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This interdisciplinary paper (archaeology, macromolecular chemistry and material science) investigates the
production and load-bearing capacities of Bronze Age balance scales.
The existence of weighing equipment and practices in Late Bronze Age Europe has been proven beyond doubt.
Although hundreds of balance weights from Central and Western Europe have recently been identiﬁed in the
archaeological record, balance scales are still extremely rare. Consisting of balance beams, suspension cords,
scale pans and sometimes metal suspension loops, the only evidence found to date are 18 complete and fragmented balance beams. Made of bone or antler, these balance beams are often perceived as extremely fragile and
only able to weigh-out minute loads. This, however, had never been tested. In order to understand exactly how
Bronze Age balances were made, of what materials and how much load they could bear, a number of replica
balance beams, suspension cords and metal loops were created. The load-bearing capacity was then tested with
two standard material sciences testing methods: three-point bending tests and uniaxial tensile testing.

1. Introduction
The Western European Bronze Age equal-arm balance scale is a rare
and relatively unexplored type of object. The existence of bone balance
beams has been attested in Mesopotamia from as early as the ﬁrst half
of the 3rd millennium BC (Genz, 2011), and bronze scale pans as well as
balance beams have been found in at least 21 Aegean contexts (Pare,
1999, 470-474). A female burial from shaft grave III at Mycenae contained three gold balance scales, which, although not functional as
scales, provide the only physical examples of complete balance scales at
the time (Karo, 1930). Further information on the make-up of balance
scales and their functionality can be derived from Egyptian depictions
(Robens and Mikhail, 1984). For Western Europe, however, the only
evidence preserved in the archaeological record are 18 complete or
fragmented bone or antler balance beams, some of which contain wire
loops (Table 1). Based on their typological similarity to the Mesopotamian, Aegean and Egyptians specimens, Western European scales
would originally have consisted of a balance beam, suspension cords,
wire loops and pans. Hundreds of balance weights have been identiﬁed
in recent years from the same region, and it appears likely that the
majority of balance scales must have been made of wood (Ialongo,
2018, 7). The 18 balance beams, only seven of which are complete,

⁎

were found in Serbia (one specimen), Germany (one specimen), England (two specimens) and France (14 specimens), and date from c. 1350
to 800 BCE. Other proposed Bronze Age balance beams from Switzerland or Italy are unlikely to be such tools (cf. Rahmstorf, 2014, ﬁg. 1.5,
8–12) as they lack the required symmetry or perforations. Although the
Serbian specimen from Bordjoš was almost immediately identiﬁed as a
balance scale beam by comparison to the three ornamental golden
balance scales from Mycenae (Medović, 1995, 213), with the exception
of Pare (1999), the signiﬁcance of the ﬁnd seems to have been largely
missed by the archaeological community. It was not until 1999, when a
French specimen from La Croix de la Mission (Table 1, ID 1), which was
found to be similar to a 5th century BCE bronze balance beam from
Hochdorf, Germany (Biel, 2015, 76-8; Biel, 1997, Fig. 9), was presented
by Rebecca Peake and Jean-Marc Séguier at the French Prehistoric
Society meeting, that public interest was sparked. By chance, José
Gomez de Soto was in the audience, who had knowledge of two extremely similar objects that had recently been discovered (Table 1, IDs
9 and 10). The three balances were published shortly after and presented to the archaeological community as nothing less than a new type
of object (Peake et al., 1999, 643). A uniquely identifying feature to
many of the specimens are expanded, trumpet-shaped terminals with a
perpendicular perforation. Thanks to their identiﬁcation, the remaining
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Table 1
Find spots, material, relative and absolute chronologies of all 18 original balance beams from Central and Western Europe. French relative chronologies after Carozza
et al. 2009, relative chronologies marked with * after Reinecke 1965, all updated and synchronised by Roberts et al. 2013. The identiﬁcation of material was only
done by visual examination. References: IDs 1, 9 and 10 (Peake et al. 1999, 643-44); 2 (Delattre and Peake 2015, 50-1); 3 (Mordant and Mordant, 1970, 67 ﬁg. 31;
Peake et al. 1999, 643); 4 and 5 (Roscio et al. 2011, 175-81); 6, 7 and 8 (Muller 2009); 11 (Mohen and Bailloud, 1987, 8; pl. 85; Delattre and Peake 2015, 50); 12
(Muller 1999); 13 (Joly 1965, 73); 14 (Schaeﬀer 1926, ﬁg. 26–27; Delattre and Peake 2015, 50); 15 (Lawson 2000, 236, ﬁg. 97.98,; Roscio et al. 2011, 180-1); 16
(Schuster 2014, 190-1); 17 (Görner 2003, 135; Roscio et al. 2011, 181); 18 (Medović 1995, 212-3, Fig. 4; Roscio et al. 2011, 181).
ID

Country

Site

Material

Complete

Rel. Chron.

Abs. Chron.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

France
France
France
France
France
France
France
France
France
France
France
France
France
France
England
England
Germany
Serbia

Marolles-sur-Seine (La Croix de la Mission)
Marolles-sur-Seine (La Croix de Saint Jacques)
Marolles-sur-Seine (Gours-aux-Lions)
Migennes (grave 298)
Migennes (grave 298)
Migennes (grave 251)
Migennes (grave 267)
Migennes (grave 284)
Agris (La Grotte de Perrats)
Vilhonneur (La Cave Chaude)
Fort Harrouard
Etigny (Le Brassot Ouest)
Monéteau
Haguenau-Oberfeld (Tumulus 57)
Potterne
Cliﬀs End Farm
Mannheim-Wallstadt
Bordjoš

Bone
Bone
Bone
Antler
Antler
Bone
Bone
Bone
Bone/antler
Bone/antler
Bone
Bone
Bone
Bone
Antler?
Horse bone
Bone
Stag/aurochs bone

✔
✗
✗
✔
✔
✗
✗
✗
✔
✔
✗
✗
✗
✗
✔
✗
✗
✔

Br. ﬁnal I-IIa
Br. ﬁnal
Br. ﬁnal I-IIa
Br. ﬁnal I-IIa
Br. ﬁnal I-IIa
Br. ﬁnal I
Br. ﬁnal I
Br. ﬁnal I
LMBA - ELBA
Br. ﬁnal IIb-IIIa
Br. ﬁnal
Br. ﬁnal I-IIa
Br. ﬁnal I-IIa
Br. ﬁnal
12th C. BC
LBA
*Bronze D
*Ha A1

c.
c.
c.
c.
c.
c.
c.
c.
c.
c.
c.
c.
c.
c.
c.
c.
c.
c.

1350–1150 BCE
1350–800 BCE
1350–1150 BCE
1350–1150 BCE
1350–1150 BCE
1350–1250 BCE
1350–1250 BCE
1350–1250 BCE
1200 BCE
1150–950 BCE
1350–800 BCE
1350–1150 BCE
1350–1150 BCE
1350–800 BCE
1200–1100 BCE
1250–780 BCE
1320–1200 BCE
1200–1120 BCE

Fig. 1. Schematic drawing of an equal-armed spindle-shaped balance scale with trumpet-shaped, perpendicularly perforated terminals, a central perforation with a
wire loop, suspension cords and scale pans.

(1) How, and from what materials, were Bronze Age balance scales
made?
(2) How much load could they bear before breaking?

14 specimens, some of which were excavated decades prior to Peake
et al.’s paper, could be identiﬁed as what they really are.
Identiﬁcation aside, relatively little research has gone into the
production and use of Bronze Age balances. As the majority of the
balance beams are fairly short (< 15 cm) and thin (Ø < 10 mm) and
often poorly preserved, the beams appear extremely fragile. This perceived fragility has led to the interpretation that the scales could only
have been used to weigh-out minute quantities of material (Peake et al.,
1999, 644; Delattre and Peake, 2015, 50), as otherwise the beam would
break. It was therefore assumed the balances were perhaps used as
symbols rather than tools (Peake et al., 1999, 644), or for goldsmithing
or pharmaceutical work (Delattre and Peake, 2015, 50). Medović, on
the other hand, created a bone replica of the Bordjoš specimen, which
was found with a number of possible weights, the heaviest of which had
a mass of 183.3 g. Whilst the Bordjoš balance was seemingly made for
small loads, he concluded that there is no doubt that the original balance could have withstood such “heavy” loads (Medović, 1995, 213-4).
Whilst the Bordjoš specimen is slightly longer and thicker than the
other balance beams, we are presented with two conﬂicting interpretations; are Bronze Age balance beams fragile and only “useful” for
extremely small loads? Or can they in fact be used in a practical manner
and withstand signiﬁcantly heavier loads? As there is also very little
known about the manufacturing of the beams, not to mention of course
the suspension cords, wire loops and scale pans, this poses two major
questions:

