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Abstract: Due to the gold price increases in the Iranian market, the desired buyers have 
been attracted to LGJ (Lightweight Gold Jewelry). Meanwhile, because of the strength 
decreases in structure in LGJ., we investigated a structural solution in this research. The 
proposed solution was Karbandi as a supporting lattice-ordered structure in Iranian 
architecture. We used five types of primary Iranian architecture arches and a perfectly 
logical Karbandi plan to create ring-like structures. Arches and ring-like structures were 
compared based on maximum mises stress, strain, and weight using FEM analyses. The 
applied load and approximate area of it in analyses, according to the female mean Tip-
pinch and the mean of minimum, thumb, and index finger width were chosen. Based on 
analyses results, a ring-like Karbandi structure was chosen for construction. The models 
were constructed in four alloys category based on sterling silver standard with Cu-
nanoparticles as an admixture. A practical test was done to investigate the mean 
deformation time for each alloy's model category. A weight was used to investigate the 
observable deformation time-based capacity of the models. Results showed that the lowest 
mises max stress value was observed in the 1st arch, although the 3rd arch had the minimum 
strain among arches. In ring-like Karbandi structures made from 1st and 3rd arches, the 
minimum value of mises max stress and strain was related to the Karbandi. In the physical 
load applying process, the category that did not contain cu-nanoparticles had the highest 
deformation meantime among all categories. 
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1 INTRODUCTION 

The price of gold in the Iranian market has increased 

significantly in recent years [1]. Hence, the desire of 

buyers and subsequent, production has been attracted to 

“lightweight gold jewelry” (LGJ.). Making LGJ. due to 

the metal and mechanical properties of gold alloy used 

in the Iranian market [2], structurally has reduced the 

strength of jewelry. One of the characteristics of buyers 

of LGJ., in particular a ring, is its relative observable 

mechanical strength against the normal pressure that is 

applied to both sides of the ring with two fingers. The 

result of this process is influential on buying willingness. 

Using lattice structures, it is possible to have lightweight 

and high strength together [3]. In many design 

applications, lattice structures are used for their excellent 

properties including the light-weighting, high specific 

strength, stiffness [4] and their positive effects on the 

total deformation capacity [5]. Therefore, in this study, 

we investigated the effects of a supporting lattice-

ordered structure of Iranian architecture in LGJ. 

mechanical behavior. The selected structure was 

Karbandi. Karbandi is one of the supporting structures 

in Iranian architecture [6]. Each Karbandi structure is 

composed of arches [7]. Five types of arches were 

introduced in Jamshid Kashani's book “Mafatih al-

Hesab” and considered as Karbandi basis in Iranian 

architecture [8]. These five arches were simulated in 

“Rhinoceros 7” software according to details and 

drawing methods presented in the partial translation of 

Mafatih al-Hesab [9]. The simulation results were 

compared using the Finite Element Method (FEM) 

analyses in Abaqus software. The criteria were 

maximum mises stress, strain, and weight at the same 

load, thickness, and material mechanical properties. The 

load applied to the samples was taken from a study that 

measured females’ tip-pinch in Tabriz [10].  

According to the results of the pre-stage (minimum of 

strain and mises stress), in this paper we selected two 

arches and used them to design a Karbandi structure with 

the most similarity to a women's gold ring. Then, due to 

a certain limit of the criteria and construction limitations 

of the ring, we chose one model for construction. Alloys 

in jewelry industry usually are made by using bulk 

metals as an admixture [11]. The overall positive 

strengthening effect of metal nanoparticles on alloys has 

been investigated [12]. Thus, for investigating the 

effects of nanoparticles on the deformation capacity of 

metals used in the jewelry industry we used silver (as 

base metal) Cu, and Cu-nanoparticles (as admixture) to 

make models in four different alloy types. Finally, we 

compared these four models’ deformation capacity by a 

practical load applying procedure. 

 

2 AN IRANIAN ARCHITECTURE SUPPORTING 

STRUCTURE 

2.1. Arches 

Arches are one of the first steps of development in 

architectural structures [13]. Ghiyath al-Din Jamshid 

Kashani (1380-1429) wrote a manuscript known as 

“Miftah al-hisab” (Key of Arithmetic) and introduced 

five main types of arches in Islamic architecture and 

methods of drawing them [8]. We use these arches types 

and methods of drawing in this study (“Fig. 1”).  

 

 
Fig. 1 Types of arches in the Persian translation of 

“Miftah al-hisab” [9]. 

