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Abstract 

Flaked stone tools are the most durable and therefore the most common artifacts available to archaeologists for 
tracing the development of early Man. However, the essential mechanics of conchoidal flake formation has not 
yet been described. In order to successfully create a relatively thin flake that does not terminate prematurely, the 
direction of the flaking force has to be reasonably precise. We show that the direction of the flaking force is 
determined mainly by the stiffness of the flake, the actual angle of the blow or impulse having relatively little 
effect. Long thin flakes can be easily produced because this direction of the flaking force is very close to that 
necessary to produce local symmetry at the tip of the crack propago.ting parallel to the surface of the stone. 

1. Introduction 

H u m a n  his tory  before  the age of meta l  is t raced  by  archaeologis ts  largely through the 
iden t i f ica t ion  of f laked stone art ifacts.  In  some par ts  of  the world,  such as Aust ra l ia ,  the 
Stone Age  las ted unt i l  well into the Nine teen th  Century,  and  even today  there are a few 
isola ted  groups  of  people  in the world,  l ike the Ja rawa  of the A n d a m a n  Is lands,  who still 
rely on s tone for some of  their  essential  tools.  In  fact, f laked stone ar t i facts  are the 
p r ima ry  evidence of cul tural  evolu t ion  for more  than  99% of the h is tory  of the h u m a n  
species - they remain  the single most  a rchaeologica l ly  visible aspect  of ear ly technology  
and  the one that  most  dis t inguishes ear ly  M a n  as an inte l l igent  species. 

I t  is a c o m m o n  misconcep t ion  that  f laked s tone tools  were m a d e  f rom rock types that  
could  be spl i t  a long wel l -def ined cleavage planes.  However ,  the s tone types favoured  for 
too l -mak ing  were the most  homogeneous  and i so t ropic  ob ta inable .  Ear ly  M a n  discovered 
that  siliceous s tone such as glassy obs id ian  and microcrys ta l l ine  chert  (one var ie ty  of 
which is flint) had  the des i rable  f laking proper t ies ;  the more  granular  mater ia ls ,  such as 
quartzi te ,  were no rma l ly  only explo i ted  if be t te r  mater ia l s  were unob ta inab le .  In  many  
par ts  of the wor ld  the bes t  s tone for too l -making  was t r aded  by  sea or  over land for long 
distances.  By ear ly Neol i th ic  t imes good  qual i ty  fl int  had  become scarce in some par ts  of 
Europe  and so mines  ten meters  deep were dug to ob ta in  it. 

In  the mak ing  of s tone tools p r ima ry  flakes are de tached  f rom a piece of s tone (cal led a 
core)  ei ther by  a percussive b low with a h a m m e r  of s tone or some other  ha rd  mater ia l ,  or 
by  the app l i ca t ion  of a more  or  less impuls ive  pressure  with a shaft  of  bone,  ant ler  or 
dense  wood.  F lakes  thus removed  often served as tools  wi thout  needing  fur ther  shaping.  
Because the pa th  of a f racture  in homogeneous  and i so t ropic  s tone was predic table ,  a 
p r ima ry  f lake could  be  shaped  by  f laking it in to  a smal ler  tool  of s t anda rd  form. It  is only  
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Figure 1. A conchoidal flake. 

in relatively recent prehistoric times that the standardized shaping of primary flakes by 
retouch became in any way sophisticated. 

Whatever flaking technique is used to produce a conchoidal flake the mechanics 
involved is virtually the same. Force applied through the convex surface of a hard object 
to a small area or platform near the margin of the core produces a partial Hertzian cone 
crack [1]. As the crack grows it curves inward to form what will appear on the upper part 
of the detached flake as a swelling, which is called the bulb of force. The crack quickly 
flattens out beyond the bulb of force and propagates almost parallel to the surface of the 
core. If the surface of the core under which the fracture forms is flattish, the fracture will 
spread sideways to produce a thin shell-like or "conchoidal" flake (see Fig. 1). Narrow 
blade-like flakes with very thin and sharp edges can be created by preforming a ridge 
down the core that will prevent the sideways spread of the fracture. What is remarkable is 
that such long thin flakes can be produced with relative ease. Practical experience 
indicates that the blow required to detach a thin flake can have a large outward 
component, which would be expected to make the fracture hinge outward to produce a 
short stubby flake of little use as a tool. 

