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Abstract 

Horseshoes are manufactured metal plates developed in an extensive assortment of materials and 

shapes and their main function is to protect the horse’s hooves and legs against abrasion and rupture. 

After a certain period of time the horseshoes are lost, worn out, or the hoof needs to be treated. 

Horseshoeing is a repetitive time consuming process for the farrier who has to heat the horseshoe 

inside a forge until it reaches the required temperature and shape it with a hammer until it fits 

perfectly to the horses’ hoof. The main goal of this project is to develop a horseshoe bending 

machine able to shape the horseshoe so its shape fits perfectly the horse’s hoof. The calculation of 

the bending force needed to be applied to the horseshoe in order to provoke a plastic deformation 

will be done with Euler-Bernoulli beam theory. The bending force is then used to design and 

dimension each element of the bending mechanism so that it may be able to resist the stresses and 

prevent the parts from collapsing during its working life span. A study of the springback effect will 

be done followed by the analysis of the hertzian contact stresses between the rollers and the 

horseshoe. In addition, a clamping system is selected to constrain the movements of the horseshoe 

during the bending process. This machine will reduce the final user’s horse maintenance costs at the 

same time that makes the fitting process easier and less demanding, which will improve the farrier’s 

working life span and quality. 
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1 Introduction 

Horseshoes are manufactured metal plates developed for different breeds of horses. They are 

available in an extensive assortment of materials, and shapes of which the most common one is the 

“U” shape. They are nailed or glued to the edge of the hooves depending on the kind of work done 

by the horse. The main function of horseshoes is to protect the hooves and legs against abrasion and 

rupture, but according to the material being used, they can provide extra traction, improve the horse’s 

gait, help its conformation and even facilitate certain movements or control interference problems, 

i.e. collisions between legs or hooves.  

Horseshoes are frequently produced of metal or alloy, although sometimes they can be forged in 

synthetic materials if a specialized shoe is needed. The fact that horseshoes are developed depending 

on the breed, size and function of the horse, means that there is an extensive variety of horseshoes 

available in the market.  

The University of Skövde has created this bachelor’s degree project in collaboration with Biologiska 

Yrkeshögskolan (BYS). In this project a machine is designed to use the cold forging process as a 

method to bend a pre-shaped horseshoe into a final shape that will fit the horse’s hoof. 

1.1 Background 

Although archaeological evidence of horse domestication can be traced as far back as 4000 BC in the 

Eurasian Steppes (McMiken, 1990), there has been a controversial debate between historians since 

the 19th century on the origin of the horseshoes.  

Since the 4th century B.C. there is proof of the use of hipposandals, mobile guards made of metal, 

leather or esparto, that were fastened with stripes and used punctually according to the terrain or the 

length of the journey (Álvarez Rico, 2003) However, it is difficult to locate clear archaeological 

evidence of the use of horseshoes, due to the fact that iron was commonly used and the practice of 

melting down worn out items for reuse was extended. Even though some credit the druids (Fleming, 

1869), there is no reliable evidence of horseshoeing until four bronze horseshoes, with what are 

believed to be nail holes, were found in 1897 inside an Etruscan tomb dated around 400 B.C 

(Nickerson Bates, 1902). Despite of the numerous archaeological findings in different countries that 

corroborate its existence, the origin of the horseshoe is still unclear. Nevertheless, it is pointing 
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towards to the western barbarian people of the Roman Empire, who would use nailed protections 

between the 4th and 2th centuries B.C. (Álvarez Rico, 2003). 

In medieval times horseshoeing became an important craft and had a major role in the development 

of metallurgy. By that time, farriery or horseshoeing was part of the work made by a blacksmith and 

became the most frequent occupation. Cast bronze horseshoes became common in Europe around 

1000 A.D.; they were lightweight and had an indented outer rim with six nail holes. Forward in time, 

horseshoes were made in different materials while gradually losing their indentation, held eight nail 

holes instead of six, and became slightly heavier (Cohen, 1996). 

1.2 Parts of a Horseshoe 

There are some parts than can be identified in a horseshoe as shown in Figure 1.1 (Ikonet, 2007). 

.  

Figure 1.1  Parts of a horseshoe (QA International , 2014) 

Toe: Is the front part of the horseshoe. 

Branch: As Figure 1.1 shows, each of the two parts of the horseshoe starting at the toe and ending at 

the heel. Depending on the size they have a size number. 

Heel: Terminal end of each branch of a horseshoe; it is rounded and bevelled to prevent injury. 

Nail hole: Rectangular opening made in the iron to hold the head of a nail; there are usually six to 

eight nail holes.  
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Nail: Pointy metal pin; its head lodges in the nail hole to attach the horseshoe to the hoof. 

Quarter: Part of the horseshoe under the quarter of the hoof. 

Inner edge: Inner contour of the horseshoe. 

Outer edge: Outer contour of the horseshoe. 

Side Wall: Part of the horseshoe under the side wall of the hoof. 

Width: It is the distance between the edges of the horseshoe. A horseshoe can be wide or narrow; 

this width is modified in the different parts of the horseshoe to form a semicircle. 

1.3 The Manufacturing Process 

The primary process used in the manufacture of horseshoes is forging. In this process, metals are 

shaped into the desired form by being deformed with a hammer, a press, or rollers.  

During the Industrial Revolution, horseshoe production accomplished new improvements. The first 

machine to cast horseshoes on a large scale was patented in the Unites States in 1835 by Henry 

Burden. Up to that moment, horseshoes had been hand-made by blacksmiths and farriers, who 

performed the forging process by banging on a heated piece of metal with a hammer until it reached 

the chosen shape. Burden’s first machine was in fact three different machines. The first one drew the 

wrought iron rod into the machine, the second bent the iron rod to the horseshoe shape, and the third 

compressed the horseshoe to its final shape while punching nail holes in it at the same time. Burden 

made several improvements to his machine during the following years. In 1847 he patented a second 

machine in which the two first operations of his previous machine were combined. In 1857 and 1862 

Burden registered two more patents; in these new designs, all the processes of his first patent were 

combined into one machine. These improvements resulted in a radical increase in speed and 

efficiency that made it possible to manufacture one horseshoe per second (Rolando, 1975).  

Over the following years, other inventors presented their own optimizations and modifications of 

Burden’s machine. In 1889, Eynon and Seaman patented a machine able to take a straight metal 

blank in order and bend it to the desired shape by using a counter die with the form and size of the 

interior of the horseshoe. In this case, the holes for the nails had to be done separately (Eynon & 

Seaman, 1889). In 1892 and 1894, Wike and Darby respectively, designed different automatized 

processes for inserting the metal blanks into their bending machines (Wike, 1892; Darby, 1894). 
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Figure 1.2  Farrier’s tools (a) and cleaning of the sole and rim of the horseshoe (b) 
(SHANDONG TONGLI S&T DEV. CO.,LTD, 2014; Equine World UK, n.d.) 

In modern times, most horseshoes are mass produced and their different designs are standardized. 

These designs are made using a die with two parts that are customized to match the dimension and 

shape desired. A new die is only needed in the case that it wears out. However, custom-designed 

horseshoes are still made manually by blacksmiths and farriers. 