In order to answer these questions, and to get an insight into what
practices the balance scales could have been used for, we decided to
create a number of replica beams, cords and wire loops of diﬀerent
materials. Their load-bearing capabilities were then scientiﬁcally tested
with three-point bending tests (beams) and tensile testing (cords and
wire loops).
In this article we present a detailed account of the manufacturing
process of the replicas, the testing and the results. This is followed by a
discussion about manufacturing techniques and materials, the loadbearing capacity of balance beams and their functionality.
2. Making Bronze Age balances
Bronze Age balance scales consist of balance beams, suspension
cords, wire loops and balance pans (Fig. 1). This section discusses the
manufacturing techniques and materials used to create replica beams,
cords and wire loops. Whilst the balance pans found in Aegean contexts
are always made of bronze (Peyronel, 2011, 111; Pare, 1999, 470-474),
the complete lack of pans in Western Europe suggests that they were
made of organic material such as textile, leather sheet, wood or even
horn. As they were likely the toughest component of the balance scale,
balance pans were not tested for this research.
2
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Fig. 2. Original (top half) and replica beams (bottom half) of types Bordjoš (top), Marolles (middle) and Migennes (bottom). Drawings after Medović (1995) and
Roscio et al. (2011).

aurochs metacarpal or metatarsal bone (Medović, 1995, 211) or horse
distal splint bone (Schuster, 2014, 190). From a manufacturing perspective, there are several criteria that the raw material must fulﬁl:
ﬁrst, the piece of bone or antler must be as straight and even as possible. Many bones or antlers have natural twists or bends (Fig. 3a-c),
diﬀerent thicknesses or taper towards one end, thus making them
unsuited for straight, equal-armed balance beams. Second, only the
very outer layer of a bone or piece of antler consists of cortical bone
(Fig. 3d). Even in large bones or antler pieces, this layer is seldom
thicker than a few millimetres. In order to turn the cortical bone into a
balance beam, however, it has to be around one-and-half times the
thickness of the ﬁnal beam as a lot of material is removed during the
manufacturing process. Finally, the straight, thick raw material must be
long enough to make the balance beam, which is diﬃcult to achieve for
even the shorter specimens. From experience, modern day sheep or goat
bones, materials that would have been commonly available in the
Bronze Age (Brinkkemper and van Wijngaarden-Bakker, 2005, 497),
were not large enough to fulﬁl these criteria. Only the long leg bones of
larger animals, such as cattle, horses, large deer and also aurochs provide the required length and thickness. The suggested distal splint bone
from a horse (Schuster, 2014, 190), however, seems unlikely, as this
type of bone is usually naturally bent and too tapered to provide the
basis for an equal-armed balance beam (Fig. 3e). While cortical bone of
antler is theoretically possible, it appears that modern European deer
do not live long enough to grow antlers of the required size.
For obvious reasons, it was not possible to obtain aurochs bones to
shape them into replicas, and large deer bones proved diﬃcult to acquire. Instead, cattle and horse femur bones were used. In total, ten
replicas were made, inspired by original specimens from the European
Bronze Age. Bone is a diﬃcult material to work as it is extremely hard
and sometimes brittle. As such, it proved diﬃcult to manufacture the
replicas to the exact same dimensions as the originals. With variations

2.1. Balance beams
The only information about the type of weighing equipment used in
the Western and Central European Bronze Age stems from the 18 balance beams (or fragments thereof). In the light of the hundreds of
contemporary balance weights found in the same regions (Ialongo and
Rahmstorf, 2019), it seems likely that the majority of balance scale
beams were made of less durable material such as wood (Ialongo, 2018,
7) as is frequently attested in Mesopotamian sources (Peyronel, 2011,
120). The surviving beams were made of bone or antler (but see below),
and can be divided into three types: Bordjoš (a spindle-shaped rod with
straight-cut terminals and three perforations in the same direction,
centrally and at each terminal; Fig. 2 top; after Medović, 1995, 209),
Marolles (a spindle-shaped rod with disc or trumpet ends, perforated
centrally and perpendicularly through the terminals; Fig. 2 middle),
and Migennes (a rectangular bar with vertical perforations in the centre
and at each end; Fig. 2 bottom; after Roscio et al., 2011, 178) and, at
present, little is known about the manufacturing process or the exact
materials used. It was not possible to analyse any original specimens for
manufacturing marks as part of this research, therefore two diﬀerent
approaches were tested when making the replicas.
2.1.1. Material
The known balance beams are made from the hard cortical bone
layer of animal bones or antler, and in no case was any of the spongy
cancellous bone mass included. Based on observations of the published
material, it appears as if the material was usually carved or turned to a
perfectly balanced, polished ﬁnish. Additionally, post-depositional
discolouration from the soil makes identiﬁcation of the material and
which animal it came from extremely diﬃcult. As such, most specimens
have been described as unspeciﬁed bone or antler, although in some
cases the balance beams were interpreted in detail such as stag or
3
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Fig. 3. a.-c. pieces of antler from a mature fallow deer, displaying the diﬃculty
of obtaining a long, untwisted piece of antler; d. cut-open antler, only the redtainted sections consist of hard cortical bone and can be used to make balance
beams; e. unscaled image of horse distal splint bones, courtesy of www.tierschaedel.de.

only in the range of millimetres, however, the replicas were deemed
suﬃcient enough to yield valuable information about the load-bearing
capacity.

Fig. 4. a. raw bones cooking in salted water; b. bones after ﬁrst cooking with
meat attached; c. ﬁrst removal of ﬂesh, tendons, sinew etc. with a knife; d.
splitting the bones length-wise with a band saw to allow easier cleaning of the
inside; e. split bone after ﬁrst cleaning of the inside; f. cooking of split bones; g.i. further removal of ﬂesh, sinew etc.; j. ants removing remaining tissue over the
course of two days; k. removal of cancellous bone mass where necessary; l. airdried cleaned bones ready for processing.

2.1.2. Bone preparation
Raw bones ﬁrst need to be thoroughly cleaned and prepared before
shaping can take place. Cleaning and boiling the bones is necessary to
prevent natural decomposition of the ﬁnished object and to stabilise the
material. For the replicas in this project, freshly slaughtered cattle and
horse bones were obtained from a nearby abattoir where they were
stored at cool temperatures around 2 °C for a few hours. They were then
transported at room temperature and, once arrived at the bone carver’s
workshop, immediately processed. The bones underwent the following
preparation procedure:

This speciﬁc procedure is based on the bone carver’s personal experience in preparing bones while considering the technologies available during the Bronze Age. Modern animal bones used for display
purposes, one the other hand, are often bleached in hydrogen peroxide
(McGowan-Lowe, 2012). A recent study by Petrovic et al. (2019) on the
eﬀect of heat treatment of cattle bones has shown, that boiling signiﬁcantly reduces the tensile strength of the bones (Petrovic et al.,
2019, 20). While it is now possible to distinguish between heated and
raw bones based on physiochemical changed at the nanometric level
(Solari et al., 2015), the original balance beams have not yet been
analysed in this way. It is therefore presently unclear how the bones
were treated prior to carving. If anything, balance beams made of raw
bone would have a higher loading capacity than the boiled bone replicas. As Karr and Outram (2012; 2015) have demonstrated, the degradation and fracture patterns of bones are linked to their storage prior
to the experiment. Particularly, extreme conditions such as freezing (c.
−20 °C) and hot (40 °C) dry conditions can have a signiﬁcant impact on

1. Cook in salted water for one hour. The salt helps to clean and
sterilise the bones (Fig. 4 a)
2. Remove ﬂesh, tendons, fat and sinew with a knife (Fig. 4 b and c)
3. Split bones lengthwise then remove bone marrow and other tissue
(Fig. 4 d and e)
4. Cook again in salted water then clean again (Fig. 4 f-i)
5. Place outside for a day or two to let ants remove further tissue
(Fig. 4 j)
6. Remove spongy cancellous bone mass if necessary (Fig. 4 k)
7. A further boil in salted water
8. Air-dry for one or two days (Fig. 4 l)

4
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Fig. 5. a. cutting the cleaned and dried bones into strips with a band saw; b. strips cut and ready for grinding; c. attempting to split the bone into strips with an axe; d.
splintered bone as the result of axe splitting.