Although the fracture surface morphology of flakes is now reasonably well understood 
[2-5] the fundamental question of why a crack travels roughly parallel to the surface of 
the core has not been addressed. A fuller understanding of the mechanics of flaking can be 
expected to provide information about the prehistoric techniques of stone tool manufac- 
ture. The mechanics of flaking is at least as important to the nascent field of use-wear 
analysis in archaeology. During use stone tools can sustain damage in the form of small 
flake scars on their cutting edges. Archaeologists are currently studying this fracture along 
with other types of use-wear for the purpose of identifying the functions of prehistoric 
stone tools [5-71. 

In this paper we outline the essential mechanics of conchoidal flake formation in 
relation to the question of why a fracture tends to run parallel to the surface of the core 
subsequent to the formation of the bulb of force. Although our description of crack 
propagation is couched in terms of conchoidal flakes, it applied equally well to flakes 
initiated by bending which frequently occur when a soft flaking tool is used. For ease of 
expression we will always refer to a flake that is being detached from a core as occurs in 
primary flake production, even though the mechanics applies to secondary flaking and to 
the detachment of a microflake from a stone tool during use. 
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2. The stress intensity factor at the tip of a growing flake 

Although the complete description of flake formation must take its three-dimensional 
nature into account, the essential mechanics can be understood from a two-dimensional 
model. The initial curvature of the flake around the bulb of force will not have a 
significant effect on the flake's subsequent formation. Consequently, we have modelled a 
core with a partially detached flake as a two-dimensional square edged slab with crack 
running parallel to one side. To non-dimensionalize the problem we have made the flake 
of unit thickness. The Hertzian cone forms at the edge of the contact zone between the 
indenter and the core. Typically the diameter of the contact zone is small, being in the 
o rde r  of one or two millimeters. Therefore it is reasonable to place the point of force 
application at the corner of our rectilinear model of a flake (see Fig. 2). The flake force 
can be resolved into a direct component  P (load case 1) and a transverse component  Q 
(load case 2). Because of their possible application in engineering we have also considered 
a direct force applied to the centroid of the flake (load case 3) and a bending moment  
(load case 4). We assume that in all cases the flake is small compared with the size of the 
core or tool, so that the precise details of how the core is supported is unimportant.  
Experimental flakes formed on the edges of square glass plates show that the direction of 
crack is affected by the presence of the base of the core when the crack is closer than at 
least six times the flake thickness [2]. 

2.1. The beam model 

Gross and Srawley [8] have shown that the stress intensity factor for a double cantilever 
beam (DCB) under symmetrical opening forces can be estimated from beam theory with 
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Figure 2. Two dimensional model of a conchoida| flake. 
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Table 1. The modulus of the stress intensity as given by simple bending theory 

Load case R 

T 

+ 
f 

l 
r r ,  ¢ l J ' f , r o ' g l l l t l l l f  f l  

F 

1 q - 1  2 1/2 
V~(1 4(q +1) [1+ - -  3 ( q +  1 ) 1} 

T 

+ 
g 

l 

:l 
f f ,  ¢ f l f / f J f / f f f  f f J  ~ 

6~d(1 1 }1/~ 
( q - l )  B 

T 

+ 
l ¢ D 

f a  c g f f l ¢ l f f f f C f f J f f  

F J ~  L 

~_  {1_ (@+1) [1 + q 2 1/2 1 3 ( ~ ] - )  ]} 

T 
¢) 
| & 

i ~ "d 

,/6{1 1 ~1/2  

(q + 1)3-, • 



The essential mechanics of conchoidal flaking 209 

1.0 

* -+ '  ) ' r -  
e 0.8 . . . . . .  