 

2.2. Karbandi Structure 

Karbandi is one of the identity elements of Iranian 

architecture that integrates architecture and structure and 

it is based on two criteria, a plan of n-sided Karbandi and 

an arch [7]. Plan of each n-sided Karbandi based on a 

circle that is divided into “n” equal parts. From a 

selected point of division, a connection distance is equal 

to “d” (which connects one point to another desired 

point), arches are placed on this distance, and circular 

arrayed “n” times. The shape with the sides of “a” and 

“b” are used to delete unwanted pieces according to the 

type of Karbandi (“Fig. 2”).  

 

 
Fig. 2 A 16-sided Karbandi (n=16) that “d=5” is between 

“a=4” and “n/2=8” [7]. 

 
If “d” is between “a” and “n/2” then, the Karbandi is 

perfectly logical and geometrically correct [7]. We use 

this type of Karbandi to create a ring-like structure. 

3 2D AND 3D MODELING  

3.1. Arches Modelling 

Two-dimensional Modeling of arches was done in 

generic overall dimensions in “Rhinoceros 7” according 

to “Miftah al-hisab” instructions (“Fig. 3”). 
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Fig. 3 Arches (left column) [9] and 2D modeling of them 

(right column) with “Rhinoceros 7”. 

3.2. Ring-Like Karbandi Structures 

Using the geometrical perfect type of Karbandi [7], 

arches mentioned in the previous section, and 

“Rhinoceros 7” as 3D modeling software, the ring-like 

Karbandi structures were modeled. The plan of Krabandi 

is a 16-sided (n=16) and parameters “a” and “b” are set 

to 4 (a=b=4). The Karbandi circle diameter is 26.56 mm 

according to the ring size 59 (by European standard). All 

possible “d” quantities (d = 2, 3, 4, 5, 6, and 7) are 

considered due to the “a<d<n/2” relation. Finally, the 

deletion method and bottom connection of each structure 

were considered based on a ring-like shape creation 

(“Fig. 4” and “Fig. 5”). 

 

 
Fig. 4 Ring-like Karbandi structure created with 

specifications of a=b=4, d=6 and using the first arch in “Fig. 

3”. 

 
Fig. 5 Ring-like Karbandi structures base on the first arch 

with all “d” possible quantities (d=2, 3, 4, 5, 6 and 7, left to 

right accordingly). 

4 FINITE ELEMENT ANALYSES 

4.1. Software and Analyses Specifications 

We used “Abaqus DS Simulia Suite 2022” for all 

analyses in this study. All 2D and 3D models were 

converted to IGES. format for importing to Abaqus. The 

category of section applied to all models and their types 

were Shell and Homogenous, respectively. The Shell 

thickness is set to 0.3 mm based on a common gold ring 

shell thickness. All analyses were static in the category 

of mechanical. The meshing technique is set to free and 

“Tri” type, and mesh types were standard linear shells. 

The requested output fields were “Maximum Mises 

equivalent stress”, “E, Max” (strain), and also weight 

calculated in the software environment. 

4.1.1. Applied Load (Amount, Location, and, 

Direction) 

Duo to the Tip-pinch which has the most similarities to 

fingers position in ring-wearing posture, we used the 

results of a cross-sectional study that took place in 

Tabriz which was conducted among 196 (96 males and 

100 females) volunteers. The applied load and 

approximate area of it, according to the female mean 

Tip-pinch (4.7 Kgf1 = 46.09 N) and the mean of 

minimum, thumb, and index finger width were chosen 

[10]. The mean amount of thumb and index finger width 

(1.3 cm) was used as the applying load area. (“Fig. 6”).  

 

      

 
Fig. 6 Applying load area in arches (left) and ring-like 

Karbandi structure (right). 

 

Exhaustive researches have been done on the behavior 

of arches under vertical loads [14-17] but less attention 

has been devoted to their horizontal endurance [18]. In 

this study due to fingers condition in ring-wearing 

posture (thumb and index finger), we considered the 

load direction horizontally symmetrical to structures at 

the applying load areas (“Fig. 6”). 

4.1.2. Material Properties 

The most common precious metals in the fine jewelry 

industry are gold, platinum, palladium, and silver [19]. 

We used gold mechanical properties data (“Table 1”) 

from the CATIA material library in all FEM analyses 

[20]. 
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Table 1 Gold mechanical properties 

Material Gold 

)3Density (kg/m 19320 

)2(N/m Young’s modulus 7.8e+10 

Poisson’s ratio 0.42 

)2Yield stress (N/m 2.05e+8 

5 CONSTRUCTION PROCESS 

5.1. Alloy Specifications and Categories 
A decrease in structure weight can be the cause of a 

decrease in its strength [21], one solution to overcome 

this, is using alloys with more stiffness (less deformation 

capacity). Due to reduced production costs in this study, 

we used sterling silver alloy to construct ring-like 

structures. Sterling silver is an alloy of silver and copper, 

known as silver 925 which contains 92.5% silver and 

7.5% copper by weight [22]. Copper is a metal that exists 

in both gold and silver alloys as an admixture [22], 

hence, its degree of mixture variation can be 

generalizable for gold alloys’ capacity of deformation 

too. 

