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Abstract

Upon the arrival of the first millennium BCE and the growing prominence of archery in the
armies of the Near Fast, the number of arrowheads discovered in Iron Age cemeteries, settle-
ments, and fortifications in the western Iranian Plateau and adjacent areas increased. Alongside
this increase, diverse and sometimes novel forms, such as socketed trilobate arrowheads, ap-
peared in the region, which cannot be considered a normal characteristic for a highly consumed
weapon like the arrow. The reason for this diversification can provide significant insights into
weapon engineering and design capabilities during this period. Therefore, using the Abaqus
simulation software based on the Finite Element Method, an experiment was designed to re-
construct the performance of the weapons of that period under various conditions. To this end,
three distinctive bronze arrowhead types from the findings of the 2015 and 2016 excavations at
the East Cemetery of Qareh Tepe Segzabad, and one type from the findings at Persepolis, were
selected. A total of 16 simulated firings against two common defensive coverings of this pe-
riod—scale armor and linen armor—were studied. The selected types were tested at distances
of 7.5, 15, and 30 meters across two different terminal velocity ranges from angular bows
(63.2—74.2 m/s) and B-shaped bows (64.3—75.4 m/s). Based on the results, by considering
perforation ability as the criterion for assessing the arrowheads in the simulated conditions, the
geometric properties of the arrowheads and the mechanical properties of the armor were the
determining factors. Thus, only the arrowhead tipped with a pyramidal blade (Badkin) recorded
the best efficiency in the perforation process due to its unique form. The other three samples
successfully completed the process against linen armor, creating perforations with an area
greater than 30 mm?, but none posed a serious threat to a soldier equipped with scale armor. It
appears from the statistical sample of the selected arrowheads that the small quantity of the
pyramidal type compared to the other three, despite its suitable performance against armored
targets, likely indicates a lower number of armored soldiers and targets relative to unarmored

forces in the armies of the region, at least until the 6™ century BCE.
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Introduction

From design to production, technological determinism plays
a key role in introducing manufacturing techniques to enhance
performance (Ray, 2010). This study examines arrowhead design

and performance as indicators of this determinism, addressing

their quantitative significance in archaeological findings. A grow-
ing diversity of arrowheads, unusual for mass-produced weapons,
demands further engineering analysis beyond typological and
chronological studies (Hellmuth, 2014; Erdmann, 1973; Cleuziou,
1973; Mearokosa, 1964). While Philip Blyth’s 1977 research
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analyzed Greco-Persian war armor and weapons, and Aldrete’s
2013 team treconstructed linen armor (linothorax), these studies
ovetlooked arrowhead geometry's role in impacting and penetrat-

ing armor. This research focuses on addressing this gap.
Methods and weaponry of the research

Method

This study uses FEM simulations under controlled, non-re-
alistic conditions to analyze complex physical interactions.
ABAQUS software was selected for its precision in calculating
forces, stress, and strain during impacts. Simulations modeled

close combat, measuring the time interval from impact to motion

stoppage.

Weaponzy

Arrowheads were selected based on typology, chronology,
and archaeological context to ensure test reliability. Four types
were analyzed: Tanged Pyramidal (B), Tanged Bilobate with leaf-
shaped blade (L), Bilobate with thombus blade (R), and Socketed
Trilobate (T). Arrowheads B and L were linked to Iron Age II
butials(Dehpahlavan, 1395), while T was associated with Iron Age
III (Dehpahlavan, 1398)(Figure 1). Effectiveness was tested
against scale armor (S.A.) and linen armor (.A.), commonly used

in the ancient Near East (Aldrete et al., 2013)(Figure 3).
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Figure 1. Tested arrowheads: (B). Tipped with pyramidal blade (Bad-
kin), (I). Double-edge tipped with a leaf-shaped blade, (T). Trilobate
socket with thorns on the socket, (R). Tipped with two edges with
rhombic blade form.

The software inputs related to the bow ate kinetic energy
and initial speed. The choice of angular and B-shaped bows is
based on archaeological validity and research (Zutterman, 2003).
An angular bow of approximately 150 cm in length generates an
initial kinetic energy of about 40.9 ] (Bergman, 1988), while the B-
shaped bow ranges between 18 and 36 J (Blyth, 1977).

