.01.014
https://doi.org/10.1016/j.jas.2014.02.029
https://doi.org/10.1016/j.jas.2014.02.029
https://doi.org/10.1016/j.jasrep.2017.09.026
https://doi.org/10.1016/j.jasrep.2017.09.026
https://doi.org/10.1371/journal.pone.0262920
http://www.ncbi.nlm.nih.gov/pubmed/35061837
https://doi.org/10.1179/jfa.1987.14.4.465


PLOS One | https://doi.org/10.1371/journal.pone.0329848  August 27, 2025 72 / 75

	 83.	 Ploux S. Approche archéologique de la variabilité des comportements individuels. L’exemple de quelques tailleurs magdaléniens à Pincevent. 
PhD thesis. University Paris 10; 1988.

	 84.	 Ploux S. Technologie, technicité, techniciens: méthode de détermination d’auteurs et comportements techniques individuels. In: 25 ans d’études 
technologiques en Préhistoire: bilan et perspectives. Actes des 11e Rencontres internationales d’Archéologie et d’Histoire d’Antibes (18-20 octo-
bre 1990). Juans-les-Pins: APDCA; 1991. p. 201–14.

	 85.	 Biryukova EV, Bril B. Organization of goal-directed action at a high level of motor skill: the case of stone knapping in India. Motor Control. 
2008;12(3):181–209. https://doi.org/10.1123/mcj.12.3.181 PMID: 18698105

	 86.	 Foulds FWF. Investigating the Individual? An Experimental Approach Through Lithic Refitting. Lithics. 2010;31:6–19.

	 87.	 Van Peer P, Rots V. L’apport de l’expérimentation dans l’identification des tailleurs paléolithiques. Bull Chercheurs Wallonie hors-série. 
2010;2:93–105.

	 88.	 Williams JP, Andrefsky W Jr. Debitage variability among multiple flint knappers. J Archaeol Sci. 2011;38(4):865–72. https://doi.org/10.1016/j.
jas.2010.11.008

	 89.	 Bodu P, Karlin C, Ploux S. Who’s Who. The Magdalenian Flintknappers of Pincevent, France. In: Cziesla E, ed. The Big Puzzle: International 
Symposium on Refitting Stone Artefacts (Monrepos, 1987) (Studies in Modern Archaeology; 1). Bonn: Holos; 1990. p. 143–63.

	 90.	 Watts J. Traces of the individual in prehistory: Flintknappers and the distribution of projectile points in the Eastern Tonto Basin, Arizona. Adv 
Archaeol Pract. 2013;1(1):25–36. https://doi.org/10.7183/2326-3768.1.1.25

	 91.	 Allard P, Denis S. Technical traditions and individual variability in the Early Neolithic: Linear pottery culture flint knappers in the Aisne Valley 
(France). PLoS One. 2022;17(6):e0268442. https://doi.org/10.1371/journal.pone.0268442 PMID: 35648758

	 92.	 Shelley PH. Variation in Lithic Assemblages: An Experiment. J Field Archaeol. 1990;17(2):187–93. https://doi.org/10.1179/009346990791548349

	 93.	 Roux V. Peut-on interpréter les activités lithiques préhistoriques en termes de durée d’apprentissage? Apport de l’ethnologie et de la psychologie 
aux études technologiques. In: 25 ans d’études technologiques en Préhistoire: bilan et perspectives. Actes des 11e Rencontres internationales 
d’Archéologie et d’Histoire d’Antibes (18-20 octobre 1990). Juans-les-Pins: APDCA; 1991. p. 47–56.

	 94.	 Roux V, Bril B, Dietrich G. Skills and learning difficulties involved in stone knapping: the case of stone‐bead knapping in Khambhat, India. World 
Archaeol. 1995;27(1):63–87.

	 95.	 Ferguson JR. An Experimental Test of the Conservation of Raw Material in Flintknapping Skill Acquisition. Lithic Technol. 2003;28(2):113–31. 
https://doi.org/10.1080/01977261.2003.11721007

	 96.	 Roux V, David E. Planning Abilities as a Dynamic Perceptual-motor Skill: an Actualist Study of Different Levels of Expertise Involved in Stone 
Knapping. In: Roux V, Bril B, editors. Stone Knapping: The Necessary Conditions for a Uniquely Hominid Behaviour. Cambridge: McDonald Insti-
tute for Archaeological Research, University of Cambridge; 2006. p. 91–108.