The positive effects of metal nanoparticles on the 

mechanical behavior of alloys have been investigated 

[12-24]. Thus, in this study, we used some variations of 

copper and its nanoparticles to investigate their effect on 

the deformation capacity of ring-like Karbandi 

structures. 

The melting point of metal nanoparticles is lower than 

the bulk metal and has a direct relationship with their 

size of it [25]. Thus, with increases in metal nanoparticle 

size, the melting point temperature is increased. Due to 

the preservation of metal nanoparticle properties 

because of the close melting point temperature of silver 

and copper (Ag, 961.78 °C and Cu, 1.085 °C), we used 

the largest Cu-nanoparticles size (100 nm) available on 

the market (“US NANO” brand) and to ensure purity, 

Cu-microparticles (“Armina” brand) in constructing 

categories of sterling silver alloys (“Table 2”). 

 
Table 2 Categories of sterling silver alloys (based on 20 g 

weight of each category). 

Categories Silver 
Cu-

Nanoparticles 

Cu-

Microparticles 

First 18.5 G - 1.5 G 

Second 18.5 G 1.5 G - 

Third 18.5 G 1 G 0.5 G 

Fourth 18.5 G 0.5 G 1 G 

5.2. 3D Printing 

We used the “Form Labs 2” 3D printer for printing the 

models. The resin brand was similar to the 3D printer 

(purple castable wax). Totally 24 models were printed (6 

models for each alloy category). The thickness of the 

layers was 50 µm, the total number of them was 530 and, 

32 mL resin was used for the 3D printing process.  

5.3. Casting Process Specifications 

We used a vacuum casting machine and oxy-acetylene 

torch for melting silver and copper (nanoparticles and 

microparticles) in the casting process. The casting 

plaster brand was Optima (green model-resin specific) 

and 1 kg plaster was used for each casting process (a 

total of 4 casting process was done). A 10 centimetres 

height flask was used for casting. Baking time and 

casting temperatures were 7 h and 720 °C, respectively, 

and casting was done under 600 psi vacuum pressure 

(“Fig. 7”). 

 

 
Fig. 7 Several views of a casting model (first alloy’s 

category). 

6 PRACTICAL LOAD APPLICATION 

To investigate the observable deformation of 

constructed models (in 4 alloys categories), we used a 

dial thickness gauge (0-20 mm range - 0.1 mm 

graduation), standard 50 g, and 2000 g (about 40% of 

Tip-pinch [10]) calibration weights and a mini table 

clamp. The 50 g calibration weight was used to measure 

the models’ diameter in the initial state, then the 2000 g 

weight was used to investigate the observable 

deformation capacity of the models. All models of each 

alloy’s category were used to calculate the mean (time-

based) deformation capacity (“Fig. 8”). 

 

    
Fig. 8 Installation of clamp and gauge, weights and 

models (we used a neodymium magnet (1.3g) for more fixity 

of weights during measurement). 

7 RESULTS 

7.1. Software Analyses 

7.1.1. Arches 

The results of finite element method analyses for 

maximum Mises stress, maximum strain, and weight 
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calculation of each arch were shown (“Fig. 9” and 

“Table 3”). 

 

 

 

 

 

 
Fig. 9 Five arches’ categories, maximum mises stress and 

maximum strain. 

 
Table 3 Arches’ mises max, strain, and weight 

Arches 
Mises Max 

(N/m^2) 
Strain Mass (Kg) 

1 5.910e+8 6.134e-3 5.54e-4 

2 6.445e+8 6.125e-3 5.43e-4 

3 6.338e+8 5.832e-3 5.42e-4 

4 5.944e+8 6.166e-3 5.49e-4 

5 7.695e+8 8.144e-3 5.57e-4 

 

Two aches with the minimum of mises max stress (1st 

arch) and a minimum of strain (3rd arch) were used to 

create ring-like Karbandi structure variations. 

7.1.2. Ring Like Karbandi Structures 

The results of finite element method analyses for 

maximum von mises stress, maximum strain, and weight 

calculation of each ring-like Karbandi structure with all 

“d” possible quantities (d=2, 3, 4, 5, 6, and 7) were 

shown (“Fig. 10”, “Fig. 11”, “Fig. 12”, “Fig. 13” and 

“Table 4”). 

 

 

 

 

 

 
Fig. 10 Maximum mises stress and maximum strain of 

ring-like Karbandi structures with all “d” possible quantities 

(d=2, 3, 4, 5, 6 and 7) using the 1st arch. 
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Fig. 11 Maximum Mises stress and maximum strain of 

ring-like Karbandi structures with all “d” possible quantities 

(d=2, 3, 4, 5, 6 and 7) using the 3rd arch. 