0.6 - ___ + 

i',,- O J+ ~_ 

0.2 

0 i i i i 

0 2 ~ 6 8 10 
q, 

Figure 3. The modulus of the stress intensity as a function of core size. 

an accuracy of better than 12% provided the length to depth ratio is greater than 5. Under 
antisymmetrical forces acting along the crack line the stress intensity factor obtained from 
beam theory is accurate to better than 1% for beams as short as twice their depth [9]. In 
these examples the stress intensity factor is either all mode I or mode II. There is no 
symmetry in flake detachment and consequently the stress intensity factor is of mixed 
mode. Although the modulus K= (K~ + K2) 1/2 of the stress intensity factor can be 
obtained from beam theory the individual components cannot be separated. However, the 
modulus of the stress intensity factor obtained from beam theory is valuable in the 
subsequent analysis. 

We assume that the core rests on a base where the reactions to the flaking forces are 
provided by direct and transverse forces acting at the centroid of the core together with a 
bending moment. The modulus of the stress intensity factor is obtained from the variation 
in bending and direct strain energy in the flake and core for an infinitesimal crack 
extension (see Table 1). The shear strain energy has been neglected. For large cores 
(q/a >> 1) the energy stored in the core is very small compared with that stored in the 
flake and the modulus of the stress intensity factor attains a limiting value K w. The effect 
of the core's dimensions on the stress intensity factor is shown in Fig. 3. The stress 
intensity factor for a flake that is loaded essentially by bending (cases 2 and 4) attains its 
limiting value for a quite small core, whereas the core has to be much larger for a flake 
under an essentially direct load (case 3). For load case 1, which is a combination of load 
cases 3 and 4, the stress intensity factor quickly attains more than 90% of its limiting value 
for a core that is no more than twice as wide as the flake, but its final limiting value is 
only approached extremely slowly. Even when the core is eleven times thicker than the 
flake, the stress intensity factor is still only 96.5% of its limiting value. 

2.2. A boundary collocation solution for flaking 

Gross and Srawley [8] have successfully used the boundary collocation technique to 
calculate the stress intensity factor for a double cantilever beam loaded by symmetrical 
opening forces. Although Gross and Srawley claimed that their empirical formula (based 
on the collocation solution) was accurate for beams longer than twice their depth, recent 
work [9] has shown that the method is accurate to within 4% for beams as short as one 
third their depth. 

In the Gross and Srawley method of boundary collocation [8], the Williams' series 
expansion for the Airy stress function for the stress distribution at the tip of a crack [11] is 
used. The series, which in our case must include both symmetric and antisymmetric terms, 
exactly satisfies the boundary conditions along the surface of the crack, but has conver- 
gence problems. Since the Williams' series is in terms of the radial distance from the crack 
tip raised to a positive power (except for the first symmetric and antisymmetric terms) 
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convergence is poor or unattainable if the boundaries lie at a variety of distances from the 
crack tip. True mathematical convergence cannot be attained by the Gross and  Srawley 
method and the solution eventually must diverge as the number of terms is increased. The 
most that can be hoped for is that the value of the stress intensity factor remains 
reasonably stationary or fluctuates about a constant value with a moderate increase in the 
number of terms retained. 

For long flakes, the stress distribution in the flake some distance from the crack tip is 
very close to that given by the simple beam theory and it is possible to avoid introducing 
boundary conditions on the flake at a large distance from the crack tip. Consequently, 
whenever the flake length is greater than 3, the boundary conditions have been introduced 
along A'B' and E'F'  rather than along AB and EF (see Fig. 2). Following Gross and 
Srawley [6] it is easier to use an integrated form of the boundary conditions and to specify 
Airy's stress function X and its gradient rather than the normal and shear stresses. The 
boundary conditions for the four load cases are given in Table 2. 

Best convergence was obtained for more-or-less uniform spacing between collocation 
points around the boundary. Convergence was fine-tuned by making the distance between 
collocation points along the boundary EF somewhat greater than elsewhere on the 
boundaries. Even so we found it impossible to obtain convergence in the stress intensity 
factors for q > 10 or a < 2. Since we know from elementary beam theory that the limiting 
values of the stress intensity factors for load cases 1 and 3 are only approached when 
q > 10, these limiting values could only be obtained by extrapolation of the collocation 
solutions. 