 

Figure 1.3  Horseshoe modifications (a) shoeing with nails (b) (Mustad Hoof 
Academy, 2013; Arbon Valley, 2010) 

At the present, both farrier and blacksmith work with metal, yet only the farrier is the professional 

responsible of conducting the preparation of the hooves, assessing potential lameness issues and 

fitting the appropriate horseshoes. The farrier’s usual equipment consists of a forge, an anvil, and 

some tongs and hammers (Figure 1.2a). In the process of horseshoeing, the farrier cleans the sole and 

rim of the horse’s hoof using raps and knives (Figure 1.2b). Once this is done, the horseshoe is 

a) b) 

a) b) 
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heated inside the forge until it is soft enough to be shaped with the hammer to fit the hoof (Figure 

1.3a); cooled by being quenched in water, and attached to the hoof with nails (Figure 1.3b).   

Öllöv Original developed a special type of horseshoe used for training and competition; this 

horseshoe is made of a steel core covered by rubber. This sort of horseshoe can be bent to its final 

shape using an original manual tool. The device consists of a metal plank with two cylinders that can 

be fixed manually and a piston that compresses the shoe against the cylinders. The pressure needed 

by the piston is obtained by pushing a lever (Jensen, 2012). 

1.4 Problem Description 

As mentioned in paragraph 1.1, the main function of horseshoes is to protect the hooves and legs 

against abrasion and rupture, but after a certain period of time, they have to be replaced by new ones 

due to the fact that they are lost, worn out, or the hoof needs to be treated. Nowadays, the process of 

horseshoeing is expensive for the owners of the horse.  

Horseshoeing also requires a great amount of time and effort, the farrier heats the horseshoe inside a 

forge. Once the material reaches the temperature needed, it is shaped with a hammer until it fits on 

the horses’ hoof. This is not a quick work, many repetitions are needed which makes horseshoeing an 

expensive process.  

In addition, the work done by the farrier has direct effects in his health. Due to the amount of 

repetitions the farrier has to do in every step of the shaping process, the farrier suffers from muscle 

fatigue, ocular stress, lumbago, periostitis and ulnar and/or medium nerve palsy, among other 

injuries (Universidad de Sevilla, 2012). This continuous exposition to physical damage affects the 

length of the farrier’s working life, who in some cases has to retire prematurely. 

1.5 Purpose  

The purpose of this project is to develop a horseshoe bending machine that will constitute both an 

innovation and an improvement, compared with the current horseshoe fitting method. This machine 

would make the process of fitting the horseshoe to the horse’s hoof shape easier and may demand 

less effort from the farrier. This machine may also reduce the horseshoe costs in diminishing the 

final user’s horse maintenance costs. Moreover the farrier would be able to perform the horseshoeing 

“in situ” because it would be possible for him to make the changes to the horseshoe beforehand. 
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The fact that this machine will make the horseshoe’s bending process less demanding for the farrier 

will have direct consequences in his working life length and quality. These consequences are: 

• Increase of the farrier’s working life length 

• Reduction of the injuries in shoulders, arms and back 

• Increase of the working hours/day 

• Removal of the oven and forge from the process. This will lead to a cost reduction and a decrease 

of noxious emissions to the environment. 

The machine will work as follows: First the horse’s owner has to take a picture of the hoof with his 

mobile phone. After that, this picture is sent to the farrier, who will save them in a USB pen drive. 

Then, the pen drive is inserted in the machine where an image recognition software will determine 

the real size of the hoof. Once this is done, a similar standard horseshoe is introduced in the bending 

mechanism of the machine and bent to its final fitting shape. 

In order to do this, an analysis of the properties of the different constitutive materials has to be done 

so that the force applied to the material and the shape tolerance required can be determined. In 

addition to this, a study of the cold forging process has to be done taking into account the properties 

of the different materials, the diverse types of processes and the numerous varieties of cold forging 

machines already on the market. Once all the essential studies have been done, the design of the most 

suitable shapes for the parts of the machine destined to shape the horseshoe is finally to be done. 

1.6 Method 

In this project, the main calculations will be performed using MATLAB, short for MATrix 

LABoratory. This program is a mathematical software tool developed by MAthWorks that has its 

own programming language and can be used for numerical computation, visualization, and 

programming.  

There are two main approaches in this project, the first one is related to the horseshoe and the second 

is related to the design and dimensioning of the bending mechanism of the machine.  

Regarding the first approach, the necessary force to cause plastic collapse in the horseshoe will be 

calculated. Moreover, the design of the rollers will be calculated in order to achieve an appropriate 

stress distribution while the original shape is retained. In addition, the right position of the cylinders 

will be calculated in order to obtain the desired geometry. Ghandi and Raval proposed an analytical 
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and empirical model to estimate the top roller position in an explicit form. This position is a function 

of the desired final radius of curvature for a three-roller cylindrical bending of plates (A.H. Ghandi, 

2007). Feng and Champliaud studied a similar problem in which the position of the lateral roll during 

cylindrical roll bending was predicted (Zhengkun Feng, 2011). 

In relation to the second approach, the design and dimensioning of the bending mechanism will be 

done, i.e. the design and dimension of each element of the mechanism so that it may resist the 

stresses without collapsing during its working life. 

The mechanical design consists of two stages. The first one is the so-called initial design, where the 

global preliminary solution focuses on fulfilling the initial requirements. The second stage is a more 

detailed one, in which the previous design is improved, not only to fulfil the initial requirements, but 

also to accomplish the mechanical requirements in order to prevent the parts from collapsing. 

In order to achieve the previous requirements, the following steps are necessary: 

1.- To determine the forces acting on the piece. 

2.- To determine the mechanical properties of the various materials of which the pieces of the 

machine can be made. 

3.- To determine the stresses, deformations and displacements in each piece. 

4.- To select the failure criteria.  

5.- To choose an adequate safety factor. 

1.7 Goals 

The main objectives of this project are: 

1.- To design a horseshoe bending mechanism capable of using necessary information about the 

shape of the horse’s hoof in order to modify a pre-shaped horseshoe to fit the horse’s hoof 

perfectly. 

2.- To describe the software needed by the machine to realize the process of shaping a horseshoe. 

3.- To analyse the properties of the different materials, so that the force applied to the material 

and the shape tolerance required can be determined.  

4.- To study the cold forging process, taking into account the different materials properties, the 

diverse types of processes existing and the numerous varieties of cold forging machines 

already existing in the market.  
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5.- To design the most suitable shapes for the machine’s parts dedicated to shape the horseshoe. 

6.- To model a 3D design of the machine. 

1.8 Limitations 

After the conclusion of the calculations of the bending mechanism, the rest of the mechanisms of the 

machine will only be described. 

Although a description of the software will be included in this project, this software will not be 

developed. The development of this program is suggested to be done in future studies. 

Since this project is a preliminary study and is expected to be improved in future studies, there will 

not be any study about the production and usage costs. 

In addition to this, a prototype of the machine will not be manufactured; it will be left for future 

studies, in which the full machine is developed. 
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2 Horseshoe Materials 

The manufacturing materials for horseshoes have not been, historically, always the same. Historians 

mention that emperors in Greece and Rome used hipposandals made of gold and silver and that 

Etruscan’s used horseshoes made of bronze. 

Since then until now, different types of materials for the manufacture of horseshoes have been sought 

and tried. By the end of the 20th century, a true revolution arose in this area with the appearance of 

new materials for the production of horseshoes as can be steel, aluminium, alloys, plastics, rubber, 

etc… In addition, materials as silicones, polymers, resins for reconstruction, etc… were also newly 

employed for the development of horseshoes specially designed to help with anatomical pathologies 

(laminitis, navicular disease, etc…), conformation weakness, and facilitate certain movements or 

control interference problems. Despite this, nowadays iron is still the main material used to 

manufacture most horseshoes. 