Preliminary tests with ﬂint blades and cattle bones done by one of the
authors (RH) had shown how incredibly labour-intensive manual bone
carving was. In order to save time, it was decided to use modern tools to
make the replicas. While the Bordjoš and Migennes-type replicas were
relatively easy to make, the Marolles-type replicas with their expanded
disc or trumpet terminals proved more diﬃcult.
In the ﬁrst step, the beam blank was ground into rough shape on a
circular sanding machine (Fig. 6a). For the Bordjoš and Migennes-type
replicas this method was suﬃcient to reach their ﬁnal shape. As the
decorations on the single Migennes-type original were not deemed to
have an impact on the overall stability of the beam, it was decided not
to include them. Even with the electric sanding device, the hardness
and density of the bone meant that the process took on average three
hours per replica. Manual grinding could have been done on rough
stone slabs or similar and would likely have taken multiple days per
specimen. To taper the Marolles-type replicas and shape their terminals,
miniature grinders and steel ﬁles were used (Fig. 6b). Whilst faster than
the initial rough grinding, this step still took on average one hour to
complete. It was also diﬃcult to create the perfectly equal tapering on
both arms as found on the original specimens. As such, the carved replicas appear to be somewhat craggier and less sophisticated than the
originals. Finally, the holes had to be drilled, which proved to be a
challenge in itself. Several ﬁrst attempts with an electric drill failed; the
bone was so hard that it was impossible to drill through, but instead the
drill bits burnt the bone, broke into pieces or fractured the terminal of
the beam (Fig. 6d). In the end, a hand-powered, low-speed drill with a
sharpened needle instead of a drill bit proved to be the best option
(Fig. 6c). The hardness of the bone as well as the balance beams’
rounded, polished surface made it diﬃcult to drill holes accurately, and
more than once the tip of the drill slid oﬀ.

the material properties of the bones. To minimise the impact, we aimed
to only use the freshest bones reasonably obtainable, that had been
exposed to very limited cooling before they were processed.
Cleaning the bones is a fairly labour-intensive activity, involving
numerous steps over the course of several days. Boiling the bones in salt
water creates a very basic broth that, in theory, could be consumed,
although the result did not seem particularly appealing. Nevertheless,
this preparation could have been undertaken as part of everyday domestic work.
The cleaned and dried long bones were then cut into strips (in this
case with a modern band saw; Fig. 5a) one-and-a-half times the thickness of the ﬁnal balance beam (beam blank; Fig. 5b). Splitting the bones
into strips by hacking with an axe turned out to be impossible, as the
bone would always splinter upon impact (Fig. 5c and d). Bronze Age
metal saws would likely have been eﬀective tools for this task but are
very rare in the archaeological record. Instead, for example bronze
chisels could have been used to cut the bone into strips.
2.1.3. Carving
To carve is deﬁned as “to make objects, patterns, etc. by cutting
away material from wood or stone” in the Oxford Advanced Learner’s
Dictionary (OALD, 2000, 180). Although the process of turning animal
bone into shapes is referred to as bone carving, it is in fact very diﬃcult
to cut bone accurately. Cutting bone as one would do with a piece of
wood, for example, will very easily result in tears or fractures of the
bones, thus ruining the entire piece. Instead, bone carving consists of
time-intensive scraping and grinding, removing the bone mass in thin
layers until the desired shape is reached.
When working bronze, the lattice-structure of the copper-alloy reacts strongly to the way the metal is treated. Bronze can therefore be
signiﬁcantly weakened if treated incorrectly during the manufacturing
process (Nerantzis, 2015). It is presently unclear how the speed of the
scraping or grinding method (modern machinery = higher speed than
manual scraping/grinding) aﬀects the microstructure of the bone, and
whether this has an impact on the stability of the ﬁnal object. We
worked on the assumption that, if anything, the higher speed would
have a slightly negative impact on the surface structure thus resulting in
a potentially weaker replica. Vice versa this means that hand carved
specimens would potentially have a slightly higher loading capacity.

2.1.4. Turning
No direct evidence for Bronze Age lathe turning has been found to
date. The technique can therefore only be traced through manufacturing marks and functional analogies (Armbruster, 2014, 330). The
most direct evidence for lathe turning stems from two sets of wooden
ear studs from Dartmoor, England, dated to c. 2000 BCE (Sheridan
et al., 2016). These ear studs, made of local spindle tree wood, were
recreated on a hand-powered lathe with a copper-alloy chisel by master
5
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Fig. 6. a. rough grinding the beam blank into shape; b. ﬁnishing the beam with small tools; c. testing a hand-powered drill on bone; d. burnt and fractured terminal
perforations from using an electric drill.

wood turner Stuart King as part of the BBC’s “Mystery of the Moor”
documentary (King, 2014; Sheridan et al., 2016, 123). Further indirect
evidence for turning stems from the decorations on Late Bronze Age
gold bracelets from Portugal. Both their perfect body of rotation as well
as the decorations could only have been achieved by turning wax cylinders on a lathe (Armbruster, 2014, 330-1).
The almost perfect symmetry of the Marolles-type balance beams
makes them nigh on impossible to shape by grinding alone, thus resulting in the afore-mentioned irregular specimens. As this method is
also extremely time-consuming, we decided to create some of the replicas on an electric lathe (Fig. 7a). From this we expected signiﬁcant
improvements in the shape and regularity of the beams, as well as a
drastically shortened production time. Using small chisels and sanding
paper (Fig. 7b), the electric lathe was able to produce a perfectly
symmetrical, polished balance beam in less than 30 min.
Due to the success in turning beams on a lathe, we subsequently
decided to produce a replica on a hand-powered wooden lathe in collaboration with master stonemason Florian Peteranderl (Fig. 7c). Whilst
there are, as mentioned, no surviving examples of Bronze Age lathes,
this relatively simple construction consists of a wooden frame with two
upright pillars, one of which can be moved closer or further away depending on the size of the raw material (Fig. 8). The moving pillar is
then ﬁxed in place with a wedge, and the object is turned by pulling a
piece of string wrapped around the material.
The aim was to create a replica with the dimensions of the Potterne
specimen by using a variety of chisels and sanding material (Fig. 7d).
Unfortunately, it was not possible to obtain authentic copper-alloy replica chisels, and instead modern steel tools were used. Whilst a turner
on a modern machine, where the raw material is clamped onto a rotating motor, would strive to work along the entire length of the object
as evenly as possible, it proved easier to maintain the turning string on
one side of the object for as long as possible. This resulted in one almost
completely worked, and one unworked side after about 90 min
(Fig. 7e). After three hours of turning, the balance beam appeared about
80% ﬁnished, and we estimate that less than an hour would have been
required to create a perfectly polished beam. Unfortunately, due to the
inexperience of one of the authors (Raphael Hermann), the beam
snapped when too much force was applied on the string (Fig. 7f).
It is possible that Bronze Age copper-alloy chisels were slightly less
eﬀective than their steel successors and would have required more

frequent resharpening, however, we guess that this would at the very
most have added one extra hour to the production process. The difference in eﬀectiveness between steel and copper-alloy chisels remains
the focus of future research. At most, the turning and polishing process
would have taken two people ﬁve hours, although in reality a team of
two experienced workers could do it in even less time. Turning the
balance beams proved to be a signiﬁcantly less time-consuming task
and produced much better results than the more laborious carving of
bone.
A surprising side eﬀect of lathe turning bone balance beams was the
creation of small indentations in the terminals where the bone was in
contact with the holding pins (Fig. 9 left). As mentioned above (Section
2.1.3), the hardness and polished surface of the bone makes it extremely diﬃcult to drill holes to suspend the balance pans. The indentations created by the lathe, however, are perfect pilot holes for
drilling through the terminals (Fig. 9 right). Whilst the perpendicular
terminal perforations are a deﬁning feature of Bronze Age balances,
their function could never be explained. We suggest that instead of
functional, these perpendicular perforations are the result of using the
already existing indentations as pilot holes. The indentations themselves could be further direct evidence for Bronze Age lathe-turning.
2.1.5. The replicas
Our original plan was to make three replicas for every complete
original balance beam, one each of cattle bone, horse bone and antler,
in order to test as wide a spectrum as possible. The long manufacturing
process and the consequential high production cost for each replica (€
180 per piece), however, meant that our ambitious plan had to be
down-scaled. For the reasons outlined in Section 2.1.1 it was also not
possible to create antler replicas. Horse bones of suitable length and
thickness are also diﬃcult to obtain, at least in Germany.
In the end, a total of ten replicas based on six original balance beams
and representing all three known types were produced (Fig. 10). In
order to still get a comparison between the strengths of diﬀerent animal
bones, one replica based on the Bordjoš specimen was made of horse,
the other of cattle bone. Table 2 outlines the dimensions and material of
the replicas, as well as the originals they were based on. As mentioned
previously, bone is a diﬃcult-to-work natural material, and the information about original balance beams was exclusively based on illustrations and dimensions (of varying degrees of accuracy) given in the
6
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Fig. 7. a. balance beam blank on an electric lathe; b. polishing with sanding paper on the electric lathe; c. operating a two-person hand-powered lathe; d. shaping of
the bone with a chisel; e. a blank starting to turn into a beam; f. fractured beam after three hours of shaping on the lathe.

Fig. 8. Technical drawing of a hand-powered lathe similar in design to the one used for this project. The left pillar can be moved in relation to the ﬁxed frame (1). It is
then ﬁxed into place with a wooden wedge (2).
7
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Fig. 9. left: holding pin creating an indentation in the terminal of a balance
beam; right: the indentation is used as a pilot hole to drill the characteristic
perpendicular terminal perforation.