2.3. The limiting values for the stress intensity factors at the tip of a growing flake 

The limiting values of the stress intensity factor for load cases 2 and 4 are easy to obtain. 
For both cases there is a less than 1% change in the value of the stress intensity factors for 
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Figure 4. Stress intensity factors for load case 2. 

i i 

16 18 20 



2 1 2  B. Cotterell, J. Kamminga and F.P. Dickson 

8 
0 

¢) 

8 _= 

c'l: :" 
T 

+ 

At_ 

F-- • - - + -  - --~ 

i 1 
-5 :  ?: - 

T 

\ 
o f - r  

\ 

~ .  - - + _ _ .  __.~ 

I Q 

_L_ 

T 

t.__. _ _ + _  ~ __~ 

"1-  

i 

la, 

..I- 

_1_ ,, 

T • 

~ 8  

I 

r 

+ + 1 +  

I I 



0.8 

+ K I 

0 
I-- 

< 0.7 
u_ 

>.- 

- -  0.6 
Z 

z 0.5 

m 
" '  0.~ 
F-- 
t~  

~ 0.3 
< 
Z 
O 

m 0.2 
Z 

c~ 0.1 

Z 

The essential mechanics of conchoidal flaking 213 

2.5 

2.0 

H 

1.5 

1.0 

0.5 

0 0.1 0.2 0.3 0./~ 0.5 

Figure  5. Stress intensi ty factors for load case 3. 

q > 3. The solution for case 4, where the flake is loaded by a bending moment,  is also 
independent of the flake length when a > 2. Agreement for the modulus of the stress 
intensity factor obtained from simple beam theory and boundary collocation is remarka- 
ble for this latter case - the difference in the two solutions being less than 1%. For a flake 
loaded by a transverse load (case 2) the stress intensity factors are linear functions of the 
flake length (see Fig. 4 and Table 3). The slope of the modulus of the stress intensity 
factor line is almost precisely the same as that obtained from simple beam theory and, like 
the Gross and Srawley solution for a double cantilever beam specimen, has a small 
positive intercept on the zero axis. 

The stress intensity factors for load case 1 and 3 are independent of the flake length for 
a > 2, but vary significantly with the size of the core. The modulus of the stress intensity 
factors is in good agreement with that obtained from simple beam theory (see Fig. 3) and 
we assume that the limiting value of the modulus of the stress intensity factors for these 
load cases is that given by simple beam theory. The stress intensity factors obtained from 
boundary collocation for a > 2 are shown as functions of 1/q in Figs. 5 and 6. The 
variation of K I / K  n for small values of 1/q is not large for load case 3 and the curve has 
been extrapolated to zero. The values of K I and KII for an infinite core have been 
calculated from the limiting value of the modulus K ~ obtained from simple beam theory 
and the extrapolated value of KI/KII. The variation of K I / K  n with 1/q for load case I is 
more pronounced and the limiting values have been calculated from load cases 3 and 4. 
Examination of Figs. 5 and 6 shows that the limiting values obtained by this means are in 
good agreement with the results from boundary collocation. 

The limiting values of the stress intensity factors are summarized in Table 3. The 
second term in the Williams' series expansion T, which represents a constant stress 
parallel to the crack, has also been calculated (see Table 3). 
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Figure  6. Stress intensi ty factors for load case 1. 

2.0 

3. Crack paths in flaking 

There have been many descriptions of the path that cracks take in a brittle homogeneous 
and isotropic material. The earliest proposal, which is the one currently accepted, is that 
cracks propagate to extend perpendicular to the maximum circumferential stress [12-16]. 
Others have Proposed a maximum energy release rate [18-20] or stationary strain energy 
density function [21-23]. One of us has pointed out in a previous paper [24] that all these 
criteria have the implication that a crack propagates so that it maintains a pure mode I 
stress field at its tip and are encompassed by the "criterion of local symmetry" [25-27]. 
Certainly any non-elastic deformation at the tip of the crack will affect the local stress 
distribution. It has been shown [13-16,20] that non-elastic deformation can be accom- 
modated if the stress is examined not right at the crack tip but at a small characteristic 
distance from it. The more brittle the material the smaller is the material characteristic 
dimension r c. Since the siliceous materials favoured for stone tools were extremely brittle, 
we neglect any effects of non-elastic deformation and will examine the stress field right at 
the crack tip. The velocity of crack propagation in flaking is relatively low [2,28] and 
hence dynamic effects can be neglected. 