2.1 Iron 

Iron is the fourth most common element in nature, only oxygen, silicon and aluminium are more 

common. Among the metals, it is the second most abundant in the Earth’s crust being preceded only 

by aluminium. In addition, it is the heaviest element formed exothermically by fusion, and the 

lightest produced by nuclear fission. Moreover, iron compounds constitute about a 5% in weight of 

the Earth’s solid surface, and are present in numerous minerals such as hematite, pyrite, magnetite, 

limonite, siderite, ilmenite, etc., and it can be found also as a haemoglobin compound in animals’ 

blood.  

 

Figure 2.1  Iron ore (Аб, 2012) 
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Iron is the most widely used hard metal, with a 95% in weight of the world production of metal. Pure 

iron (purity from 99.5%) does not have abundant applications excepting those in which its magnetic 

potential is used. The most common application of iron is to form steel products, using iron as a 

matrix to host other alloying elements, both metallic and non-metallic, which confers different 

properties to the material.  

 

Figure 2.2  Pure iron (Gómez-Esteban, 2011) 

An iron alloy is considered to be steel if it contains less than a 2.1% of carbon; if this percentage is 

higher, the material is called cast iron. Due to its difficult malleability even when hot, cast iron can 

only be worked by casting. Therefore, it has a low melting point and good castability (Fernández & 

Herrera, 1988). 

2.1.1 Steel  

As stated before, steel is an iron-carbon alloy in which carbon percentage cannot surpass the 2,1% in 

weight of the composition of the alloy although steel normally reaches carbon percentages between 

0,2% and 0,3%. 

 

Figure 2.3  Cast iron horseshoe (Le Queinec, 2013) 
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Steel has a mean density of 7850 kg/m�, and depending on the temperature it can expand, contract 

or melt. Steel melting point depends on the type of the alloy and the percentage of the alloying 

materials. Iron melting point is situated at 1510ºC in its pure state (not alloyed), however steel often 

presents melting temperatures near 1375ºC, and in general the temperature required to melt increases 

as the percentage of carbon and other alloying materials increases. Steel boiling point is situated 

around 3000ºC. Mechanically, its hardness varies depending on de alloy and the thermal or chemical 

treatment. It has a high toughness, is malleable, relatively ductile and can be welded easily. In 

addition, steel is a good electrical conductor, but although its electrical conductivity depends on its 

composition, it is approximately 3x10�	Sm�� (Fernández & Herrera, 1988). 

 

Figure 2.4  Steel concave horseshoe (HFS, 2013) 

Steel is essential due to its toughness and low price, especially in automobiles, ships, and structural 

components of buildings. 

Ferrous alloys have a wide range of mechanical properties depending on their composition and/or the 

treatment that has been carried out. 

2.1.2 Steel alloys 

The main alloying elements of steel are the following (CAP S.A., 2013; UTP, 2010): 

• Aluminium (Al): It is used in some Cr-Al-Mo nitriding steels with high hardness at 

concentrations close to 1%, and at percentages under 0,008% as deoxidizer in high alloy steels.  

• Boron (B): In small quantities between 0,001 and 0,006% increases the hardenability without 

decreasing the machinability, for it is combined with carbon to form carbides providing a hard 
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coating. It is used in low alloy steels on applications such as plow blades and wires of high 

ductility and surface hardness. 

• Cobalt (Co): It is an unusual element in steels. Decreases hardenability. Improves resistance and 

hot hardness. Increases the magnetic properties of the steel. It is used in tool steels and refractory 

steels. 

• Chromium (Cr): Forms very hard carbides and provides the steel with an increased hardness, 

strength and toughness at all temperatures. Alone or alloyed with other elements, it improves 

corrosion resistance. Increases the depth of the hardening by thermochemical treatment such as 

carburization or nitriding. It is used in stainless steels, tool steels and refractory steels. 

• Lead: Lead does not combine with steel, it can be found on it in the form of tiny globules, as if 

emulsified. This boosts the easy machining by chip removal, as can be turning, planing, drilling, 

etc. due to lead being good cutting oil. Its percentage varies from 0,15 to 0,30% but carbon 

content must be limited to values under 0,5% because it hinders the toughness and the hot 

tempering. Lead is added to some steels to improve the machinability. 

• Molybdenum (Mo): It is a common element in steel alloys and highly increases de depth of the 

hardening as well as the toughness. Austenitic stainless steels contain molybdenum in order to 

improve the resistance to corrosion. 

• Nitrogen (N): It is added to some steels to boost austenite formation. 

• Nickel (Ni): Allows an austenitic structure at room temperature, which increases the toughness 

and impact resistance. Nickel is commonly used in the manufacture of stainless steel, because it 

increases the resistance to corrosion. 

• Silicon (Si): Increases the templability moderately. It is used as deoxidizing element. Increases 

the strength of low carbon steels. 

• Titanium (Ti): Used to stabilize and deoxidize the steel. Maintains steel properties stable at a 

high temperature. Uses its strong affinity with carbon to prevent iron carbide from forming while 

welding steel. 

• Tungsten (W): Forms stable and hard complex carbides with iron and endures well high 

temperatures. I percentages between 14 to 18% provides high-speed steels with which it is 

possible to triple the cutting speed for carbon tool steels. 

• Vanadium (V): Possesses a strong deoxidizing action and forms complex carbides with iron that 

provides steel with a good fatigue resistance, tensile and cutting power in tool steels. 



Horseshoe Bending Machine 
Raquel Quesada Díaz  

 

Final Project in Mechanical Engineering, MT503G       13    
 

2.2 Aluminium 

Aluminium is a common element in nature, second only to oxygen and silicon, and the most 

abundant metal in the Earth’s crust. Aluminium compounds constitute about 8% in weight of the 

Earth’s solid surface, and are present in most rocks, vegetation, and animals. 

 

Figure 2.5  Aluminium ore 

Aluminium is a light metal with a density of 2700	kg/m�, and a low melting point (660	°C). Its 

appearance varies from silvery to dull grey and reflects well the electromagnetic radiation in the 

visible and thermal spectrum. Furthermore, aluminium is a good electrical conductor, between 35x10�	and 38x10�	Sm��, and a good thermal conductor, between 80 and 230	W/mK. 

Mechanically, it is soft (Mohs scale: 2-3-4), ductile and malleable. In its pure state, it has a tensile 

strength of 160 to 200	N/mm'(MPa,. All this makes aluminium suitable for the manufacture of 

electrical wires and thin metal sheets, but not for structural elements. In order to improve these 

properties, it is alloyed with other metals, which allows casting and forging operations, as well as 

material extrusion. It can also be used as a welding material (AEA, 2012) 

2.2.1 Aluminium Horseshoes 

Aluminium horseshoes are not made of pure aluminium; instead aluminium is alloyed with other 

materials to increase its durability. These horseshoes have the advantage of lighter weight, greater 

absorption of vibrations and enhanced grip on hard ground.  
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Figure 2.6  Aluminium horseshoe  

The first aluminium alloy used in the manufacture of horseshoes had the inconvenience of reacting 

with the ammonia components of the urine. This reaction had as a result a decomposing of the hoof’s 

cornea, so that it was necessary to use light insoles made of leather or other materials to prevent the 

horseshoe from being in direct contact with the hoof’s surface. Unalloyed aluminium is overly soft 

for this application, so nowadays different kinds of alloys have been increasing its duration before 

wearing to equal that of a shoeing using iron horseshoes. (Valer, 2011) 

2.2.2 Aluminium Alloys 

The main alloying elements of aluminium are the following (Ortolá, 2009): 

• Chromium (Cr): Increases the mechanical strength when combined with other elements as 

copper, manganese, or magnesium. 