Fig. 11. Schematic drawing of a wire loop inserted into a balance beam.

typologically diverse, but also geometrically very diﬀerent and again,
the speciﬁc shape of each type will likely aﬀect the durability of the
bone.
Previous experiments have shown that bones also behave diﬀerently
under stress depending on their condition, their previous treatment as
well as the applied stress. Wet bones are able to withstand a large
amount of strain before failure (Evans, 1973), whereas dry bones, as in
the case of balance beams, become brittle (Johnson, 1985, 169). Drying
and heating bones reduces the maximum amount of bending load a
bone can withstand (Evans, 1961; Petrovic et al., 2019).
2.2. Wire loops
Six of the 18 known balance beams, namely the ones from Migennes
grave 298, Marolles graves 5 and 61, Vilhonneur, Monéteau and Cliﬀs
End Farm, include copper-alloy wire loops (or fragments thereof) set in
the central perforation. The specimen from Migennes also has a wire
loop in each terminal perforation (Peake and Séguier, 2000, 21; Peake
et al., 1999, 3; Roscio et al., 2011, 179; Schuster, 2014, 190). In the
cases where the loops have been preserved completely, it becomes
apparent that they simply consist of a length of wire that was bent into
a loop, passed through the perforation and bent apart underneath the
beam (Fig. 11). The cords suspending the balance pans as well as the
beam itself could then be tied to or looped through the wire. In order to
test the strength of the wire loops, and whether they would ﬁrst bend
out of shape or fracture, four replica wire loops, based on originals from
Monéteau, Migennes, Vilhonneur and Marolles grave 5, were set in
hardwood blocks of similar thicknesses to the original balance beams.
As none of the authors were experienced enough to produce the copper
wire, the work was commissioned to Frank Trommer, an experienced
bronze smith with a background in archaeology (www. trommer-

Fig. 10. Replica balance beams made of horse and cattle bone.

literature. It was therefore diﬃcult to create hundred percent exact
replicas. For example, the original Bordjoš beam measures 212 mm in
length (Medović, 1995, 209), whereas replicas B01 and B02 are 0.4 mm
and 0.6 mm too short. B09 on the other hand, based on the original
from Grotte de Perrats which measures 93 mm in length (Peake et al.,
1999, 643), is 1.5 mm too long. Nevertheless, we believe that these very
slight variations would not have a signiﬁcant impact on the weightbearing capabilities of the replicas, and that our balance beams are
accurate enough to draw meaningful results from their behaviour under
stress.
Whilst we could have made ten replicas of the same balance beam in
order to get good comparison data between the bone stability of different animals, we deemed it important to analyse a range of diﬀerent
sizes as the length and thickness will likely have an impact on the
durability of the beams. The three diﬀerent types are not just

Table 2
Dimensions and material of the replica balance beams.
ID

Type

Material

Length

Min. thickness

Max. thickness

Mass

Based on

B01
B02
B03
B04
B05
B06
B07
B08
B09
B10

Bordjoš
Bordjoš
Marolles
Marolles
Marolles
Marolles
Marolles
Marolles
Marolles
Migennes

cattle
horse
cattle
horse
cattle
cattle
cattle
cattle
cattle
cattle

210.8 mm
210.6 mm
175.9 mm
172.8 mm
127.5 mm
114.2 mm
111.5 mm
94.4 mm
94.5 mm
139.2 mm

3.14
5.40
4.08
4.00
4.28
4.36
3.46
4.28
4.28
4.68

10.80 mm
10.68 mm
7.64 mm
7.20 mm
8.16 mm
5.38 mm
5.78 mm
7.08 mm
6.08 mm
13.96 mm

26.14 g
25.89 g
13.24 g
10.89 g
9.76 g
4.73 g
4.12 g
4.86 g
3.45 g
21.70 g

Bordjoš
Bordjoš
Grotte de la Cave Chaude
Grotte de la Cave Chaude
Le Petit Moulin
La Croix de la Mission
La Croix de la Mission
Potterne
Grotte de Perrats
Le Petit Moulin

mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
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maximum discrepancy of 0.8 mm, we were satisﬁed that the replicas
were suﬃciently accurate enough to use for our tests.

archaeotechnik.de).
2.2.1. Material
Copper alloy wire is often not preserved in the archaeological record
and does not incite much research interest. The wire is also often extremely thin by nature and standard non-destructive analysis methods
such as X-ray ﬂuorescence (XRF) and proton-induced X-ray emission
(PIXE) are diﬃcult to use. As such, relatively little is known about their
alloy composition. Samples analysed from South Lodge Camp, Dorset,
England, dating to the Penard phase (c. 1275–1140 BCE; absolute
chronology after Roberts et al., 2013) consisted of an unleaded bronze
with 12.5% tin (Northover, 1995, 20). A piece of wire from Watenstedt,
Germany, however, consisted of unleaded bronze with 5.5% tin content
(Heske, 2016; unpublished raw data, Immo Heske, pers. comm.). As a
lower tin content makes the copper-alloy softer (Paul and Sellamuthu,
2014, 1345), and therefore more malleable, Trommer decided to use a
copper-alloy similar to the original from Watenstedt with a 5.5% tin
content.

2.3. Cords
Other than the three complete gold balances from a female
Mycenaean grave (Wave, 1932, pl. 20, 29), no instances of surviving
cords connecting the balance pans to the beams or suspending the beam
itself are known. Organic materials such as leather or textile were
therefore most likely used to make the cords (Medović, 1995, 213). As
the perforations in the 18 balance beams known from Western Europe
only range between 1 mm and 3 mm in diameter, it seems unlikely that
leather cords would have been used due to the diﬃculty of cutting
leather so thinly without a specialised strap cutter. Whereas textiles
made of tree bast date back to as early as the Palaeolithic (Rast-Eicher,
2005, 117), ﬂax became the dominant plant ﬁbre from the 4th millennium BC (Gleba and Harris, 2019, 2330–6; Rast-Eicher, 2005, 119).
Recently however, nettle has also been identiﬁed as a distinct Bronze
Age textile plant (Sawyer, 2019; Bergfjord et al., 2012).
Balance beams aside, the strength of the connecting or suspending
cords plays a crucial factor in the overall weight-bearing capacity of
Bronze Age balance scales. If the cords are found to be signiﬁcantly
weaker than the beam for example, this would drastically reduce the
overall potential of the scale. In order to test the maximum weightbearing capacity of textile cords, a number of ﬂax and nettle replica
cords were produced.

2.2.2. Manufacturing
Relatively little is also known about the manufacturing process of
copper-alloy wire. Armbruster has demonstrated that Bronze Age gold
wire would have been manufactured by casting a long ingot which was
then lengthened and thinned out by hammering. This extremely lengthy
process required repeated annealing and resulted in a thin, angular
piece of wire which has to be hammered into a grooved stone surface to
create a round wire (Armbruster, 2000, 101-3). Producing copper-alloy
wire in such a way is complicated and time-consuming and it was not
possible to ﬁnd a bronze smith who was able to create such replicas. A
set of Late Bronze Age draw plates from the famous Isleham Hoard,
England, dated to the Wilburton phase (c. 1150–950 BCE; after Roberts
et al., 2013), suggests that this method of wire production was available
contemporarily to the manufacturing of the balance beams discussed in
this article (Northover, 1995; compare Table 1).
As such, the replica wire was made by pulling a thin ingot through a
number of draw plate holes with ever decreasing diameter until the
desired thickness was reached. Between each pull, the wire was heated
to a bright red glow to anneal the alloy. Finally, the wire was cut to size,
bent into shape and ﬁtted into hardwood blocks (Fig. 12).
Table 3 shows the thickness and wire diameter values of the replicas
as well as the originals they were based on. In some cases, no precise
measurements were given in the literature. Overall, the thicknesses of
the wooden blocks were very close to the original balance beams. The
wire diameters, all of which were based on measurements from illustrations, were replicated with an even higher level of accuracy. With a