	 97.	 Finlay N. Blank Concerns: Issues of Skill and Consistency in the Replication of Scottish Later Mesolithic Blades. J Archaeol Method Theory. 
2008;15(1):68–90. https://doi.org/10.1007/s10816-007-9048-y

	 98.	 Sternke F, Sorensen M. The identification of children’s flint knapping products in Mesolithic Scandinavia. In: McCartan S, Schulting R, Warren G, 
Woodman PC, editors. Mesolithic horizons: Papers presented at the seventh international conference on the Mesolithic in Europe (Belfast, 2005). 
Oxford: Oxbow Books; 2009. p. 720–6.

	 99.	 Bril B, Rein R, Nonaka T, Wenban-Smith F, Dietrich G. The role of expertise in tool use: skill differences in functional action adaptations to task 
constraints. J Exp Psychol Hum Percept Perform. 2010;36(4):825–39. https://doi.org/10.1037/a0018171 PMID: 20695702

	100.	 Geribàs N, Mosquera M, Vergès JM. What novice knappers have to learn to become expert stone toolmakers. J Archaeol Sci. 2010;37(11):2857–
70. https://doi.org/10.1016/j.jas.2010.06.026

	101.	 Eren MI, Bradley BA, Sampson CG. Middle Paleolithic Skill Level and the Individual Knapper: An Experiment. Am Antiq. 2011;76(2):229–51. 
https://doi.org/10.7183/0002-7316.76.2.229

	102.	 Herzlinger G, Goren-Inbar N, Grosman L. A new method for 3D geometric morphometric shape analysis: The case study of handaxe knapping 
skill. J Archaeol Sci. 2017;14:163–73. https://doi.org/10.1016/j.jasrep.2017.05.013

	103.	 Nishiaki Y. Mastering hammer use in stone knapping: An experiment. In: Nishiaki Y, Jöris O, editors. Learning among Neanderthals and Palaeo-
lithic modern humans: Archaeological evidence. Singapore: Springer Singapore; 2019. p. 59–76. https://doi.org/10.1007/978-981-13-8980-1_5

	104.	 Pargeter J, Khreisheh N, Shea JJ, Stout D. Knowledge vs. know-how? Dissecting the foundations of stone knapping skill. J Hum Evol. 
2020;145:102807. https://doi.org/10.1016/j.jhevol.2020.102807 PMID: 32485326

	105.	 Williams-Hatala EM, Roach NT. A comparative approach to evaluating the biomechanical complexity of the freehand knapping swing. In: Bruner 
E, editor. Cognitive archaeology, body cognition, and the evolution of visuospatial perception. Elsevier; 2023. p. 263–78. https://doi.org/10.1016/
B978-0-323-99193-3.00015-5

	106.	 Pigeot N. Magdaléniens d’Étiolles. Économie de débitage et organisation sociale (l’unité d’habitation U5) (Suppléments à Gallia Préhistoire 25). 
Paris: CNRS; 1987.

	107.	 Pigeot N. Technical and social actors: Flintknapping specialists at Magdalenian Etiolles. Archaeol Rev Camb. 1990;9(1):126–41.

https://doi.org/10.1123/mcj.12.3.181
http://www.ncbi.nlm.nih.gov/pubmed/18698105
https://doi.org/10.1016/j.jas.2010.11.008
https://doi.org/10.1016/j.jas.2010.11.008
https://doi.org/10.7183/2326-3768.1.1.25
https://doi.org/10.1371/journal.pone.0268442
http://www.ncbi.nlm.nih.gov/pubmed/35648758
https://doi.org/10.1179/009346990791548349
https://doi.org/10.1080/01977261.2003.11721007
https://doi.org/10.1007/s10816-007-9048-y
https://doi.org/10.1037/a0018171
http://www.ncbi.nlm.nih.gov/pubmed/20695702
https://doi.org/10.1016/j.jas.2010.06.026
https://doi.org/10.7183/0002-7316.76.2.229
https://doi.org/10.1016/j.jasrep.2017.05.013
https://doi.org/10.1007/978-981-13-8980-1_5
https://doi.org/10.1016/j.jhevol.2020.102807
http://www.ncbi.nlm.nih.gov/pubmed/32485326
https://doi.org/10.1016/B978-0-323-99193-3.00015-5
https://doi.org/10.1016/B978-0-323-99193-3.00015-5


PLOS One | https://doi.org/10.1371/journal.pone.0329848  August 27, 2025 73 / 75

	108.	 Fischer A. On being a pupil of a flintknapper of 11,000 years ago: A preliminary analysis of settlement organization and flint technology based on 
conjoined flint artefacts from the Trollesgave site. In: Cziesla E, editor. The big puzzle: International symposium on refitting stone artefacts. Bonn: 
Holos; 1990. p. 447–64.