• Copper (Cu): Increases the mechanical properties but reduces the corrosion resistance. 

• Iron (Fe): Increases the mechanical strength. 

• Magnesium (Mg): Has high strength after cold forming. 

• Manganese (Mn): Increases the mechanical properties and reduces the quality of stamping. 

• Silicon (Si): Combined with magnesium has greater mechanical strength. 

• Titanium (Ti): Increases the mechanical strength. 

• Zinc (Zn): Reduces the corrosion resistance. 

2.3 Plastic, Rubber and Other Materials 

These materials have the advantage of lighter weight, high shock absorption and cushioning, but 

their high coefficient of friction in combination with certain solid grounds causes high traction on the 

horse’s joints. This has been solved by some manufacturers by inserting plastics with different 
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hardness, and therefore with different grip thereon horseshoe; providing the horseshoe with a certain 

sliding. 

 

Figure 2.7  Plastic horseshoe (Strömsholm, 2012)  

There are horseshoes with metal core made of aluminium, iron, etc…, and outer coating made of 

rubber or polyurethane. All of them have a good grip on hard ground and a good shock absorbing 

ability.  

 

Figure 2.8  Öllöv original rubber horseshoe with core made of steel (Öllöv Original, 
2012) 

For example: Öllöv Original is a rubber shoe with a core made of steel and an outer coating made of 

rubber. The rubber supplies shock absorption while at the same time reduces the load work on the 

horse's joints and tendons. In addition, the steel core makes the horseshoe easy to manufacture and 

shape. (Öllöv Original, 2012) 
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3 Horseshoe’s Bending Force  

This chapter describes the horseshoe bending mechanism’s operational process and the calculation 

method used to obtain the necessary force to be applied on the horseshoe so as to ensure that the shoe 

reaches the desired final shape. Besides, it is included a brief description of the theories and methods 

that are being considered in order to obtain the mentioned force. 

3.1 Stress and Strain Curve  

Steel that is subjected to an increasing force suffers a stress that, in some occasions, can cause 

yielding. As shown in Figure 3.1, the linear section of the curve is the elastic region and the slope is 

the Young’s Modulus, this means that up to the proportionality limit -, it is considered that the 

material has elastic behaviour, cf. Figure 3.1. Below this limit all the deformations that the material 

may suffer are reversible, that is, they are not permanent. However, when the stress is beyond the 

yield tensile stress ., it shows a plastic behaviour in the plastic or inelastic zone, i.e. a portion of the 

deformations that the material may suffer are permanent. As deformation continues past the upper 

yielding point, the stress increases during strain hardening until it reaches the ultimate tensile 

strength / at which the engineering stress will decrease due to localisation, known as necking. 

 

Figure 3.1  Stress-strain curve showing typical yield behaviour of structural steel. 

In terms of apparent stress, once the necking process has commenced, it can be maintained by the 

use of lesser forces that allow additional elongation of the material until fracture 0. However, if this 
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curve is represented in terms of true stress and strain, the stress will continue to rise until rupture 

occurs 1.  

3.2 Pure Bending 

When a force is applied to a beam causing bending, the normal stress can be calculated using 

Navier´s equation (Pilkey, 2002): 

2 3 456 7 89:;9 7 8<=;< 7 >?@ 	ω B Eα∆T																																				(3.1,			 
where: 

 2 is the stress H-IJ	
 45 is the normal or axial force H4J 
 6 is the beam cross-sectional area HK'J 89, 8< are the bending moments created by the applied forces H4KJ 
 =, : are the distances from the neutral axis to the outer fibre HKJ ;9, ;< are the area moments of inertia of the cross section HKMJ N is the Young’s modulus H-IJ O is the linear coefficient of thermal expansion HP°��J ∆Q is the change of temperature HP°J > is the bimoment H4K'J ?@ is the warping constant HK�J R is the warping function or displacement HK'J 

Taking into account the absence of thermal loads, the lack of non-uniform torsions and the symmetry 

in the cross section, Navier’s equation can be reduced to: 

2 3 456 7 8:;9 																																																																									(3.2, 

In addition, considering that only a pure bending case is being studied due to the fact that the aim is 

to give a permanent shape to the horseshoe, it can be ascertain that there are no axial loads present, 

so that  
STU 3 0. Therefore, Navier´s equation can be written as follows: 
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2 3 8:;9 																																																																										(3.3, 

Furthermore, the following assumptions are made (Beer, et al., 2009): 

• The material is considered isotropic and homogeneous 

• The value of Young’s modulus is the same in tension and compression. 

• The transverse sections which were plane before bending will also remain plane afterwards. This 

means that the distribution of the deformation will be linear even in the case of stress distribution 

being non-linear. 

• The beam is initially straight, its cross section is constant along the full length of the beam and all 

longitudinal filaments bend into circular arcs that have a common centre of curvature. 

• The radius of curvature is large when compared to the dimensions of the cross-section. 

• Every layer of the beam is able to expand or contract individually, i.e. separately of the layer, 

above or below it. 

3.3 Inelastic Bending 

Equation 3.3 is valid only when the stress in the outer fibre of the material is below the yield stress, 

i.e. the material behaviour is linear-elastic, otherwise this equation ceases to be accurate. At large 

loadings beyond the yield tensile stress the stress distribution becomes non-linear and ductile 

materials, as steel, will develop a plastic hinge state. In this plastic hinge state the magnitude of stress 

all over the beam will be assumed to be equal to the yield stress, so a theoretical discontinuity will 

appear at the neutral axis in which a change from tensile to compressive stress will occur. Therefore, 

a plastic analysis must be done to obtain the stress distribution in plastic bending when Hooke’s law 

is insufficient (Hibbeler, 2011). 

 

Figure 3.2  Rectangular cross-section 
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In case that a rectangular cross-section is considered (Figure 3.2), and supposing that the moment is 

below the yield tensile stress i.e. Hooke’s law can be applied. This means that there will be a linear 

stress distribution and the deformation suffered by the beam will not be permanent (Figure 3.3a). 

Therefore, the maximum stress can be expressed as in equation 3.3. 

2V 3	8V	:;9 																																																																											(3.4, 

If the bending moment increases, ultimately the stress will be equal to the yield tensile stress, 

accordingly equation 3.3 can be applied in order to obtain the stress calculation at the yielding point 

for the considered cross-section as shown in equation 3.4. 

 

Figure 3.3  Bending stress distribution in a beam for elastic behaviour (Beer, et al., 
2009) 

For a rectangular cross-section the values for the area moment of inertia and the distances from the 

neutral axis to the outer fibre can be expressed as: 

;9 3 XY�12 																																																																																		(3.5, 

: 3 Y2																																																																																					(3.6, 

If equations 3.5 and 3.6 are inserted in the maximum yield stress equation (see eq. 3.4) will lead to 

the final expression for the maximum stress at the yielding point. 