3.1. Effect of force angle on the crack path 

To maintain the crack path parallel to the free surface of the core it is necessary for the 
force angle to vary so that K I I  = 0. Using the expressions for the stress intensity factor 
given in Table 3, the required force angle ~ has been calculated as a function of the flake 
length (see Fig. 7). As the flake develops it is necessary for the direction of the force to 
rotate to become nearly aligned with the free surface of the core. If the force angle is too 
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figure 7. Force angle as a function of flake length. 

large the flake will hinge towards the free surface of the core. On the other hand, too small 
a force angle will cause intraflexion of the crack towards the interior of the core and 
produce what archaeologists term a plunging fracture. Although in a fracture mechanics 
sense the velocity of crack propagation is low, a stone-knapper could not possibly control 
the force angle during the fraction of a millisecond it takes to form a flake. 

To check the accuracy of the prediction of the force angle required to produce a crack 
running parallel to the free surface of a core we performed some experiments on square 
glass plates cut down one side with a diamond saw to model a core with a partially formed 
flake. The apparatus to load this flake was designed to ensure that the force angle was 
maintained during the flake's final detachment (see Fig. 8). The glass plate was clasped 
between two supporting bars in a vice. Load arms (one of which is cut away in Fig. 8 for 
clarity) were pinned to a block that fitted on the top of the model flake and were loaded 
by a turnbuckle. A sharp natural crack was introduced at the bot tom of the partial 
detachment by heating a small spot immediately below the saw cut with an electric 
soldering iron. By slowly tensioning the load arms it was possible to produce a semi-stable 
fracture. The crack paths resulting from various force angles for flakes of length ap- 
proximately 5.5 times their thickness are shown in Fig. 9. The characteristic inflexion of 
the crack path that occurs as the crack nears the free surface of the core, though not 
important  in the present paper, is also of interest. Such inflexions are common in bending 
fractures [20,29] and are often a feature on the terminations of flakes [30]. There are some 
anomalies in the crack paths shown in Fig. 9 caused most likely by an inability to produce 



216  B. Cotterell, J. Kamminga and F.P. Dickson 

TURNBUC KLE 

GLASS PLATE 

SUPPORT BARS 

Figure 8. Constant force angle apparatus. 

T 
5.S 

5 ° 15 ° 

f.e.;.,:, Force 
~: angte ¢ 

Figure 9. Crack paths as a function of force angle. 



The essential mechanics of conchoidal flaking 217 

truly two-dimensional flakes. However, the trend is clear. Small force angles cause an 
intraflexion in the flake direction while larger angles cause the flake to hinge. The whole 
range in load angles is only 10 °, but this small range causes a large difference in the crack 
paths. 

For small crack growths the crack path can be estimated from a first order solution 
[24]. The crack will continue to run parallel to the surface of the core if KII  = 0, which 
gives a force angle of about 9 °. The crack paths for other force angles are given by 

y = ~ -  exp( /~2x)er fc( -  fix l/2) - 1 - 2fi x 1/2 

where x and y are measured as shown in Fig. 8, /? = (2~/2 T / K  I and 0 is the root of the 
equation 

sin 0 KH 
3 cos 0 - 1  + ~ -  = 0  (2) 

given by Erdogan and Sih [12]. The crack paths calculated from these equations for the 
extremes of the force angles (5 ° and 15 ° ) are indicated by the shaded region in Fig. 9. 
These extreme values are in agreement with the experimental results which indicate that 
the force angle must vary during the formation of conchoidal flakes. 

3.2. The effect of flake stiffness on the crack path 

In percussion flaking with a hammer, the energy absorbed in the fracture process is small. 
Therefore, the direction of motion of the hammer can vary only slightly during the 
formation of the flake. The stone-knapper cannot change this direction in the extremely 
short time it takes to create the flake. The pressure flaking technique in reality involves an 
element of impulsive loading. The knapper in throwing part of his weight onto the flaking 
tool controls not the force angle, but the direction of the impulsive motion. Although the 
velocity of impact is very low, the kinetic energy is still considerable because a large part 
of the knapper's mass is involved. More delicate secondary flaking by pressure involves a 
similar impulsive motion, but with a smaller energy. Hence percussion and pressure 
flaking are mechanically very similar. 