Figure 2. Selected bows for simulation: 1- reconstructed angular bow
(Bergman et al, 1988) 2- Archer depicted holding an angular on a Ha-
sanlu gold bowl (Winter, 1989) 3- B-shaped bows found in Yanghaii
cemetery in China (Selby, 2005) 4- Scythian archer loading his B-shaped
bow with an arrow depicted on the gold Kul oba bowl (Roll, 1989).

Figure 3. Left: a bronze scale plate of the scale armor (S.A)(Stronach,
1958); Right: wearing a linen armor, painting on an Attic vase (Aldrete
et al, 2013)

Modeling

The arrowheads were initially designed in CATIA's environ-
ment (Sketch). Once this step was completed, the designs were
input into ABAQUS software. Due to the geometry and bulkiness
of the samples, the free meshing method and the pyramidal tetra-
hedral species (C3D4) of the Tet family components were used to
achieve better results (Figures 4 & 5).
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Figure 4. Right. The element of the pyramidal quadrilateral type
(C3D4), Left. The sample of the mesh-free model of the impact process
in Abaqus software
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Figure 5. Simulated weapons in Abaqus software.

Material properties (bronze, leather, linen) were entered into
the software, and four simulations were conducted per arrow: an-
gled bow against scale and linen armor (A.B-S.A., A.B-L.A.), and
B-shaped bow against the same targets (B.B-S.A., B.B-L.A). The

main results are summarized in Table 1.
Results and Discussion

The effectiveness and performance of atrrowheads

The impact process involves simultaneous deformation of
armor and projectile, transitioning from elastic to plastic states,
charactetized by the von Mises stress criterion and Johnson-
Cook’s ductility formula (Johnson & Cook, 1985). Most armor
and arrowheads transitioned to plastic deformation, except model
B (A.B-L.A,, B.B-L.A.) and model L. (A.B-L..A.). Maximum plastic
deformation occurred in the A.B-S.A. mode, with 14.5 mm for
armor and 13 mm tip bending for the L. model. Failure modes
observed include plugging (Borvik et al, 2001), petaling
(Wierzbicki, 1999), and perforation (Dean et al., 2009). Model T
exhibited the most failures, losing its tip under +4.159¢+02 MPa
stress. Only model R in B.B-S.A. did not fail. Detailed stress re-
sults are provided in Figures 6 through 9.

15:000e+

Figure 6. The stress charts of model R at the impact in: (1) A.B-S.A
state, (2) B.B-S.A state, (3)A.B-L.A state, (4) B.B-L.A state

13:0008+

Figure 7. The stress charts of model B at the impact in: (1) A.B-S.A
state, (2) B.B-S.A state, (3)A.B-L.A state, (4) B.B-L.A state.
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Figure 8. The stress charts of model L at the impact in (1) A.B-S.A
state, (2) B.B-S.A state, (3)A.B-L.A state, (4) B.B-L.A state.
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and 78.5% of velocity, compared to linen armor’s 32.05% and
35%. Linen armor, despite greater thickness, proved more vulner-
able, with over 35 mm perforation area per arrowhead. Model B
performed best, successfully perforating armor in all modes. Ta-
bles 2 visualize energy absorption trends. Table 3 and Figure 10
also show the geometrical properties of projectiles during the im-

pact.