2V 3	68V	XY' 																																																																														(3.7, 
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Therefore, the maximum elastic moment that causes the material to reach the maximum yielding 

stress, and for which the behaviour of the material is fully elastic can be expressed as: 

8V 3	2V	;9: 3 	2V	XY'6 																																																																									(3.8, 

On the assumption that the moment increases further, the stress distribution becomes non-linear and 

the material starts to yield and develops plastic zones on both, the upper and lower surfaces, this will 

cause the existence of two different areas (Figure 3.4a); the elastic core in which the material 

behaves elastically and the plastic zone in which the material has yielded. 

 

Figure 3.4  Bending stress distribution in a beam for different moments (Beer, et al., 
2009) 

The elastic-plastic moment 8Z[ corresponding to a given thickness of the elastic core equal to 2=V 

can be expressed as shown in equation 3.9 (Beer, et al., 2009). 

8Z[ 3 B2X\ =25]=9^
_ 3 B2X \ = `B2V=V =a ]=9^

_ B 2X \ =(B2V,]=b
9^ 3 328V c1 B 13 =V'd'e		(3.9, 

Supposing that the moment is still applied, and knowing that =V is the height of the elastic core, it is 

obvious that, since the plastic zone is increasing its height, =V will tend to zero. As a result, a full 

plastic deformation (Figure 3.4b) occurs (in theory) and for a rectangular cross-section can be 

calculated as: 

8g 3	328V 3		 32 2V;9: 																																																													(3.10, 

Full plastic deformation is a theoretical designing method that does not occur in real bending.  When 

a beam is plastically deformed and the load is removed, the material experiments an elastic recovery 
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that will not be full (see Figure 3.5), this is because after the plastic deformation the beam retains a 

residual curvature due to the presence of residual stresses. 

 

Figure 3.5  Stress and strain distributions in a beam after plastic deformation 
(University of Cambridge, 2013) 

For further information about the residual stresses and the springback effect see chapter 4. 

3.4 Horseshoe’s Bending Functioning Principle 

The working principle of the horseshoe bending machine being developed in this project (hereafter 

referred to as HBM), is very similar to a tube bending machine. In this kind of machine there are 

three cylinders, two of which are situated at the lower surface of the tube and the third on the upper 

surface as can be seen in Figure 3.6.  

 

Figure 3.6  Three roll tube bending machine (Citizen Engineering Works, 2008) 
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The cylinders apply the bending force on the tube’s surface until it reaches the required radius of 

curvature, which is given by the upper surface cylinder. The three of them are spinning around their 

own axis creating a torque that pulls the tube into the cylinders indentation.  

 

Figure 3.7  HBM working process on a simplified beam modelled horseshoe 

The HBM will use three cylinders as well at each side of the horseshoe (Figure 3.7). In the case of 

study (Figure 3.8), when the force is being applied to the horseshoe, cylinder 2 will apply the 

bending force F needed to obtain the desired curvature on the horseshoe, and cylinders 1 and 3 will 

apply the support reaction that will allow modifying the horseshoe increasing or decreasing its 

wideness and curvature so it adapts perfectly to the horse’s hoof. 

3.5 Determination of the Horseshoe’s Bending Force 

Considering the statements expressed in paragraphs 3.3, 3.4 and 3.5 the model selected for the 

analytical analysis will be a pin-jointed beam. The force will be applied at the middle of the beam. 

This load will cause internal forces in the supports, as shown in Figure 3.8. 

 

Figure 3.8  Free body diagram of the beam 
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As Newton’s second law states, when a force is applied onto a rigid body there is a reaction force in 

the body that has the same value force and acts in the opposite direction. Consequently, if the 

mechanical equilibrium is adopted, the sum of all acting forces will be zero. Applying equilibrium to 

the system, leads to following equations: 

→ j05 3 0																	kUl 3 0			 																																																		(3.11, 

↑ j09 3 0																	kU 7	kn 3 0																																															 (3.12, 

↺ j8n 3 0																			kUp B 0 p2 3 0																																											(3.13, 

Inserting equation 3.13 in equation 3.12, the value of kU is obtained. From the result can be 

ascertained that both reactions are equal and their value is half of the applied force F. 

kU 3 kn 3 02 																																																																	(3.14, 

Once the reactions are obtained, the moment at the central point of the beam, where the force is 

applied, can be determined. This is the point at which the maximum bending moment of the cross 

section occurs.  

 

Figure 3.9  Free body diagram of the severed beam 

In order to calculate the maximum bending moment the beam is severed just before the application 

point of the force, as can be seen in figure 8. Where 0 q r q s' , hence when r 3 s' the maximum 

bending moment can be expressed as: 

8 3 0p4 																																																																						(3.15, 
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As stated in paragraph 3.3, in order to obtain a full plastic deformation i.e. permanent deformation in 

the whole cross section, the force applied to the beam must produce a moment equal to the plastic 

moment. The plastic moment is the moment at which the entire cross section has reached its yield 

stress and generates a plastic stress, hence the bending moment in equation 3.15 is now called plastic 

moment and can be calculated as: 

8[ 3 0[p4 																																																																						(3.15, 

In addition, since the plastic moment has been obtained through the normal yielding stress due to 

bending (equation 3.10), and also by means of the applied force to the beam (equation 3.15), both 

equations can be matched as follows: 

322V;9: 3 0[p4 																																																																						(3.16, 

If equation 3.16 is solved for the plastic force: 

0[ 3 62V;9:p 																																																																						(3.17, 

where  

0[ is the applied plastic force H4J  2V	is the yield tensile stress or maximum yielding stress	H-IJ	;9 is the area moment of inertia of the cross section HKMJ 
 : is the distance from the neutral axis to the outer fibre HKJ p is the distance between supports HKJ 

Based on the expression 3.17 all de necessary calculations to know the plastic force applied can be 

done. However, the different materials and cross sections of the horseshoe must be known, while the 

distance between supports will depend on the characteristics and considerations established by the 

design of the bending mechanism. 

3.6 Different Types of Cross-Section  

As in the case of the shape of the horseshoe, the cross-section of the material used to manufacture a 

horseshoe can vary depending on the breed, the size and function of the horse, the type of ground 
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material on which the work is done, the presence of any health problem and the need for a better 

grip, among others. 

Size of the horse: The average amount of material needed for the horseshoe of a small pony whose 

withers height is 130 cm, is usually smaller than the one needed for the horseshoe of a large shire 

stallion with a withers height of 188 cm. The length of the bar required to shape a horseshoe can be 

calculated using the equation: 

Bar	Length	 3 	Hoof ~s	length 7 Hoof ~s	width 7 5.08	cm (Brown, n.d.) 

Type of work: Depending on the characteristics of the work done by the horse the wear and stress 

suffered by the horseshoe is different. The wear and stress of a horseshoe is e.g. not the same during 

a race as when training. During racing, the horse will need lighter horseshoes while during training; 

the horse will require heavier hard wearing horseshoes. 

Surface worked on: A horseshoe on a horse working over an asphalt road will wear more than a 

shoe on a horse working on soft ground. 

Health problems: The shape and material of the horseshoe may vary depending on the health 

problem needed to be corrected, e.g. the shape and material is needed to improve the horse’s gait is 

different from the one needed to help the horse with its conformation, to facilitate certain movements 

or to control interference problems. 