2.3.1. Material
2.3.1.1. Flax. An analysis of Neolithic and Bronze Age textiles from
wetland contexts in Swiss pile-dwellings has shown the development of
raw ﬂax processing during prehistory (Leuzinger and Rast-Eicher,
2011). Scanning electron microscopy (SEM) of original threads
suggests that by the Late Bronze Age linen fabrics were made of dryretted (deliberate decaying of the plant stalks on the ground to break
down the natural glues in the ﬁbre thus allowing easier and ﬁner
processing), hackled (pulling the ﬁbre through a comb-like device in
order to remove any remaining dirt or unwanted material) and combed
long ﬂax ﬁbres (ibid., 540–1). With a trend towards using “traditional”
methods and fabrics again, ﬂax has seen a renewed popularity in recent
years and specialist shops oﬀer various types of processed and
unprocessed ﬂax ﬁbres. For this experiment, an organic, dew-retted,
hand-hackled and combed ﬂax ﬁbre with ﬁbre lengths between 20 and
50 cm was purchased (Fig. 13 i). It was deemed as suﬃciently authentic
to provide the basis for the raw material for ﬂax cords.
2.3.1.2. Nettle. As mentioned, nettle has recently been identiﬁed as an
alternative prehistoric material to the common ﬂax ﬁbres (Sawyer,
2019; Bergfjord et al., 2012). So far, however, very little research into
the processing of nettle ﬁbres has been undertaken. As nettle ﬁbres are
not commonly available to purchase in Germany, it was decided to
harvest and process wild nettles before turning the ﬁbres into cord. In
early August 2019, around 60 stinging nettle plants were cut, the leaves
removed (Fig. 13a) and the stalks lain out on shadowy, grassy ground to
dew-ret over the course of seven weeks (Fig. 13b). Although fresh
nettles can be turned into thick cords (e.g. Mears, 2011), the small
perforations in the balance beams require ﬁne, thin strings that can only
be achieved with retted ﬁbres. The retting process involves bacteria
from the ground that penetrate the stalks and dissolve the glue which
binds individual ﬁbres together (Ejstrud et al., 2011, 47-8). Whilst Ford
(2014) suggests six to eight weeks of dew-retting, similar experiments
in the summer of 2009 produced over-retted ﬁbres that would break
during processing after only three weeks of retting Leuzinger and RastEicher, 2011, 537). August 2019, however, was so hot and dry that the
desired condition of the ﬁbres was only reached after a considerably
longer period of time. In order to allow bacteria to penetrate the stalks
evenly, they were turned over every other day (Jacobsen, 1958). The

Fig. 12. Replica wire loops ﬁtted into hardwood blocks. In some cases, the
measurements had to be deduced from illustrations.
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Table 3
Dimensions of original balance beams and wire loops (top) and replicas (bottom). Figures marked with * were reproduced from illustrations as they were not given
(precisely) in the literature.
Migennes

Original
Replica

Vilhonneuer

Marolles grave 5

Monéteau

beam

wire ∅

beam

wire ∅

beam

wire ∅

beam

wire ∅

13.5 mm
13.1 mm

*0.9 mm
0.81 mm

*6.6 mm
5.8 mm

*0.9 mm
0.81 mm

*4.8 mm
5.0 mm

*0.9 mm
0.81 mm

*5.0 mm
5.3 mm

*0.7 mm
0.66 mm

stopped at this stage and a slightly unreﬁned, uneven ﬁbre was used
(Fig. 13h). As this was also the authors’ ﬁrst attempt at ﬁbre making
and processing, one can assume that most Bronze Age ﬁbres would have
been of signiﬁcantly higher quality and, therefore, also strength.
2.3.2. Cord making
Both the ﬂax and nettle ﬁbres were turned into various cords of
diﬀerent thicknesses and plies by using a continuous splicing technique
that is attested in original textile samples from Central and Southern
Europe, Greece, Turkey, Iraq and Egypt (Gleba and Harris, 2019, 2330,
Table 1; Rast-Eicher, 2015, 16; Leuzinger & Rast-Eicher, 2011, 537). In
this experiment, ﬁbre bundles were continuously spliced in with the
addition of saliva, both by hand-twisting and with the help of a drop
spindle (as suggested by Gleba & Harris 2019, 2341; Leuzinger & RastEicher 2011, 540; Fig. 14 left). The hand-spliced cords were usually
twisted in a counter-clockwise direction, thus creating a commonly
found S-splice (Gleba & Harris 2019, 2333). It has been suggested, that
the counter-clockwise direction was used to exploit the natural s-ﬁbrillar orientation of ﬂax ﬁbres (Bergfjord & Holst, 2010) or that it
creates visually more pleasing yarn (Kemp and Vogelsang-Eastwood,
2001, 76). From the Swiss pile-dwellings, however, yarn spliced in
clockwise direction (Z-splice) is known (Rast-Eicher & Dietrich, 2015;
Leuzinger & Rast-Eicher, 2011, 540). The experimental cords were
spliced with the aid of a beech wood drop spindle (84 g, 31.0 cm long,
9.0 cm whorl diameter) in a clockwise direction by twisting with the
right hand while the left hand controlled the continuous adding of ﬁbre
bundles. Experiments have shown that for strong threads between
0.7 mm and 2 mm, slightly heavier spindles (around 120 g) used in a
“free hanging” manner are ideal (Grömer, 2005, 110-111; Olfsson et al.,
2015, 81). Since the spindle used for this experiment was slightly
lighter, one can assume that prehistoric threads manufactured with a
correctly weighted spindle would have been even stronger.
About 50 m of single ply ﬂax yarn was spliced, but due to the inexperience of the authors it was of diﬀerent thicknesses and qualities.
With less than a day’s practice, however, the splicing became signiﬁcantly more controlled and even. The single cord was then cut into
lengths of similar thickness and further spliced into two and three-ply
yarns with a maximum thickness of 1.8 mm (Fig. 14 right). As the
maximum tensile strength appeared to only depend on the overall
thickness and twist of the ﬁnal cord, regardless of it being single, two or
three ply (see 3.2.1), it was decided to only create single ply nettle cords
spliced with the aid of a drop spindle. In total, about 13 m of nettle yarn
with a maximum thickness of 1.46 mm (thinner than the diameter of
many balance beam perforations) were produced.

Fig. 13. a. removing leaves from freshly harvested stinging nettle stalks in
August 2019; b. placing a bundle of stalks to dry ret on the ground; c. retted
stalks; d-e. separating wooden pith and ﬁbre; f. nest of bast ﬁbres; g. cleaning
and separating ﬁbres with a serrated knife edge; h. bundle of cleaned nettle
ﬁbres; i. bought organic, dry-retted, hand-hackled ﬂax ﬁbres.

retted stalks (Fig. 13c) were then split lengthwise with a ﬁngernail and
the wooden pith was peeled oﬀ (Fig. 13d and e). This led to a nest of
bast-like ﬁbres that required further processing (Fig. 13f). First, the
ﬁbres were cleaned and separated by repeatedly scraping them with a
scutching knife (Runge and Henriksen, 2007; Fig. 13g). Prehistoric
scutching knives are extremely rare, but a single Middle Bronze Age
specimen was recovered by Cotswold Archaeology from Bishop’s
Cleeve, Gloucestershire, in England in 2019 (Cotswold Archaeology,
2019). As a purpose-made scutching knife replica was not available, a
serrated eating knife was used instead. A metal-bristled brush
(originally designed for combing out underlying fur in double-coated
dog breeds) was then used to hackle the ﬁbre and comb it. Ideally,
several repeats with hackling devices with diﬀerent bristle
concentration as well as extensive combing would have been used to
create a very clean and evenly aligned ﬁbre (Ejstrud et al., 2011, 57).
Due to time and availability constraints, however, the processing was

3. Testing Bronze Age balances
To test the strength of the diﬀerent components, and ultimately of
the entire objects, two diﬀerent standard testing methods were employed: three-point bending tests for the beams, and uniaxial tensile
testing for the cords and wire loops. Both methods are outlined in the
next sections, followed by the results.
3.1. Three-point bending test
Three-point bending tests can be used to measure the modulus of
10
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Fig. 14. Splicing ﬁbres into cord with the aid of a drop spindle (left) and ﬁnished ﬂax cords of various plies and thicknesses (right).

elasticity in bending, ﬂexural strain, ﬂexural stress and, most importantly for this research, the maximum loading capacity a beam can
withstand before it fractures. The tests are usually carried out on a
universal testing machine with a three-point bending ﬁxture. This
consists of two supporting pins on which the terminals of the beam rest,
and a central loading pin applying downward force onto the beam
(Callister and Rethwisch, 2013, 445). The maximum loading capacity
for beams tested in this way can be calculated as follows:
The ﬂexural stress σf [MPa] is calculated diﬀerently for beams with
circular (1) and rectangular (2) cross sections

σf =

FL
πR3

σf =

3FL
2bd 2

can therefore be expressed as mass m [g] by dividing F by g

m=

Five balance beam replicas (B01, B02, B05, B06, B10) were tested
on a Zwick & Roell Z010 universal testing machine, equipped with a
three-point bending ﬁxture and an Xforce HP load cell with a nominal
force of 500 N. The supporting pins were set at a distance just shy of the
overall width of the beam replica, so that the pressure points lay over
the terminal perforations. Downward force was then applied to the
centre of the beam by the load cell (Fig. 15 top) at a speed of 1 mm/
min. Although essentially upside down, this simulates exactly the forces
acting on a balance beam when used in the normal way. In most cases,
the bone would visibly bend before fracturing suddenly (Fig. 15
bottom).
Being a destructive process by nature, and considering the high

where F [N] is the applied load, L [mm] is the span between the supporting pins, R [mm] is the radius of the beam (circular cross section), b
[mm] is the width and d [mm] is the thickness of the test beam (both
rectangular cross section).
The ultimate ﬂexural strain at point of fracture εf can be calculated
as

εf =

F
g

6Dd
,
L2

where D [mm] is the maximum deﬂection of the centre of the beam.
The ﬂexural modulus, Young’s Modulus, can be calculated as

Ef =

L3m
,
4bd3

where m is the slope [N/mm] of the linear region of the load deﬂection
curve.
The three are connected by Hooke’s law

σ = E × ε,
which can be converted to

F=

3πDR3m
2bd 2

(1)

F=

L2m
6d

(2)

for circular (1) and rectangular (2) cross sections.
The force F can still be expressed as

F = m × g,
Fig. 15. Three-point bending test of B06 without pressure (top) and bent
(D = 2.2 mm) just before fracturing (bottom).

where m is mass [grams] and g is the standard gravity [=9.81 m/s2].
The maximum load that can be applied to a sample before it breaks
11
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3.2. Tensile testing

Table 4
Three-point bending test results of replicas B01, B02, B05, B06, B10. d = diameter; L = span between supporting pins; D = maximum deﬂection of the
centre; t = time; F = force; b = width; h = height.