Table 2. The calculated amounts of velocity and energy absorbed by

models
. v,M/ ) vy Vi E.()
s Rap-sa 63.7 258-141 37.9-496  30.7-35.1
@ Bag-sa 65 206-113 444537 322
34.77
Lag_sa 61 372-292  238-318 23.4-287
, . . Tap_sa 70 35-17.1 35-529  27.1-338
Figure 9. The stress charts of model T at the impact in (1) A.B-S.A R — =3 85 758 01
state, (2) B.B-S.A state, (3)A.B-L.A state, (4) B.B-L.A state. BB-SA : : ’ :
Bpp_sa 56 16.09-8  3991-48  253-27
Table 1. Results and simulation time for each arrowhead Lpp-sa 52.8 32.8 20 18
Simulation Time /Penetration Results Tpp-sa 61 35-27 26- 34 18.3-21.9
T L B R States Rapia 63.7 583 5.4 5
462 12.7 352 13.1 45;5 22.79 35‘5 14.5 A.B-S.A Bap_La 65 29.1 35.9 287
min 6 min mm min mm min mm
. Lag-ta 61 60 1 12
350 174 344  Com 283 Com 331 Com AB-LA Tap-a 70 583 117 113
min mm min  plete  min plete  min  plete Rpp_ia 54.3 50 43 42
pas- pas- pas- —
sage sage sage I 56 283 27.7 20.7
355 126 359  10.8 479 17.74 350 952 B.B-SA Legra 52.8 50 2.8 35
min 6 min 3 min mm min mm T, 61 483 12.7 10.2
mm m BB-LA
232 12.1 279 Com 230 Com 345 Com B.B-L.A
min  mm min plete min plete min plete Table 3. Geometrical properties of models
pas- pas- pas- Models ~ Maximum A.B-S.A & B.B-SA States A.B-LA & B.B-
sage sage sage cross-sec- L.A States
tional In the ac- Tip length In the Tip
area(mm?) tion c.s in- action  length
arca(mm?)  volved(mm) cs in-
| 35 mm , |(T’| area volved
— ——————————— R <35.9 <135 4 <35.9- 35
— — 8.7
5[ EI B 39.6 1.12-30.5 22.5 16.8 17.5
v g < < <
el | ol | ‘ L =<40.2 <2.7 13 <49 35
mm {4 mm 5mm
. S— T <383 <19.1 9 <282 30

AT ]

8.91 mm

25 mm 30 mm

Figure 10. Geometrical properties of models

Scale armor resisted perforation from R, L, and T arrow-
heads, whereas linen armor failed under all conditions, reaching
its stress limit (+5.012e+04 to +3.321e+02 MPa). Factors affect-
ing ballistic limits include absorbed energy, velocity loss, projectile
tip geometry, and target thickness (Gupta et al., 2006; Tan et al.,
2003; Borvik et al., 2002). Scale armor absorbed 90.8% of energy

Depth of penetration and lethal damage

When evaluating the impact of an arrow that causes serious
injury or death, it passes through four key layers: armor, the de-
formation of the armot, clothing or coverings underneath the ar-
mor, and finally, the skin. According to Bleetman and Dyet's re-
search, the thickness of the skin and its distance from critical ot-
gans, such as the spleen, liver, kidneys, and lungs, are different; the
average minimum thickness is 16 mm, while the maximum is 31
mm (Bleetman & Dyet, 2000).

Penetration depth estimates for serious injury are 28.2 mm
for scale armor and 29 mm for linen armor. Model B achieved

22.79 mm penetration in scale armor but exceeded 40.1 mm in
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linen armor, highlichting linen armot’s limitations. Scale armor
>, hughlighting

demonstrated superior defense against injury.

Conclusion

Type B arrowheads outperformed others, demonstrating the
influence of geometry on efficiency. However, archaeological ev-
idence suggests a heterogeneous relationship between technolog-
ical determinism and arrowhead success. Despite inferior perfor-
mance, types R, L, and T are more prevalent in findings, suggest-
ing limited effectiveness against armored armies. Arrowheads
likely served other purposes, such as hunting or targeting light in-
fantry. Scale armot’s rarity before the 6th century BC supports this
hypothesis, as equipping fully armored armies was expensive.
Lighter weaponry appears to have been more common, corrobo-
rated by the scatcity of armor artifacts. The presented tables and

figures further validate these conclusions.
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Figure 1. Selected bows for simulation: 1- angular bow reconstructed by
Bergman et al, 2- Archer depicted holding an angular bow on a Hasanlu
gold bowl, 3- B-shaped bows found in Yanghaii cemetery in China, 4-
Scythian archer loading his B-shaped bow with an arrow depicted on the
gold Kul oba bowl.
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Table 1. Dimensions and weight of the tested samples.

o3> (2)py>  (mm)Jsb o,  Culbhs
Sy
- 1214 33 1.3
SPr
(B)7040 7 53 - 18
(L)7059 10 75 15 5
(T)1226 45 33 9.5 -
(R)2379 8.8 62 13x 5.5
N
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A
il
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o~