	109.	 Grimm L. Apprentice flintknapping: Relating material culture and social practice in the Upper Palaeolithic. In: Sofaer Derevenski J, editor. Children 
and material culture. London; New York: Routledge; 2000. p. 53–71.

	110.	 Stout D. Skill and Cognition in Stone Tool Production: An Ethnographic Case Study from Irian Jaya. Curr Anthropol 2002;43(5): 693–722. https://
doi.org/10.1086/342638

	111.	 Stout D. The social and cultural context of stone-knapping skill acquisition. In: Roux V, Bril B, editors. Stone knapping: The necessary conditions 
for a uniquely hominid behaviour. Cambridge: McDonald Institute for Archaeological Research, University of Cambridge; 2006. p. 331–40.

	112.	 Bleed P. Skill Matters. J Archaeol Method Theory. 2008;15(1):154–66. https://doi.org/10.1007/s10816-007-9046-0

	113.	 Allard P. Détection de spécialistes de la taille de la pierre au Rubané. Bull Soc Préhist Fr. 2012;109(2):267–78. https://doi.org/10.3406/
bspf.2012.14107

	114.	 Lassen R, Williams T. Variation in flintknapping skill among Folsom-era projectile point types: A quantitative approach. J Archaeol Sci. 
2015;4:164–73. https://doi.org/10.1016/j.jasrep.2015.09.007

	115.	 Klaric L, editor. The prehistoric apprentice: Investigating apprenticeship, know-how and expertise in prehistoric technologies (The Dolní Věstonice 
Studies 24). Brno: The Czech Academy of Sciences, Institute of Archaeology; 2018. p. 375.

	116.	 Gómez Coutouly YA, Gore AK, Holmes CE, Graf KE, Goebel T. “Knapping, My Child, is Made of Errors”: Apprentice Knappers at Swan Point  
and Little Panguingue Creek, Two Prehistoric Sites in Central Alaska. Lithic Technol. 2020;46(1):2–26. https://doi.org/10.1080/01977261.2020.18
05201

	117.	 Chandler SM, Ware JA. The Identification of Technological Variability Through Experimental Replication and Empirical Multivariate Analysis. Lithic 
Technol. 1976;5(3):24–6. https://doi.org/10.1080/01977261.1976.11754424

	118.	 Don HO, Haynes CV, Bradley B. Quantitative Variations In Flaked Stone Debitage. Plains Anthropol. 1976;21(71):57–61. https://doi.org/10.1080/2
052546.1976.11908781

	119.	 Sollberger JB, Patterson LW. Prismatic Blade Reproduction. Am Antiq. 1976;41(4):517–31. https://doi.org/10.2307/279021

	120.	 Patterson LW, Sollberger JB. Replication and Classification of Small Size Lithic Debit Age. Plains Anthropol. 1978;23(80):103–12. https://doi.org/1
0.1080/2052546.1978.11908884

	121.	 Patterson LW. Replication and Classification of Large Size Lithic Debitage. Lithic Technol. 1982;11(3):50–8. https://doi.org/10.1080/01977261.198
2.11760601

	122.	 Ohnuma K, Bergman C. Experimental studies in the determination of flaking mode. Bull Inst Archaeol. 1982;19:161–70.

	123.	 Pelegrin J. Les techniques de débitage laminaire au Tardiglaciaire: critères de diagnose et quelques réflexions. In: Valentin B, Bodu P, Chris-
tensen M, editors. L’Europe centrale et septentrionale au Tardiglaciaire. Actes de la table ronde internationale de Nemours, 14-16 mai 1997. 
Nemours: APRAIF; 2000. p. 73–86.

	124.	 Roussel M, Bourguignon L, Soressi M. Identification par l’expérimentation de la percussion au percuteur de calcaire au Paléolithique moyen: le 
cas du façonnage des racloirs bifaciaux Quina de Chez Pinaud (Jonzac, Charente-Maritime). Bull Soc Préhist Fr. 2009;106(2):219–38.