We have already shown that simple bending theory accurately models the formation of 
a flake. If the direction of motion of the hammer or flaking tool makes an angle of a to 
the free surface of the core, then the force angle 0 as a function of the developing flake 
length a (assuming that the equations of bending apply for all flake lengths) is given by 

4 tan a + 3a 
tan 0 = a(3 tan a + 4a ) "  (3) 

In Fig. 7 we superimpose the force angle defined by (3) on the force angle necessary to 
cause the crack to propagate parallel to the core's surface. The force angle is seen to be 
very insensitive to the direction with which the core is impacted because the flake is much 
more flexible in bending than in compression. For the range of striking angles commonly 
used in flaking (0°-60°),  the force angle determined by the stiffness of the flake 
corresponds closely to those necessary to form long thin flakes. Hence thin flakes can be 
removed by impacting a core over a wide range of angles. It is this stiffness that 
determines the force angle appropriate for a flake's formation. 

3.3. The stability of the crack path in flaking 

The stiffness of the developing flake does not so precisely determine the force angle that 
the crack will have local symmetry at its tip when it is propagating exactly parallel to the 
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surface of the core. However, small discrepancies in angle can be accounted for by a 
self-correcting mechanism. If the crack should hinge toward the free surface, the negative 
bending moment caused by the direct component of force increases. This increase has the 
effect of making KII positive which causes the crack to deflect back toward a parallel 
path. Crack intraflexion into the body of the core has a similar correcting mechanism. In 
part this self-correcting mechanism could be responsible for the undulations that are 
observed on the surfaces of conchoidal flakes (see Fig. 1). 

The constant term T in the Williams' series expansion (which for a crack propagating 
parallel to the surface of the core is positive except for extremely short flakes) does have a 
potentially destabilizing effect [24]. However, what is important in determining the degree 
of path stability is the magnitude of the ratio T / K  I. This ratio is quite small for flakes 
growing parallel to the surface of a core. For example T/K~ = 0.426 for a flake that has a 
length ten times its thickness, as compared with 1.33 for a DCB specimen of similar 
dimensions. Even in the unstable DCB specimen the crack deflection 'requires some 
distance to be apparent [30] and it is reasonable to believe that any instability in the crack 
path will be slight because the constant stress term T is positive. Indeed, others have 
argued that the condition T < 0 for stability may be too severe for a real material. If there 
is non-elastic deformation at the crack tip the path can be stable even if T is slightly 
positive [16,20]. 

3.4. Experimental verification of the effect of the stiffness of the flake on the crack path 

To demonstrate that the force angle does decrease as the flake is formed, we have removed 
flakes from glass plates with an instrumented flaking tool (Fig. 10). This tool, which has a 
conical steel tip, was provided with strain gauges which enable the direct and transverse 
forces acting on it to be measured. The flaking experiments were performed in semi-dark- 

Figure 10. Flaking with an instrumented tool. 
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Figure 11. Flake length as a function of force angle at initiation. 

ness under a photographic safety light and at the moment of flake initiation (sensed by the 
breaking of a line of conducting paint) a micro flash was triggered and a photograph taken 
of the flaking tool to determine its orientation with respect to the glass plate. The forces 
acting on the indentor, together in some cases with indications of the positions of the 
crack tip from lines of conducting paint, were recorded on an oscilloscope. 

Two sets of experiments were performed. The first was designed to record the forces at 
initiation and used the applied force to trigger the oscilloscope. In the second set of 
experiments the forces were measured during the propagation of the crack and the 
oscilloscope triggered from the break in a line of conducting paint. It was not possible to 
measure both initiation and propagation in the one experiment, because when the 
oscilloscope was triggered from the force on the tool, the time base had to be of 
comparatively long duration to avoid missing the initiation event and the propagation 
phase was compressed so much that it could not be interpreted. Conversely, initiation was 
missed when the oscilloscope was triggered from the break in a line of conducting paint. 
The force angles ~ have been calculated for both sets of experiments. 