Uniaxial tensile testing is a fundamental materials science test in
which a sample is subjected to a controlled tension until failure. In a
typical experiment, a sample is ﬁxed on one end and pulled with a
constant speed into the opposite direction until failure (Callister and
Rethwisch 2013, 138). During the process, the force required to elongate the sample is recorded. From this, the maximum amount of load
that can be applied to the material can be calculated based on the
following:
The tension applied to a sample is given as

Circular cross section
ID

d [mm]

L [mm]

D [mm]

t [s]

F max [N]

Load [kg]

B01
B02
B05
B06

10.8
10.7
8.2
5.4

198
198
114
105

6.0
5.4
2.2
2.2

378.9
362.3
174.5
147.5

290
265
231
70

29.6
27.0
23.6
7.1

D [mm]
0.5

t [s]
48.4

F max [N]
237

Rectangular cross section
ID
b [mm] h [mm] L [mm]
B10 6.5
13.9
129

F
,
A

σ=

Load [kg]
24.2

where tension θ [N/mm−2] equals force F [N] divided by cross-sectional area A [mm−2].
The engineering strain ε equals the ﬁnal length L minus the initial
length L0 divided by the initial length L0

costs of the replicas, it was decided to only test ﬁve of the balance beam
replicas. As no two original balance beams are the same, we propose
that the results from ﬁve beam fractures can be used to get a general
idea about how resistant the originals would have been. Further, much
more extensive tests, however, could lead to an even better understanding of the mechanical properties of bone balance beams.

ΔL
L − L0
=
.
L0
L0

ε=

Both are connected by Hooke’s law via E [N/mm−2], the coeﬃcient
of elasticity or Young’s Modulus

σ=E×ε

3.1.1. Results
All ﬁve replicas were able to withstand surprisingly strong forces.
The results are summarised in Table 4.
B01 and B02, both of type Bordjoš, behaved very similarly despite
being made of diﬀerent animal bones (B01 = cattle, B02 = horse).
With a maximum loading capacity of 29.6 kg and 27.0 kg, respectively,
the balance beams could have been used to weigh out large quantities
of material given the overall size of the balance scale. Both replicas bent
visibly before fracturing, with displacements of 5 mm and 5.4 mm respectively. This much displacement is clearly visible during use, and an
experienced user would have been able to judge when the maximum
loading capacity was about to be reached.
B05 of type Marolles was considerably smaller in length and diameter, but still able to withstand 23.6 kg of load. At the point of fracture, the central part of the beam had only been displaced by 2.2 mm.
This suggests that the tapered shape with its thick centre part of the
Marolles-type balance beams was a deliberate optimisation to stiﬀen
the material and ultimately increase stability.
B06 was again shorter and thinner and able to withstand a maximum load of 7.1 kg. Whilst this seems small in comparison to the other
balance beams, one must consider that 3.5 kg per scale pan on a balance
scale only 11.4 cm long is an extremely large amount of mass. This
replica was also displaced by 2.2 mm at its central part, which is clearly
visible in Fig. 15 (bottom).
B10, based on the rectangular specimen from Migennes, withstood
24.2 kg of load. Unlike the beam with circular cross sections, this replica was signiﬁcantly stiﬀer and only bent 0.5 mm before it fractured.
This is due to the high moment of inertia as consequence of the upright
bending.
Fig. 16 displays a sudden force loss at the time of breaking. This
shows the balance beams to have a very brittle material behaviour with
hardly any plastic deformation. As a result, the beams shattered into
multiple pieces (Fig. 17) with a loud snap. When testing wood in a
three-point bending test, it behaves – depending on the species – more
ductile with a slight plastic deformation. Wood also shows compression
failure (wrinkle) in the upper (compression) zone of the specimen prior
to failure (Schlotzhauer et al. 2015, 7). In the bone specimens, no signs
of “pre-breakage” could be observed before the fracture. Instead, a bone
balance scale user would have to rely on their experience and the
bending of the balance beam in order not to damage it.

which converts to

F=E×A×

L − L0
.
L0

The force F can still be expressed as

F = m × g,
where m is mass [g] and g is the standard gravity [=9.81 ms−2].
The maximum load that can be applied to a sample before it breaks
can therefore be expressed as mass m [grams] by dividing F by g

m=

F
g

For this project, the wire loops and cords were tested on a Zwick &
Roell Z2.5 tensile testing machine (Fig. 18a) with a constant testing
speed of 20 mm/s and a clamping pressure of 8 bar. The samples were
individually clamped into the machine (Fig. 18b) which then pulled in
opposite directions until the sample broke. All data were recorded and
analysed with testXpertII software.
3.2.1. Results cords
The ﬂax and nettle ﬁbres produced earlier (see Section 2.3) were cut
into strips with as much uniformity as possible. As the ﬂax cords were
manufactured relatively evenly, it was possible to cut pieces long enough for a 70 mm testing distance (i.e. the initial distance between the
two clamps holding the cord). The nettle ﬁbres cords, however, were
generally more uneven and had to be cut down into smaller strips to
achieve the same level of uniformity. Testing distance for the nettle
ﬁbres was 35 mm. The diﬀerence in length has no eﬀect on the results,
as only the relative elongation ε is evaluated, not the absolute length
change.
All cord test results are given as supplementary material. The following will ﬁrst highlight some general observations about the samples,
then provide detailed information about the cord strengths.
General observations:

• Being
•
12

a non-industrial product, the samples were fairly heterogenous. It proved diﬃcult to ascertain the precise cross-sectional
area as the sample had to be slightly compressed during measuring,
and despite the great care taken to produce samples of even thickness there was still some variation.
Under tension, each sample initially stretched despite only a very
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Fig. 16. Loading capacity vs. time during three-point bending test of balance beam replicas.

•

thicker in diameter than both the single and triple ply cords. It is
therefore useful to express the loading capacity in relation to the crosssectional area as [kg mm−2]. This shows little diﬀerence between single
and double ply, but an advantage in triple plied cords. Overall, however, the diameter of the cord appears to have a signiﬁcantly greater
impact on the strength of a cord than the number of plies.
Spindle-twisted ﬂax cords:
The spindle-twisted ﬂax ﬁbres (IDs 12–44, supplementary material)
also show a linearly increasing maximum loading capacity [kg] with
the diameter of the cord (Table 6). Both the tensile strength and maximum load capacity per cross-sectional area, however, are almost unaﬀected by the number of plies. Most signiﬁcant for this research is the
maximum loading capacity of approx. 29 kg at a diameter of only
1.3 mm, which is smaller than most balance beam perforations.
Spindle-twisted nettle cords:
As the diameter of the cord seems to have a signiﬁcantly larger
eﬀect on the strength of the samples than the number of plies, only
single ply spindle-twisted nettle cords were produced and tested. On
average, the nettle cords could withstand c. 7.5 kg at a diameter of

small increase in force applied. It seemed as if the tighter the splice
or ply, the less stretch occurred. This eﬀect can therefore be attributed to the looser spliced or plied sections of the sample.
There is a distinct force drop at the end of the linear range, but the
samples did not immediately break completely. Instead, many
smaller fractures of individual ﬁbres can be observed. For plied
cords with multiple strings, every time a string fractured a further
increase in force followed as a new string would take on the strain
(Fig. 18 c).

Hand-twisted ﬂax cords:
The hand-twisted ﬂax cords (IDs 1–11, supplementary material)
show no diﬀerence in mechanical properties in relation to the number
of plies. The maximum loading capacities of hand-twisted cords are
given in Table 5. There appears to be no clear link between the number
of plies and the maximum load capacity. It is noticeable that that
samples with two plies show the lowest Young’s Modulus and tensile
strength, whilst having the highest load capacity. This, however, is due
to the uneven manufacturing of the cords. The double ply cords are

Fig. 17. Fractured replicas after three-point bending test.
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Fig. 18. Tensile testing ﬁbre cords. a. Zwick & Roell tensile testing machine used for the experiment; b. cord sample clamped into testing machine; c. multi ply cord
with a single broken string.