	125.	 Pelegrin J. Long blade technology in the Old World: An experimental approach and some archaeological results. In: Apel J, Knutsson K, editors. 
Skilled production and social reproduction: Aspects of traditional stone-tool technologies. Uppsala: Societas Archaeologica Upsaliensis; 2006. p. 
37–68.

	126.	 Guilbeau D. Les grandes lames et les lames par pression au levier du Néolithique et de l’Énéolithique en Italie. PhD thesis. Université Paris 
Ouest Nanterre-La Défense; 2010. 3 vol, p. 779.

	127.	 Ménager C. Apparition et diffusion de la percussion indirecte en Grèce du Nord au Néolithique (VIIe-IVe millénaires avant J.-C.). PhD thesis. 
Université Lumière Lyon 2; 2023. p. 397.

	128.	 Tixier J. Le débitage par pression. In: Préhistoire de la pierre taillée 2. Économie du débitage laminaire: technologie et expérimentation, 3e table 
ronde de technologie lithique (Meudon-Bellevue, octobre 1982). Paris: Cercle de Recherches et d’Études préhistoriques; 1984. p. 57–70.

	129.	 Pelegrin J. New experimental observations for the characterization of pressure blade production techniques. In: Desrosiers PM, editor. The emer-
gence of pressure blade making: from origin to modern experimentation. New York; Dordrecht; Heidelberg; London: Springer; 2012. p. 465–500. 
https://doi.org/10.1007/978-1-4614-2003-3_18

	130.	 Inizan ML, Lechevallier M, Plumet P. A technological marker of the penetration into North America: pressure microblade debitage, its origin in the 
Paleolithic of North Asia and its diffusion. MRS Online Proc Library. 1992;267:661–81.

	131.	 Gómez Coutouly YA. Industries lithiques à composante lamellaire par pression du Nord Pacifique de la fin du Pléistocène au début de l’Holocène: 
de la diffusion d’une technique en Extrême-Orient au peuplement initial du Nouveau Monde. PhD thesis. University Paris Ouest Nanterre-La 
Défense; 2011. p. 628.

	132.	 Pelegrin J. Sur les techniques de retouche des armatures de projectile. In: Pigeot N, editor. Les derniers Magdaléniens d’Étiolles: perspectives 
culturelles et paléohistoriques (l’unité d’habitation Q31). Paris: CNRS; 2004. p. 161–6.

https://doi.org/10.1086/342638
https://doi.org/10.1086/342638
https://doi.org/10.1007/s10816-007-9046-0
https://doi.org/10.3406/bspf.2012.14107
https://doi.org/10.3406/bspf.2012.14107
https://doi.org/10.1016/j.jasrep.2015.09.007
https://doi.org/10.1080/01977261.2020.1805201
https://doi.org/10.1080/01977261.2020.1805201
https://doi.org/10.1080/01977261.1976.11754424
https://doi.org/10.1080/2052546.1976.11908781
https://doi.org/10.1080/2052546.1976.11908781
https://doi.org/10.2307/279021
https://doi.org/10.1080/2052546.1978.11908884
https://doi.org/10.1080/2052546.1978.11908884
https://doi.org/10.1080/01977261.1982.11760601
https://doi.org/10.1080/01977261.1982.11760601
https://doi.org/10.1007/978-1-4614-2003-3_18


PLOS One | https://doi.org/10.1371/journal.pone.0329848  August 27, 2025 74 / 75

	133.	 Carboni A. Reconnaissance des techniques de débitage de l’obsidienne, regard sur la Sardaigne. PhD thesis. Université Paris Nanterre; 2017. p. 
501.

	134.	 Pelegrin J, Aita Y, Yamanaka I. Yokomichi : Une collection du Paléolithique supérieur du Japon abordée selon un œil technologique français. J 
Lithic Stud. 2017;4(2):447–73. https://doi.org/10.2218/jls.v4i2.2551

	135.	 Moos ET, Bader GD, Will M. Experimental Investigation of Knapping Characteristics of Dolerite and Implications for the Interpretation of Middle 
Stone Age Technologies. Lithic Technol. 2024;50(2):169–87. https://doi.org/10.1080/01977261.2024.2388964

	136.	 Redman KL. An experiment-based evaluation of the debitage attributes associated with ‘hard’ and ‘soft’ hammer percussion. Master thesis. 
Washington State University; 1998. p. 113.