In Fig. 11 the length of the detached flake is shown as a function of the force angle at 
initiation. Flakes that have run the complete length of the glass plate (150 mm) were 
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Figure 12. Measured force angle as a function of flake length. 
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produced for initial force angles varying from - 1  ° to 51 °. In addition, so-called feather 
flakes (where the crack meets the surface of the core at a very small angle and never turns 
sharply towards the surface) were recorded for initiation force angles as large as 65 ° . Short 
hinge or step (arrested) flakes did sometimes occur if the initiation load angle was greater 
than 19 °. However, even these flakes had a length at least ten times their thickness. Hence 
long flakes can be produced from impulses which initially apply the force over a wide 
range of angles. 

The variation in force angle as the crack propagates is shown in Fig. 12. These results 
cannot be compared quantitatively with Fig. 7 because the thickness of the flakes is not 
constant over their length; nevertheless, the general qualitative trend for the force angle to 
decrease as the flake develops is unmistakeable. The greater flexibility of the flake in 
bending causes the transverse force component  to decrease rapidly with crack growth. 

4. Conclusions 

Unless the direction of the flaking force is appropriate, the crack forming a flake will 
hinge outward toward the surface of the core or plunge inward. The required direction of 
the force required to keep the crack parallel to the surface of the core varies with the 
growth of the crack. Precise manual control of the flaking force is not possible. However, 
the stiffness of the partially formed flake dictates that the line of force shall be close to the 
angle required to cause the crack to propagate parallel to the surface of the core. The 
actual direction of the blow or impulse that detaches the flake has little effect on the crack 
path. Any discrepancies between the actual force angle and that required is translated into 
small undulations in the thickness of the resultant conchoidal flake. If the force angle is 
too large then the flake becomes thinner, causing a correcting increase in KII. Conversely, 
too small a force angle causes the flake to thicken and decrease K n. 

Thus it can be seen that little skill is required to produce a usable conchoidal flake with 
a sharp cutting edge. The plan shape of such flakes can be very irregular. Naturally, the 
making of the beautiful, symmetrically flaked stone projectile points of late prehistoric 
times did require considerable knowledge and skill in flaking techniques. However, the 
angle at which the impulsive motion was applied could vary over a wide range even in the 
production of these delicate implements. Only the best stone was used to make such 
projectile points, so that secondary flake removals were unaffected by inhomogeneities 
and were predictable. A planned reduction sequence involving careful preparation of the 
platform from which small thin flakes were removed and the successive use of different 
flaking implements were much more important than the precise angle of the impulse. 

It is self-evident that simple conchoidal flaking must be easy or it would not have 
appeared so early in our evolution. A hominid ancestor of modern Man, Homo habilis, 
made simple but perfectly usable flaked stone tools more than one and a half million years 
ago [32]. No doubt our remote ancestors used tools made from perishable materials such 
as wood and bone, but flaked stone tools were fundamental to their technology. It is 
tempting to speculate that Mankind may have had a different evolution if conchoidal 
flaking had not been made easy by the controlling effect of stiffness on the crack path. 
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R6sum6 

Les outils en pierre taill6e sont les t6moignages les plus durables et, d6s lors, les plus courants/~ disposition des 
arch6ologues pour traquer le ddveloppement des premiers hommes. On n'a cependant pas encore ddcrit les 
mdcanismes essentiels de la formation d'une 6caille conchd~dale. Pour crder avec succ6s une 6caille relativement 
mince qui ne soit pas pr6matur6ment trop courte, il faut que le direction de la force d'dcaillage soit relativement 
pr6cise. On d6montre que la direction de cette force est essentiellement d6terminde par la raideur de l'ecaille, 
l'angle r6el de percussion ayant, pour sa part, un effet relativement peu important. I1 est possible de rdaliser des 
6cailles longues et minces d6s lors que la direction de la force d'dcaillage est tr6s voisine de celle n6cessaire /~ 
produire une symdtrie locale ~ l'extr6mit6 d'une fissure se propageant parall61ement ~ la surface de la pierre. 