Traction: A wide flat section provides more support but will not provide as much grip as a narrow 

thick section. 

Some of the different kinds of cross-sections commonly used on the average horse doing a moderate 

work are: flat, fullered, concave, rolled, cf. sections 3.6.1 to 3.6.4. 

3.6.1 Flat cross-section 

Flat cross-sectioned horseshoes are designed to endure the maximum wear, and are generally used in 

shire shoeing, heavy, working and driving horses.  
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Figure 3.10  Flat cross-section of a bar (a) and horseshoe (b) (ETW International, 
2008; EKI, 1994) 

The disadvantage of this kind of horseshoe is that being flat; their surface does not provide as much 

grip as other horseshoe’s cross-section. Therefore, calking, wedge and scotch heels must be added 

often in order to supply more grip (Brown, n.d.). 

3.6.2 Fullered Cross-section 

A horseshoe with this cross section has a groove on the underside surface called fullering and the 

nail holes are embedded in it. The groove may develop from heel to heel (fully fullered) or, along the 

sides (three-quarter fullered), which leaves the toe area without groove at the same time that 

increases its wear resistance. 

The fullered design is commonly used on hooves that need more support at the heel offering also a 

greater wear resistance. For example, horses with foot or limb problems (Brown, n.d.). 

 

Figure 3.11  Fullered cross-section of a bar (a) and horseshoe (b) (Brotherbanzai, 
2010; Veterinaria Blanco, 1989)  

a) b) 

a) b) 
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The disadvantages of fullered horseshoes are: 

• Weight. Usually these horseshoes are heavier due to the section of the material. 

• Grip. They provide less grip when compared with concave horseshoes (see paragraph 3.6.3). 

• Width. They are frequently wider than the horse’s hooves, which increases their probability of 

being pulled off. 

3.6.3 Concave Cross-section  

In these horseshoes there is a sloped internal edge in the bar that is called concave; this type of cross-

section is also fullered. This kind of horseshoe is the most commonly employed on horses and ponies 

for everyday use.  

 

Figure 3.12  Concave cross-section of a bar (a) and a horseshoe (b) (Hankin, 2012) 

The concave shape of the horseshoe allows an improved grip on hard surfaces. This improved grip 

provides the horseshoe with a great versatility which makes them the most appropriate when riding 

every day. The concave design can be fitted perfectly to the hoof of the horseshoe so it leaves no 

steel exposed outside the hoof wall at the same time that reduces the risk of a horseshoe being pulled 

off. 

The main disadvantage of concave horseshoes is that they cannot endure so much wear as the other 

kind of horseshoes. In addition, they do not provide a good support which does not make them the 

best option for horses with flat feet or feet with low heels. Moreover, they require shoeing every 30 

days instead of 6 to 8 weeks which is the normal shoeing period. (Brown, n.d.) 

a) b) 
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3.6.4 Rolled Cross-section 

The rolled cross section has several advantages over the traditional horseshoe cross sections. The 

increase in the width of the cross section provides cover and support to the horse’s hoof.  

 

Figure 3.13  Rolled cross-section of a bar (a) and a horseshoe (b) (Alibaba Group, 
1999) 

In addition, this design improves the quality of the hooves and therefore the performance of the 

horse. With this design break over point, which is the physical location of the rotation around the toe 

in the final part of the stance phase, is brought under the hoof wall in order to reduce the strain on the 

tendons. Moreover, it also reduces the stress in the outer hoof wall (Kerckhaert, n.d.; Hebrock, 2012) 

3.7 Horseshoe Sections Being Considered  

In this study, only two horseshoe cross-sections will be considered from the ones explained in 

paragraph 3.6. The flat bar due to its bigger size cross section which will need a large force to be 

applied, and the fullered bar because if its cross section is compared to the rolled cross section they 

are similar in shape but the fullered cross section is bigger and therefore will need a greater bending 

force. Consequently, it will be assumed that the values obtained for a fullered horseshoe will also be 

valid for the rolled horseshoe. 

3.7.1 Flat Bar 

This type of blank commonly has a rectangular cross-section like the one shown in Figure 3.14, for 
further details about this kind of cross section see paragraph 3.6.1.  

a) b) 
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Figure 3.14  Flat horseshoe cross-section 

For a flat cross-section like the one showed in Figure 3.14, the geometrical properties are the 

following: 

; 3 	 XY�12 																																																																									(3.18, 

6 3 XY																																																																											(3.19, 

: 3 	Y2																																																																												(3.20, 

3.7.2 Fullered Bar  

As explained in paragraph 3.6.2 a blank with this cross section has a groove on one of the surfaces 
called fullering. In this case, the section to study will be a rectangular bar with the groove situated on 
the line of symmetry of the surface as shown in Figure 3.15. 

 

Figure 3.15  Fullered horseshoe cross-section 



Horseshoe Bending Machine 
Raquel Quesada Díaz  

 

Final Project in Mechanical Engineering, MT503G       30    
 

The geometrical properties for the fullered cross-section presented in Figure 3.15 are the following 

ones: 

; 3 	 XY�12 B	(Y B 2I,�X96 																																																										(3.21, 

6 3 XY B	(Y B 2I,X4 																																																												(3.22, 

: 3 	Y2																																																																										(3.23, 

3.8 Materials case of study 

Due to the importance that the selection of the right materials will have on the final results of this 

study, the author has established contact with several horseshoe manufacturers inquiring for 

information about the steel and aluminium alloys used in their products and their mechanical 

properties. The manufacturer Mustad sent its catalogue which is being used as reference for the sizes 

and dimensions of the horseshoes. For more information on this catalogue see appendix 2 (Mustad 

Hoofcare Group, n.d.). Due to the nondisclosure policy of the horseshoe manufacture companies 

related to their manufacturing process, research has been made with the purpose of acquiring all the 

information needed. As a result of this research the study will be developed with the horseshoe’s 

materials and properties shown in Table 3.1. For further details see appendix 1. 

Table 3.1  Steel alloys and mechanical properties (AISI American Iron and Steel 
Institute, 1992) (ASTM International, 1997) (SIS/TK 142, 1990) 

HOT ROLLED COLD DRAWN 

Material Yield Strength (MPa) Ultimate Strength (MPa) Yield Strength (MPa) Ultimate Strength (MPa) 

SS14 1540 250 430 NA NA 
ASTM A36 250 400 NA NA 
AISI 1010 180 320 300 370 
AISI 1016 210 380 350 420 
AISI 1020 210 380 350 420 
AISI 1025 220 400 370 440 
AISI 1030 260 470 440 520 
AISI 1035 270 500 460 550 
AISI 1038 280 520 480 570 
AISI 1042 300 550 520 610 
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In order to develop this study, the process will be to analyse the behaviour of the different materials 

for each cross section, so the bending force needed to be applied on the horseshoe can be determined. 

The plastic force for a given cross-section will always be larger than the yielding force but below the 

ultimate load to prevent a catastrophic failure of the horseshoe during shaping as explained in 

paragraph 3.3. 

3.9 Distance between supports 

As stated in paragraph 3.5 and equation 3.17 the magnitude of the bending force will vary depending 

on the selected distance between supports. In addition, the distances will also depend on the chosen 

design mechanism and its components. For this reason, the calculation of the force has been done 

taking into account several distances between supports that vary from 10 to 60 mm in intervals of 5 

mm. The results are shown and explained in detail in paragraph 3.10. 