	137.	 Schindler B, Koch J. Flakes giving you lip? Let them speak: An examination of the relationship between percussor type and lipped platforms. 
Archaeol East N Am. 2012;40:99–106.

	138.	 Buchanan B, Mraz V, Eren MI. On Identifying Stone Tool Production Techniques: An Experimental and Statistical Assessment of Pressure Versus 
Soft Hammer Percussion Flake Form. Am Antiq. 2016;81(4):737–51. https://doi.org/10.7183/0002-7316.81.4.737

	139.	 Gallet M. Pour une technologie des débitages laminaires préhistoriques. 2nd ed. Paris: CNRS Éditions; 2002. p. 180.

	140.	 Driscoll K, García-Rojas M. Their lips are sealed: identifying hard stone, soft stone, and antler hammer direct percussion in Palaeolithic prismatic 
blade production. J Archaeol Sci. 2014;47:134–41. https://doi.org/10.1016/j.jas.2014.04.008

	141.	 Damlien H. Striking a difference? The effect of knapping techniques on blade attributes. J Archaeol Sci. 2015;63:122–35. https://doi.org/10.1016/j.
jas.2015.08.020

	142.	 Radinović M, Kajtez I. Outlining the knapping techniques: Assessment of the shape and regularity of prismatic blades using elliptic Fourier analy-
sis. J Archaeol Sci Rep. 2021;38:103079. https://doi.org/10.1016/j.jasrep.2021.103079

	143.	 Mourre V, Villa P, Henshilwood CS. Early use of pressure flaking on lithic artifacts at Blombos Cave, South Africa. Science. 2010;330(6004):659–
62. https://doi.org/10.1126/science.1195550 PMID: 21030655

	144.	 Rots V, Lentfer C, Schmid VC, Porraz G, Conard NJ. Pressure flaking to serrate bifacial points for the hunt during the MIS5 at Sibudu Cave 
(South Africa). PLoS One. 2017;12(4):e0175151. https://doi.org/10.1371/journal.pone.0175151 PMID: 28445544

	145.	 Duches R, Peresani M, Pasetti P. Success of a flexible behavior. Considerations on the manufacture of Late Epigravettian lithic projectile imple-
ments according to experimental tests. Archaeol Anthropol Sci. 2018;10(7):1617–43. https://doi.org/10.1007/s12520-017-0473-x

	146.	 Fasser N, Fontana F, Visentin D. How many techniques to retouch a backed point? Assessing the reliability of backing technique recognition on 
the base of experimental tests. Archaeol Anthropol Sci. 2019;11(10):5317–37. https://doi.org/10.1007/s12520-019-00872-x

	147.	 Driscoll K. Vein quartz in lithic traditions: an analysis based on experimental archaeology. J Archaeol Sci. 2011;38(3):734–45. https://doi.
org/10.1016/j.jas.2010.10.027

	148.	 Clément S. Les techniques de percussion: un reflet des changements techniques durant l’Acheuléen? PhD thesis. Université Paris Nanterre; 
2019. p. 371.

	149.	 Clément S. Soft-Hammer Percussion During the Acheulean: Barking Up the Wrong Tree of Technical Change? J Paleo Arch. 2022;5(1):3. https://
doi.org/10.1007/s41982-021-00104-6

	150.	 Fasser N, Zupancich A, Visentin D, Cristiani E, Fontana F. Addressing backing techniques through high-magnification microscopy and quantita-
tive analyses. J Archaeol Sci Rep. 2024;59:104737. https://doi.org/10.1016/j.jasrep.2024.104737

	151.	 Semenov SA. Prehistoric technology: An experimental study of the oldest tools and artefacts from traces of manufacture and wear. Bath, Adams 
and Dart; 1970. p. 211.

	152.	 Keeley LH. Experimental determination of stone tool uses (Prehistoric Archaeology and Ecology Series). Chicago; London: University of Chicago 
Press; 1980. p. 212.

	153.	 Mansur ME. Microwear analysis of natural and use striations: new clues to the mechanisms of striation formation. Stud Praehistorica Belgica. 
1982;2:213–33.