As mentioned, this was the ﬁrst time for the authors to harvest and
process nettles for ﬁbre production, with extremely limited knowledge
and no experience. As such, any results will be located at the bottom
end of the spectrum of what is possible. Experienced ﬁbre and cord
makers will likely produce signiﬁcantly stronger, better and more
uniform products.
Overall, the ﬁbre cords proved to be extremely strong and resilient.
Even the seemingly weaker nettle ﬁbre cords could withstand an
average load of 7.5 kg. Considering that the known balance pans are
usually suspended by four separate cords (Peyronel, 2011, 111, 155161), this leads to a minimum loading capacity of 30 kg per balance
pan. The other end of the tested spectrum, with an average of 29.7 kg,
could potentially suspend over 100 kg on each balance pan, despite the
cords being less than 1.3 mm in diameter. The three-point bending tests
have shown signiﬁcantly lower values for the balance beams, so this
much load is of course purely hypothetical. Nevertheless, it shows that
the strength of well-made ﬁbre cords would not have limited Bronze
Age balances to minute loads.

Table 5
Maximum loading capacities of hand-twisted ﬂax cords in kg and kg mm−2.
Max. loading capacity of hand-twisted ﬂax cords
Plies

Average Ø
[mm}

Force max [N]

Load capacity
[kg]

Load capacity [kg
mm−2]

1
2
3

0.85
1.44
0.77

100.0 ± 44.0
245.3 ± 74.5
106.7 ± 25.4

10.2 ± 4.5
25.0 ± 7.6
10.9 ± 2.6

17.7 ± 12.0
15.0 ± 2.6
26.7 ± 12.0

Table 6
Maximum loading capacities of spindle-twisted ﬂax cords in kg and kg mm−2.
Max. loading capacity of spindle-twisted ﬂax cords
Plies

Average Ø
[mm}

Force max [N]

Load capacity
[kg]

Load capacity [kg
mm−2]

1
2
3

0.85
1.06
1.30

144.1 ± 94.3
200.1 ± 123.3
291.5 ± 62.9

14.7 ± 9.6
20.4 ± 12.6
29.7 ± 6.4

27.0 ± 12.8
22.0 ± 5.8
22.6 ± 3.8

3.2.2. Results wire loops
Although the testing method was the same, our expectation when
testing the wire loops was completely diﬀerent. Even prior to testing, it
seemed much more likely that instead of pulling the wire apart, the
force would simply unbend the wire on the bottom of the balance beam
and pull it out. As we were also interested in the tensile strength of
handmade copper-alloy wire, and how this compared to a modern industrial product (copper), we ﬁrst tested some spare pieces of the wire
in the normal fashion.
The data in Table 8 show that the modern copper wire is mechanically signiﬁcantly diﬀerent to the handmade copper-alloy wires.
The results are in good agreement with what is expected when comparing copper to bronze: the alloy shows a higher Young’s Modulus and
tensile strength, as well as a reduced elongation at break (Gottstein,
2007, 269). Theoretically, the 5.5% tin added to the handmade copperalloy wire should only have a small eﬀect on the ﬂexibility and material

Table 7
Maximum loading capacities of spindle-twisted nettle cords in kg.
Max. loading capacity of spindle-twisted nettle cords
Plies

Average Ø [mm}

Force max [N]

Load capacity [kg]

1

0.89

73.2 ± 47.2

7.5 ± 4.8

0.89 mm (Table 7). Again, the loading capacity [kg] appears to increase
almost linearly with the diameter of the cord, and there were several
samples that withstood more than twice the average value. Overall, the
nettle cords were too inhomogeneous to calculate a Young’s Modulus or
a loading capacity per cross-sectional area.

Table 8
Tensile strength testing results of modern copper wire and handmade copper-alloy replica wire.
Type

Ø [mm]

Young’s Modulus [GPa]

Tensile strength [MPa]

Force max [N]

Elongation at break [%]

Load capacity [kg]

Modern
Handmade
Handmade

0.90
0.66
0.81

14.3
55.2
58.7

277
843
673

176
288
347

36.3
3.3
4.3

18.0
29.4
35.4
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in the bone as pilot holes, support this idea (Section 2.1.4).
The suspension cords were most likely made of organic ﬁbres such
as ﬂax or nettles. Whilst the entire process, beginning with the initial
harvest of the plants until the cord is made, takes several weeks at best,
we can assume that cords and fabric were produced on a regular basis
anyway to supply clothes and string. Once the plants were harvested,
the stalks retted and the ﬁbres separated, a drop spindle could be used
to splice ﬁbres into yarn (Section 2.3.2). With this method, large
quantities of cords could be made quickly and eﬃciently. Splicing ﬁbres
with the hands alone, without the aid of a spindle, can with practice
also produce satisfying results. This process, however, is much more
time-consuming and it is impossible to create an equally as tight spin.
With both methods, it was easy even to our unpractised hands to make
thin, strong cords that could be threaded through the balance beam
perforations.
Wire-loops, which are present in only one third of the known balance beams, could have been made in two diﬀerent ways: an elongated
ingot could be hammered into a thin, long wire with the help of a
grooved stone surface in an extremely time-consuming and diﬃcult
process (Armbruster, 2000, 101-3). Whilst this method was certainly
used for earlier bronze wire specimens, the invention of the drawplate,
some of which were found in the contemporary Isleham hoard
(Northover, 1995), provided an easier alternative. In both cases, regular
annealing was required to resettle the copper-alloy’s lattice structure
and prevent brittleness. The 5.5% CuSn alloy used for the replicas
proved very suitable and is represented in the archaeological record,
however other alloy compositions have been found. Analysing larger
quantities of prehistoric bronze wire could be the focus of future research.
Although not produced and tested as part of this research, scale pans
of course played a major role in the functionality of balance scales. As
none have survived, in contrast to the East Mediterranean and Near
Eastern bronze scale pans (e.g. Peyronel, 2011; Pare, 1999) these would
have been made of perishable organic material such as fabric, leather,
horn or wood. Whilst horn and wood would make stiﬀ, plate like pans,
a softer material such as fabric or leather could act more like a bag and
make it easier to weigh out objects without a ﬂat base. We decided not
to test scale pans as we believe that even relatively thin fabric or leather
sheets would always be the strongest part of a balance scale. Should a
single layer of fabric, for example, not be strong enough, it could easily
be doubled in strength by overlaying another layer.

strength, as such a small amount of tin makes for a relatively soft alloy.
When looking at the elongation percentage, it becomes apparent that
the modern wire stretched over 36% in length before it broke, whereas
the replicas were signiﬁcantly stiﬀer and stretched a maximum of 4.3%.
The loading capacity of the replicas is around twice as high as the
modern wire despite both replicas being thinner in diameter. This demonstrates that the manufacturing techniques used to create the bronze
wires produces excellent results even when compared to modern materials. We believe that this is largely due to the diﬀerent manufacturing
methods and the repeated annealing of the replica wire during production, making for a much stronger yet less ﬂexible product.
The maximum loading capacity of the replica wires is relatively high
with around 30 kg. The next step was to test the loops installed in
wooden blocks.
Having clamped the wooden block into the lower clamp of the
machine, it proved diﬃcult to attach the wire loop to the upper clamp.
Instead, some sort of extension had to be threaded through the root. As
we wanted to avoid false results by using a potentially stretchy material, the best option was to use a piece of the same replica wire. The
machine then pulled in opposite directions until, as expected, the bent
over wire on the bottom of the wooden blocks unbent. In this case, the
maximum loading capacity [kg] is therefore not the load at which the
wire broke, but instead unbent and pulled out of the hole.
The ﬁgures in Table 9 show a signiﬁcantly higher elongation [%]
than the copper-alloy wire replicas should mechanically have. This is
ﬁrstly due to the machine straightening the actual loop, and secondly
due to the unbending process of the wire, both of which appear to the
machine as stretching material. As expected, the wire will unbend much
easier than it will break. There appears to be no link between the depth
of the balance beam (and ultimately the length of the wire within) and
the loading capacity. In fact, the shortest wire was able to withstand the
largest force. Overall, the unbending requires relatively little force between approximately 5 kg and 10 kg of loading mass. This is signiﬁcantly less than what the ﬁbre cords are able to withstand and
somewhat limits the usability of the balance beams to “lighter” loads.
As we can assume that the manufacturers and users of the balances
were well aware of their capabilities and limitations, this might explain
why wire loops are only present in a third of the known balance beams.