3.10 Results 

The following results have been obtained using a Matlab code in which the process to calculate the 

forces was implemented. All the tables included in this paragraph show the force that is needed to be 

applied to each cross-section of the horseshoe in order to bend it.  

In order to present all the data in an easy and understandable approach, only the results for the 

maximum plastic force are introduced in this chapter. 

3.10.1 Determination of the bending force for the steel grade AISI 1042 

Among the different grades of steel used in the manufacture of the horseshoes (see Table 3.1), and 

taking into consideration the type of the cross section, and the varied horseshoe sizes taken from 

Mustad catalogue (see appendix 2), it can be asserted that the maximum bending force needed to be 

applied corresponds to AISI 1042, which is the steel with the better mechanical properties. This is 

because the force applied to bend this steel must be higher than those applied to steels with worse 

mechanical properties.  

The results are presented in four different tables (see Table 3.2 to Table 3.5). Each table shows the 

maximum force needed to be applied in order to bend the horseshoe depending on the properties and 

treatment of the steel grade (see Table 3.1), the cross-section’s characteristics (see paragraph 3.6), 

and the distance between supports (see paragraph 3.8).  
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Table 3.2  Maximum bending force for a flat cross section (Hot rolled steel) 

Hot rolled Maximum Bending Force in kN for a Flat Cross-section 

Distance (mm) 10 15 20 25 30 35 40 45 50 55 60 

SS14 1540 171 113 85 68 57 49 42 38 34 31 28 

ASTM A36 171 113 85 68 57 49 42 38 34 31 28 

AISI 1010 122 82 61 49 41 35 31 27 24 22 20 

AISI 1016 153 95 71 57 48 41 36 32 29 26 24 

AISI 1020 153 95 71 57 48 41 36 32 29 26 24 

AISI 1025 149 100 75 60 50 43 37 33 30 27 25 

AISI 1030 177 118 88 71 59 50 44 39 35 32 29 

AISI 1035 183 122 92 73 61 52 46 41 37 33 31 

AISI 1038 190 127 95 76 63 56 48 42 38 35 32 

AISI 1042 204 136 102 81 68 58 51 45 41 37 34 

For example, as can be seen in Table 3.2, the first row, marked in dark blue, expresses the type of 

treatment, which is hot rolled, and the type of cross-section, which in this case is flat. The second 

row of the table, marked in light blue, has several divisions in columns that correspond to the 

different distances between supports and as said in paragraph 3.9 varies from 10 to 60 mm in 

intervals of 5 mm. The rest of the rows show the maximum bending force results, depending on the 

grade of steel being studied, which is marked in light red. In addition, the row with the bigger 

bending forces has been highlighted in green. These considerations also apply to Table 3.3, Table 3.4 

and Table 3.5. 

Table 3.3  Maximum bending force for a fullered cross section (Hot rolled steel) 

Hot rolled Maximum Bending Force in kN for a Fullered Cross-section 

Diameter (mm) 10 15 20 25 30 35 40 45 50 55 60 

SS14 1540 151 101 75 60 50 43 38 36 30 27 25 

ASTM A36 151 101 75 60 50 43 38 36 30 27 25 

AISI 1010 109 72 54 43 36 31 27 24 22 20 18 

AISI 1016 127 85 63 51 42 36 32 28 25 23 21 

AISI 1020 127 85 63 51 42 36 32 28 25 23 21 

AISI 1025 133 89 66 53 44 38 33 30 27 24 22 

AISI 1030 157 105 79 63 52 45 39 35 31 29 26 

AISI 1035 163 109 82 65 54 47 41 36 33 30 27 

AISI 1038 169 113 85 68 56 48 42 38 34 31 28 

AISI 1042 181 121 91 72 60 52 45 40 36 33 30 
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Table 3.4  Maximum bending force for a flat cross section (Cold drawn steel) 

Cold Drawn Maximum Bending Force in kN for a Flat Cross-section 

Diameter (mm) 10 15 20 25 30 35 40 45 50 55 60 

SS14 1540 NA NA NA NA NA NA NA NA NA NA NA 

ASTM A36 NA NA NA NA NA NA NA NA NA NA NA 

AISI 1010 204 136 102 82 68 58 51 45 42 37 34 

AISI 1016 238 158 119 95 79 68 59 53 48 43 40 

AISI 1020 238 158 119 95 79 68 59 53 48 43 40 

AISI 1025 251 168 126 101 84 72 63 56 50 46 42 

AISI 1030 299 199 149 120 100 85 75 66 60 54 50 

AISI 1035 312 208 156 125 104 89 78 69 62 57 52 

AISI 1038 326 217 163 130 109 93 82 72 65 59 54 

AISI 1042 353 235 177 141 118 101 88 79 71 64 59 

Table 3.5  Maximum bending force for a fullered cross section (Cold drawn steel) 

Cold Drawn Maximum Bending Force in kN for a Fullered Cross-section 

Diameter (mm) 10 15 20 25 30 35 40 45 50 55 60 

SS14 1540 NA NA NA NA NA NA NA NA NA NA NA 

ASTM A36 NA NA NA NA NA NA NA NA NA NA NA 

AISI 1010 181 121 91 72 60 52 45 40 36 33 31 

AISI 1016 211 141 106 85 70 60 53 47 42 38 35 

AISI 1020 211 141 106 85 70 60 53 47 42 38 35 

AISI 1025 223 149 112 89 74 64 56 50 45 41 37 

AISI 1030 266 177 133 106 89 76 66 59 53 48 44 

AISI 1035 278 185 139 111 92 79 69 62 56 51 46 

AISI 1038 290 193 145 116 97 83 72 64 58 52 48 

AISI 1042 313 209 157 126 105 90 79 70 63 57 52 

3.10.2 Maximum bending force selection 

As can be deduced from the achieved results shown in Table 3.2 to Table 3.5, the forces obtained for 

cold rolled steels (Table 3.4 and Table 3.5) are greater than the ones attained when the steel is been 

hot rolled (Table 3.2 and Table 3.3) due to their mechanical properties being better. The logical 

bending force selection would be to choose the value with the bigger magnitude. However, in Table 

3.4 and Table 3.5, it can be ascertained that there is no magnitude of the force for steel grades SS14 

1540 and ASTM A36, this is because these two steel grades are not manufactured using the cold 

drawn process. Additionally, if the bending mechanism and other components were to be designed 

for the greatest bending force, i.e. cold drawn magnitudes for the bending force, this increment in the 

magnitude of the forces will also provoke an increment in the size of the mending mechanism and 

the rest of the machine components. This increase in size will raise the costs and will make it more 
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difficult to fit the bending mechanism in the distance between supports. Due to these reasons, the 

bending mechanism and the rest of the machine will be dimensioned for the magnitudes 

corresponding to the hot rolled steel. 

The maximum bending force belongs to the steel grade AISI 1042, which is the steel with the better 

mechanical properties. Although there are two different force values for this grade that depend on the 

chosen cross section, only one of those magnitudes will be used to calculate the bending mechanism 

of the machine. For a better mechanism design the best option in this case is to select the largest 

force (see Table 3.6), which corresponds with the flat cross-section. This flat cross section is the one 

with the biggest sectional area for a horseshoe; this means that, by the selection of this force, it is 

ensured that the bending mechanism will be able to bend any other type of horseshoe cross section 

whether it is fullered, concave or rolled. 