	154.	 Vaughan PC. Use-wear analysis of flaked stone tools. Tucson: University of Arizona Press; 1985. p. 204.

	155.	 Ibañez JJ, Gonzalez JE, Lagüera MA, Gutierrez C. Knapping traces: their characteristics according to the hammerstone and the technique used. 
In: Séronie-Vivien M-R, Lenoir M, editors. Le silex, de sa genèse à l’outil. Actes du Ve colloque international sur le silex (Bordeaux, 17 septembre 
– 2 octobre 1987) (Cahiers du Quaternaire 17). Paris: CNRS; 1990. p. 547–53.

	156.	 Byrne L, Ollé A, Vergès JM. Under the hammer: residues resulting from production and microwear on experimental stone tools. Archaeometry. 
2006;48(4):549–64. https://doi.org/10.1111/j.1475-4754.2006.00272.x

	157.	 Méry S, Anderson P, Inizan M-L, Lechevallier M, Pelegrin J. A pottery workshop with flint tools on blades knapped with copper at Nausharo (Indus 
civilisation, ca. 2500 BC). J Archaeol Sci. 2007;34(7):1098–116. https://doi.org/10.1016/j.jas.2006.10.002

	158.	 Rots V. Un tailleur et ses traces. Traces microscopiques de production: programme expérimental et potentiel interprétatif. Bull Chercheurs Wallo-
nie hors-série. 2010;2:51–67.

	159.	 Grużdź W, Pyżewicz K, Migal W, Przeździecki M. Multi-aspect analysis of flint materials from Suchodółka, site 3, the Świętokrzyskie Voivodeship. 
Światowit. 2011;50(B):245–58.

https://doi.org/10.2218/jls.v4i2.2551
https://doi.org/10.1080/01977261.2024.2388964
https://doi.org/10.7183/0002-7316.81.4.737
https://doi.org/10.1016/j.jas.2014.04.008
https://doi.org/10.1016/j.jas.2015.08.020
https://doi.org/10.1016/j.jas.2015.08.020
https://doi.org/10.1016/j.jasrep.2021.103079
https://doi.org/10.1126/science.1195550
http://www.ncbi.nlm.nih.gov/pubmed/21030655
https://doi.org/10.1371/journal.pone.0175151
http://www.ncbi.nlm.nih.gov/pubmed/28445544
https://doi.org/10.1007/s12520-017-0473-x
https://doi.org/10.1007/s12520-019-00872-x
https://doi.org/10.1016/j.jas.2010.10.027
https://doi.org/10.1016/j.jas.2010.10.027
https://doi.org/10.1007/s41982-021-00104-6
https://doi.org/10.1007/s41982-021-00104-6
https://doi.org/10.1016/j.jasrep.2024.104737
https://doi.org/10.1111/j.1475-4754.2006.00272.x
https://doi.org/10.1016/j.jas.2006.10.002


PLOS One | https://doi.org/10.1371/journal.pone.0329848  August 27, 2025 75 / 75

	160.	 Vergès JM, Ollé A. Technical microwear and residues in identifying bipolar knapping on an anvil: experimental data. J Archaeol Sci. 
2011;38(5):1016–25. https://doi.org/10.1016/j.jas.2010.11.016

	161.	 Pyżewicz K, Migal W, Grużdź W. Magdalenian blade technology from the north-eastern European perspective. In: Riede F, Tallaavaara M, editors. 
Lateglacial and Postglacial pioneers in Northern Europe (BAR International Series 2599). Oxford: Archaeopress; 2014. p. 67–78.

	162.	 Chan B, Francisco Gibaja J, García-Díaz V, Hoggard CS, Mazzucco N, Rowland JT, et al. Towards an understanding of retouch flakes: A 
use-wear blind test on knapped stone microdebitage. PLoS One. 2020;15(12):e0243101. https://doi.org/10.1371/journal.pone.0243101 PMID: 
33284829

	163.	 Tomenchuk J. Effects of loading rate on the reliability of the engineering use-wear models. In: Beyries S, editor. Industrie lithique: tracéologie et 
technologie. Volume 2: aspects méthodologiques (BAR International Series 411). Oxford: Archaeopress; 1988. p. 99–113.

	164.	 Hutchings WK. Quantification of Fracture Propagation Velocity Employing a Sample of Clovis Channel Flakes. J Archaeol Sci. 1999;26(12):1437–
47. https://doi.org/10.1006/jasc.1999.0416

	165.	 Takakura J, Nishiaki Y. Fracture Wing Analysis for Identification of Obsidian Blank Production. In: Nishiaki Y, Guliyev F, editors. Göytepe: Neolithic 
Excavations in the Middle Kura Valley, Azerbaijan. Oxford: Archaeopress; 2020. p. 209–21.