4. Discussion
4.1. Manufacturing of balance scales

4.2. Evidence for lathe turning
Manufacturing Bronze Age balance scales was a labour-intensive
task that required various skills to produce the individual components.
The bone or possibly antler balance beams (but see Section 2.1.1) required careful “carving”, i.e. manual scraping and grinding of the material into shape, which we estimate would have taken multiple days
per specimen to complete. Moreover, particularly the Marolles-type
balance beams with the tapering ends and trumpet-shaped terminals
proved diﬃcult to carve to perfection. Whilst carving was certainly
used to create the rectangular Migennes-type specimen and the simplydesigned balance beam from Bordjoš, lathe-turning could be identiﬁed
as a signiﬁcantly faster and more precise manufacturing technique for
Marolles-types beams. The perpendicular terminal perforations, which
are signiﬁcantly easier to drill when using the lathe-pins’ indentations

Although not originally a research objective for this project, the
manufacturing of balance beams has involuntarily directed us towards
prehistoric lathe-turning. As mentioned, no lathe has ever been found
or identiﬁed as such, and so the only evidence for lathe-turning stems
from objects that could not have been made in another way. Examples
for this are the decorations on Portuguese Late Bronze Age gold bracelets (Armbruster, 2014, 330-1) as well as the Dartmoor ear studs, the
latter of which date the invention of the method to around 2000 BCE
(Sheridan et al., 2016). Marolles-type balance beams appear to be
further indirect evidence for lathe-turning: it is almost impossible to
create their perfectly symmetrical shape and ﬁnish by carving alone.
This perfect symmetry, however, is of course of utmost importance in

Table 9
Tensile strength testing results of replica copper-alloy wire in wooden blocks.
Based on

Thickness [mm]

Ø [mm]

Tensile strength [102 MPa]

Force max [N]

Elongation at break [%]

Load capacity [kg]

Migennes
Vilhonneur
Marolles
Monéteau

13.1
5.8
5.0
5.3

0.81
0.81
0.81
0.66

1.28
1.29
1.93
0.97

66.0
66.6
99.6
50.0

27.5
16.4
18.9
13.9

6.7
6.8
10.2
5.1
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demonstrates the immense strength these hand-made cords have, and
that they would not have been a limiting factor to the balance scale.
The wire loops, only present in one third of the original balance
beams found, appear to be the weakest link in the entire construction.
Four replicas with dimensions based on originals were tested (Section
3.2.2) for their load-bearing capacities. The replica wire itself was
signiﬁcantly stronger yet less stretchy than a comparable modern
copper wire we also tested. Bending the wire into a loop, feeding it
through the perforation and bending over at the bottom of the beam,
however, creates a weak spot. As such, it took relatively little force,
between approximately 5 kg and 10 kg, to unbend and pull out the wire
loop. Nevertheless, even the lowest value of 5.1 kg equates to around
2.5 kg per scale pan.
At the very least, Bronze Age bone balance scales were able to
withstand loads of 5 kg. Many balance scales, however, would have
been able to withstand signiﬁcantly higher loads up to at least 29 kg.
Whilst users were most likely well aware of the limitations of their
scales, fractures did happen occasionally as represented by the eleven
fragmented specimens.

equal-armed balance scales, as a slight variation in thickness would
lead to imbalance. Even stronger evidence, however, are the perpendicularly drilled terminal perforations for which no practical reason
could be identiﬁed as of yet. Instead, they appear to be the result of
naturally formed indentations from the lathe-pins, which were used as
pilot holes to drill through the otherwise extremely hard and resilient
material. In addition to that, lathe-turning balance beams shortens the
otherwise multiple-days-long manufacturing process to just a few
hours.
4.3. The load-bearing capabilities of Bronze Age balance scales
Five balance beam replicas, four wire loops replicas and 78 ﬁbre
cords were used to assess the load-bearing capabilities of Bronze Age
balance scales, with surprising results.
Overall, Bronze Age bone balance beams have a high load-bearing
capacity and are able to withstand heavy loads (see Section 3.1.1). Even
the smallest balance beam tested was signiﬁcantly stronger than previously assumed. In no case was a minute load enough to even slightly
damage a balance beam.
Replica beams B01 and B02, both of type Bordjoš, each withstood a
maximum load of around 27 kg. To visualize the theoretical 13+ kg per
scale pan, this equates to a 11 × 11 × 11 cm solid bronze cube, 18
swords of 700 g, or 43 socketed axes (c. 300 g each). Both beams also
visibly bent before they fractured, which an experienced user could
have used as an indication as to when the maximum load was reached.
Whilst the length and strength of this type of balance beam allow for
high loads, it is doubtful that the maximum capacity was ever reached.
B05, of type Marolles, was thinner and shorter than both Bordjoš
replicas, but able to withstand a 23.6 kg load. This replica was signiﬁcantly stiﬀer and bent less visibly before it broke. We suggest that
the speciﬁc shape of the Marolles-type balance beams is not just a visual
development, but a deliberate optimisation to stiﬀen the material and
ultimately increase stability.
B06, also of type Marolles, was even shorter and thinner and “only”
able to withstand 7.1 kg. This equates to approximately 3.5 kg per scale
pan, which is a substantial amount considering that most Bronze Age
swords, for example, rarely exceed a mass of 800 g (see e.g. Burgess &
Colquhoun, 1988 for British swords).
The rectangular B10 Migennes-type replica withstood a load of
24.2 kg. Being both longer and thicker yet not signiﬁcantly more resilient than B05, one could argue that the rectangular design is somewhat inferior to the optimised shape of the Marolles-type beams.
Manufacturing a Migennes-type beam, however, was signiﬁcantly easier and required less skill.
Whilst the load-bearing capabilities of the balance beams were
surprising, the strength of the ﬂax and nettle cords was astonishing
(Sections 2.3 and 3.2.1). The nettle ﬁbres, which were made from
scratch by harvesting stinging nettle plants, dew-retting the stalks, separating ﬁbres and splicing them into single ply yarn with a drop
spindle, were able to withstand an average load of 7.5 kg at 0.89 mm
diameter. This was the ﬁrst time that the authors attempted to make
their own cord, and we can safely assume that any skilled Bronze Age
cord maker would create inﬁnitely better and stronger cords. Nevertheless, assuming that scale pans were suspended with three or four
cords each, one can suggest up to 30 kg per scale pan with string of less
than 1 mm thickness.
Flax cords were made of purchased organic, dew-retted, handcombed ﬁbres that are very similar to those available in the Bronze Age.
We tested both hand-spliced and drop-spindle spliced cords of diﬀerent
plies with thicknesses up to 1.5 mm. We can assume that Bronze Age
balance scale makers were well aware of the capabilities of the materials they used and would have chosen the strongest cords. With an
average load-bearing capacity of 29.7 kg at 1.3 mm diameter, each
scale pan could in theory have held over 100 kg worth of material. Of
course, in reality this would never have happened, but this

4.4. Functionality and future research
Bronze Age balance scales could be used to weigh minute loads for
purposes such as goldsmithing or pharmaceutical work (Peake et al.,
1999, 644; Delattre & Peake, 2015, 50). As demonstrated, however, the
balance scales were by no means limited to small loads. With minimum
load-bearing capacities of 2.5 kg per scale pan, the scales could have
been used for a variety of purposes including trade, metalworking and
crafts. Having handled a number of replicas during the course of the
project, it appears that the most limiting factor is the relative shortness
of some of the balance beams, which in turn only allows for smallersized scale pans. The mass range of balance weights is extreme, from
less than a gram to nearly 3 kg (Pare, 1999; Ialongo, 2018; Ialongo and
Rahmstorf, 2019), but for most balance beams it is still unclear for
which size of weights they were used. Whilst even the weakest balance
beam tested would likely have been able to hold the heaviest weight
(2928 g), its sheer size (15.5 × 12 × 8.7 cm; Ialongo pers. comm.)
makes it unlikely that it was used with one of the relatively small bone
balance beams. In the rare cases where balance beams were found in
association with potential balance beams, such as in Migennes (Roscio
et al., 2011) and Bordjoš (Medović, 1995), the weights range in mass
from less than one gram to over 180 g. We are also uncertain of the
precision of handheld balance scales: an equilibrium can only be
achieved when the balance beam is perfectly horizontal. This, however,
is completely down to the judgement of the user and bears a risk for
bias. People who occasionally hang picture frames or posters will be
aware of this problem, as what appears as straight to one person often
seems to be crooked to another. Interestingly, this perception bias is the
topic of disputes between trader and customer in several depictions
from the Old Kingdom of Egypt (e.g. Altenmüller, 1986; 1987;
Kuhlmann, 1976). Having demonstrated the capabilities of Bronze Age
balance scales, future research into the precision, the practicality as
well as the durability of the individual components is needed to gain a
deeper insight into their use. Detailed physical analysis of original
balance beams to gain further insights into their material and the
manufacturing process, as well as a direct comparison of the replicas to
the original beams, are also highly desirable.
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