 
Fig. 12 Maximum von mises stress comparison of all ring-

like Karbandi structures. 

 

 
Fig. 13 Maximum strain comparison of all ring-like 

Karbandi structures. 

 
Table 4 Ring-like Karbandi structures von mises maximum 

stress, strain, and weight 

Model 

Num. 

Mises Max 

(N/m^2) 
Strain Weight (kg) 

1_1_1 1.30E+09 1.68E-02 9.24E-04 

1_1_2 9.84E+08 9.10E-03 1.13E-03 

1_2 5.96E+08 5.35E-03 1.42E-03 

1_3_1 3.03E+08 3.53E-03 1.65E-03 

1_3_2 2.73E+08 2.19E-03 1.71E-03 

1_3_3 2.32E+08 2.24E-03 1.52E-03 

3_1_1 1.25E+09 1.94E-02 9.93E-04 

3_1_2 7.27E+08 8.58E-03 1.20E-03 

3_2 5.43E+08 4.66E-03 1.52E-03 

3_3_1 3.20E+08 3.27E-03 1.76E-03 

3_3_2 2.91E+08 3.47E-03 1.82E-03 

3_3_3 2.69E+08 2.35E-03 1.62E-03 

7.2. Practical Experiments 

The results of all model’s diameters on 50 g and their 

mean deformation time on 2000 g weights are shown 

(“Fig. 14” and “Table. 5”). 
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Fig. 14 A sample of each alloys categories’ models after 

deformation. 

 
Table 5 Admixtures weight (base metal, MP (microparticles), 

and NP (nanoparticles)), the diameter of models on 50 g and 

2000 g weights, and deformation mean time of each 6 models 

of each category 

Alloys 

categor

y 

Admixtures’ 

weights 

D on 

 50 g 

D on 

 2000 g 

Meanti

me (S) 

First  
 Ag + 18.8g

 Cu(MP) 1.5g 

19.3m

m 
Pressed 3.97 

Second  
 Ag + 18.8g

Cu(NP) g1.5   

19.4m

m 
Pressed 1.96 

Third  

 1g Ag + 18.8g

Cu(NP) + 

Cu(MP) g0.5  

19.3m

m 
Pressed 2.23 

Fourth  

 1g Ag + 18.8g

Cu(MP) + 

Cu(NP) g0.5  

19.5m

m 
Pressed 2.77 

8 CONCLUSIONS 

Using structures as a combination of members 

connected in such a way to support more loads can be a 

solution to increase solidity in LGJ. In this research, we 

tried to introduce a structure for this problem. The 

proposed structure was Karbandi. Arches and Karbandi-

plan as the most important factors in this structure were 

investigated. The results showed that in the first arch, the 

lowest mises max stress value was observed due to the 

application of the same load, and the arch’s weight was 

fourth among the five weights. Although the third arch 

had the minimum strain and the lowest weight among 

arches. In model 1-3-3 from ring-like Karbandi 

structures, the lowest mises max stress value was 

observed and it had the fifth place in terms of the most 

weight. In model 1-3-2, the lowest strain value was 

observed and it had the sixth place in terms of the most 

weight in its category (ring-like Karbandi structures 

based on the first arch). The minimum value of mises 

max stress and also strain was related to the Karbandi 

plan with the “(a=b) < d” relation. This condition was 

observable in structures that were made from the first 

and third arches. 

In the physical load applying process, because of clamp 

surface decrease of load applying area to approximately 

1/12 of the area considered in the FEM analyses, the 

physical stress increased 12 times and an inevitable 

complete deformation occurred. The first category that 

did not contain cu-nanoparticles had the highest 

deformation meantime among all categories. The lowest 

deformation meantime was related to the second 

category that contains the most Cu-nanoparticles as an 

alloy's admixture. Also, in the third and fourth alloy 

categories, it is observable that the more presence of Cu-

nanoparticles led to increase in deformation meantime. 

One cause of this phenomenon can be the airflow in the 

oxy-acetylene flame. Because of the very low weight of 

nanoparticles, this flow can pour out Cu-nanoparticles 

out of the melting pot before the melting process. On the 

other hand, the flammability of Cu- nanoparticles can be 

the reason for the lack of influence or the absence of Cu-

nanoparticles’ mechanical properties in the alloy 

categories. 

APPENDIX 

1. Kgf (Kilogram-Force) is a non-SI dimension of force 

that is generally used in medical research and is equal to 

the magnitude of the force exerted on one 

kilogram of mass in a 9.80665 m/s2 gravitational field 

[26]. 
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