	166.	 Takakura J. Towards improved identification of obsidian microblade and microblade-like debitage knapping techniques: A case study from 
the Last Glacial Maximum assemblage of Kawanishi-C in Hokkaido, Northern Japan. Quater Int. 2021;596:65–78. https://doi.org/10.1016/j.
quaint.2021.04.003

	167.	 Klaric L. L’unité technique des industries à burins du Raysse dans leur contexte diachronique. Réflexions sur la variabilité culturelle au Gravet-
tien. PhD thesis. Université Paris 1 – Panthéon-Sorbonne; 2003. p. 426.

	168.	 Newcomer MH. Spontaneous retouch. In: Engelen FHG, editor. Second International Symposium on Flint (Maastricht, 8-11 May 1975). Maas-
tricht: Nederlandse Geologische Vereniging; 1976. p. 62–4.

	169.	 Roche H, Tixier J. Les accidents de taille. In: Cahen D, editor. Tailler! Pour quoi faire: Préhistoire et technologie lithique II, Recent progress in 
microwear studies (Studia praehistorica Belgica; 2). Tervuren: Musée royal de l’Afrique centrale; 1982. p. 65–76.

	170.	 Diamond G. The Nature of So-Called Polished Surfaces on Stone Artifacts. In: Hayden B, editor. Lithic Use-Wear Analysis, Proceedings of the 
Conference on Lithic Use-Wear (Simon Fraser University, Burnaby, 16-20 March 1977). New York: Academic Press; 1979. p. 159–66.

	171.	 Ollé A, Vergès JM. The use of sequential experiments and SEM in documenting stone tool microwear. J Archaeol Sci. 2014;48:60–72. https://doi.
org/10.1016/j.jas.2013.10.028

	172.	 Rots V, Hayes E, Cnuts D, Lepers C, Fullagar R. Making Sense of Residues on Flaked Stone Artefacts: Learning from Blind Tests. PLoS One. 
2016;11(3):e0150437. https://doi.org/10.1371/journal.pone.0150437 PMID: 26930210

	173.	 Cnuts D, Rots V. Extracting residues from stone tools for optical analysis: towards an experiment-based protocol. Archaeol Anthropol Sci. 
2017;10(7):1717–36. https://doi.org/10.1007/s12520-017-0484-7

	174.	 Mansur-Franchomme M-E. Microscopie du matériel lithique préhistorique. Traces d’utilisation, altérations naturelles, accidentelles et tech-
nologiques: exemples de Patagonie (Cahiers du Quaternaire 9). Paris: CNRS; 1986. p. 286.

	175.	 Rots V. Prehension and hafting traces on flint tools: a methodology. Leuven: Leuven University Press; 2010. p. 298.

	176.	 Tixier J. Techniques de débitage: osons ne plus affirmer. In: Cahen D, editor. Tailler! Pour quoi faire: Préhistoire et technologie lithique II, Recent 
progress in microwear studies (Studia praehistorica Belgica; 2). Tervuren: Musée royal de l’Afrique centrale; 1982. p. 13–22.

	177.	 Cnuts D, Rots V. Examining the effect of post-depositional processes on the preservation and identification of stone tool residues from temperate 
environments: An experimental approach. PLoS One. 2024;19(10):e0309060. https://doi.org/10.1371/journal.pone.0309060 PMID: 39432520

https://doi.org/10.1016/j.jas.2010.11.016
https://doi.org/10.1371/journal.pone.0243101
http://www.ncbi.nlm.nih.gov/pubmed/33284829
https://doi.org/10.1006/jasc.1999.0416
https://doi.org/10.1016/j.quaint.2021.04.003
https://doi.org/10.1016/j.quaint.2021.04.003
https://doi.org/10.1016/j.jas.2013.10.028
https://doi.org/10.1016/j.jas.2013.10.028
https://doi.org/10.1371/journal.pone.0150437
http://www.ncbi.nlm.nih.gov/pubmed/26930210
https://doi.org/10.1007/s12520-017-0484-7
https://doi.org/10.1371/journal.pone.0309060
http://www.ncbi.nlm.nih.gov/pubmed/39432520
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