(nS2L) JSb oy gt b )l b5 B jtalo] 5,90 (sladiges T S50
& oy dw T (ibid) JSKi 5y gas5 b adgd Jbal; L (Dehpahlavan, 1395)
&) gaa5 b ad 93 hail; R (Dehpahlavan, 1398) cSgw ¢4, ;5 b (5 g
(Stronach, 1958) g 0); 3l c3 2 Lo 4938 A IS5

Figure 2. Tested arrowheads: (B). Tipped with pyramidal blade (Bad-
kin), (I). Double-edged, tipped with the leaf-shaped blade, (T). Trilobate
socket with thorns on the socket (R). Tipped with two edges with thom-
bic blade form (Source: Authors) and a bronze scale plate of the scale ar-

mor (S.A).
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Figure 4. Zabotin Arrowhead
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Figure 3. Arrowhead with inner socket
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Figure 5. Right. The element of the pyramidal quadrilateral type
(C3D4), Left. The sample of the mesh-free model of the impact process
in Abaqus software.
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Table 2. The number of elements used in the simulation of the samples.
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Figure 6. View and sections of arrowheads simulated in Abaqus software. 1. R 2. T 3. B 4. L 5. Bronze scale armor
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Table 3. The average velocity and kinetic energy of the collision of the samples thrown from the angular arc after the specified distances.

HEF e e il Mlcese poemlgipl cepl@pl e plgipl 0 S (ke P 858 oRlbe
(2) (7)as! (M/S) ¥.0 m ks Yomahii ;> Yemakadi Yo m Cdluwe Yo m Cdluno
B 17 40 68.5 37.4-66.4 35.8-64.9 34.4-63.7 65 35.8
T 14.5 40 74.2 38-72.5 36.2-70.7 33.5-74.2 70 35.9
R 18.8 40 65.2 38.5-64 36.9-62.7 35.5-65.2 63.7 36.9
L 20 40 63.2 38.5-62.1 37.2-61 36-63.2 61 37.2
Sl 64.5 36.4

02d sl Juolgs (ol e 3 JS8 B eSSl 0ad Sl ladiges 3,98 5 (pdeix (555 5 ey (6S0ke £ Jgu
Table 4. The average velocity and kinetic energy of the collision of the samples thrown from the B-shaped arc after the specified distances.

@)err e giFl Mgl Pl dbl el el ce e iSile 5 6551 0o
(I (m/s) ¥.0 m yom Yo m ahad Yo m Sl Yo m Sl
B 17 30 59.4 58.2-28.7 56.9-27.5 55.7-26.3 56 27.5
T 14.5 30 64.3 62.7-28.5 61.2-27.1 59.7-25.8 61 271
R 18.8 30 56.4 55.4-28.8 54.2-27.6 53.3-26.7 54.3 27.7
L 20 30 54.7 53.6-28.7 52.7-27.7 52.1-27.1 52.8 28.7
Sl 56 27.5
O 2 Sl il dd Gloj e 5 @l . 0 Jgsa
Table 5. Results and simulation time for each arrowhead
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48> 355 12.66 mm 48> 359 10.83 mm 43> 479 17.74 mm 43,85 350 9.52 mm Sgr 0,5 2K S
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Figure 10. The stress charts of model T at the impact in (1) A.B-S.A state, (2)
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Figure 13. The displacement-time curves of models on: A.B-L.A state.
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Table 6. The calculated amounts of velocity and energy absotbed of models

v,(M/g) L2 Vbt E.Q)
Rap sa 63.7 258-141  37.9-496  30.7—35.1
Bap sa 65 206-113  444-537  322-3477
Lap_sa 61 372-202  238-318  234-287
Tapsa 70 35-17.1 35529 271-338
Rpp_sa 543 285 258 201
Bpp sa 56 16.09-8 39.91- 48 253-27
Lop sa 528 328 20 18
Tep_sa 61 35-27 26 - 34 183-21.9
Rap ia 63.7 583 54 5
Bap La 65 291 35.9 287
Lapia 61 60 1 12
Tapia 70 583 117 113
Rpp ia 543 50 43 42
Bop La 56 283 277 207
Lop ia 528 50 28 35
TosLa 61 483 127 102
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Figure 11. The displacement-time curves of models on: A.B-S.A state.
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Figure 12. The displacement-time curves of models on: BB-S.A state.
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