Table 3.6  Selected maximum bending force depending on the distance between 
supports 

Hot rolled AISI 1042 Maximum Bending Force in kN  

Distance (mm) 10 15 20 25 30 35 40 45 50 55 60 

Flat  204 136 102 81 68 58 51 45 41 37 34 

Fullered 181 121 91 72 60 52 45 40 36 33 30 

If the results presented in Table 3.6 are analysed, it can observed that the magnitude of the bending 

force varies significantly with the distance between supports. It can be noticed that when the distance 

between supports is too short, the bending mechanism will require the application of a very large 

force. Besides, as the distance between supports increases the force diminishes substantially. 

In addition, for the section of the horseshoe situated between supports to be considered as a beam, its 

length has to predominate significantly over the cross-sectional dimensions. Since these calculations 

are based in Euler-Bernoulli’s beam theory, it must be considered that this theory establishes that the 

beam’s traverse vibrations are only caused by bending deflection and therefore, the effect of shear 

deflection is neglected (Bauchau & Craig, 2009). This assumption has a relevant significance when 

the distance between supports is considered due to its connotations. Since the shear deflection is not 

taken into account, Euler-Bernoulli beam theory is only reasonable for long slender beams, but it is 

less valid for short thick beams, and it would require the use of a better theory e.g. Timoshenko, 

where traverse shear stresses and rotational inertia are taken into consideration (Cultrona, et al., 

2013; Dias, 2010). 
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Consequently, it will be assumed that the shortest practically usable minimum support distance will 

be 30 mm besides, since one of the purposes of this project is to design a functional machine with the 

smallest possible size and weight; all the forces belonging to distances between supports below 30 

mm will be discarded. Furthermore, since the smallest horseshoe size in Mustad’s catalogue has a 

height of 98 mm distances between supports larger than 50 mm will also be discarded because the 

fitting to the hoof will be less accurate, due to the less number of curvature modifications that these 

distances will allow in small horseshoes. 

Table 3.7 shows the final force values that will be considered for the final selection of the bending 

force and the distance between supports. 

Table 3.7 Values for the bending force taken into consideration 

Hot rolled 
AISI 1042 Maximum Bending Force 

in kN  

Distance (mm) 30 35 40 45 50 

Flat  68 58 51 45 41 

Fullered 60 52 45 40 36 

Table 3.8 contains the percentage needed to be rested to the corresponding grade AISI 1042 force 

value in order to acquire the force magnitude for each grade. These adjustments can be done due to 

the fact of these values being proportional. 

Table 3.8  Plastic force percentage vs. reference force 

Hot rolled Plastic force percentage respect AISI 1042 

Cross-section Flat Fullered 

Distance between  

supports (mm) 
30 35 40 45 50 30 35 40 45 50 

SS14 1540 -17% -17% -17% -17% -17% -17% -17% -17% -17% -17% 

ASTM A 36 -17% -17% -17% -17% -17% -17% -17% -17% -17% -17% 

AISI 1010 -40% -40% -40% -40% -40% -40% -40% -40% -40% -40% 

AISI 1016 -30% -30% -30% -30% -30% -30% -30% -30% -30% -30% 

AISI 1020 -30% -30% -30% -30% -30% -30% -30% -30% -30% -30% 

AISI 1025 -27% -27% -27% -27% -27% -27% -27% -27% -27% -27% 

AISI 1030 -13% -13% -13% -13% -13% -13% -13% -13% -13% -13% 

AISI 1035 -10% -10% -10% -10% -10% -10% -10% -10% -10% -10% 

AISI 1038 -7% -7% -7% -7% -7% -7% -7% -7% -7% -7% 

AISI 1042 68 58 51 45 41 60 52 45 40 36 

In Table 3.8; the first row, marked in dark blue, expresses the type of treatment, which is hot rolled, 

and the steel grade used as a reference for the plastic force, which is AISI 1042. The second row of 



Horseshoe Bending Machine 
Raquel Quesada Díaz  

 

Final Project in Mechanical Engineering, MT503G       36    
 

the table, marked in light blue, has two divisions in columns that correspond to the different types of 

cross-section being studied, flat and fullered. The third row, marked in light grey, shows the 

distances between supports being considered, and as expressed some lines above vary from 30 to 50 

mm in intervals of 5 mm. The rest of the rows show the percentage that needs to be rested to the base 

value (AISI 1042) marked in light green, in order to obtain the bending force magnitude for the rest 

of steel grades which are marked in light red.  

The selection of the maximum bending force together with the distance between supports will be 

selected in later chapters, and will depend on the calculation results for the design of the bending 

mechanism. 
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4 Residual Stresses in Cold Bending Processes  

This chapter describes how the bending process is affected by residual stresses which provoke an 

elastic recovery of the material, and how to calculate and compensate the springback effect.  

4.1 Bending 

As explained in chapter 3, bending is a metal forming process in which a piece of metal is 

transformed into a curved length with a certain angle in order to obtain the desired final shape; the 

angle and/or the curve are obtained by the application of a force to the metal piece. The deformation 

obtained by bending is situated along one axis, but the piece can be deformed by the use of different 

operations in pursuance of the creation of a complex shape (Hsu & Tran, 2011). Additionally, the 

bending process is not only used as part of the deformation process in other metal forming operations 

but also to convey stiffness to the piece by the increase of its moment of inertia (Al-tahat, n.d.). The 

different terms used in bending are shown in Figure 4.1. 

 

Figure 4.1 Definitions of terms used in bending (CustomPartNet, 2009) 

During the bending process the material is under tensile stress on the outer part and compressive 

strain on the inner part of the metal piece (see Figure 4.2), the neutral axis is a boundary line inside 

the material in which there are no tensile or compressive forces present. In this configuration, the 
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part of the material under tensile stress elongates, while the side under compression shortens and the 

neutral axis remains constant (CustomPartNet, 2009). 

 

Figure 4.2  Compressive and tensile forces during bending (CustomPartNet, 2009) 

The bend radius is the radius corresponding to the curvature measured on the inside surface of the 

bend. According to Dieter (1998) the strain on the surface of a material being bent, increases at the 

same time that the radio of curvature decreases. This means that if the bend radius is smaller than a 

certain magnitude cracks will appear on the outer tensile surface, which makes the minimum bend 

radius a forming limit that varies with the type of metal and the geometry of the bending conditions, 

and increases when the material is cold-worked. Besides the appearance of cracks on the tensile 

surface another frequent problem in bending is springback. 

4.2 Springback 

Springback is a phenomenon that occurs after a bending operation in which the metal or alloy is cold 

worked. Once the applied bending force is removed, the material will try to return to its original 

shape due to its elastic recovery, although the material will not experience a complete recovery of its 

original shape (Figure 4.3). This is because in order to achieve a full shape recovery; the process will 

require an absolute inversion of the plastic and elastic strains. This condition is the so called 

Springback and it is affected by:  

• Hardness of the material: The springback increases with the hardness of the material, i.e. the 

harder the material the greater the springback (Benson, 1997). 
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• Yield stress: The springback decreases with the yield stress of the material. This is, the elastic 

recovery (springback) will be smaller the lower the yield stress of the material (Dieter, 1988). 

• Plastic strain: The springback increases with the plastic strain of the material. Which means that 

the lower the plastic strain the smaller the springback (Brush Wellman Inc., 2009). 

• Elastic modulus: When the elastic modulus decreases the elastic recovery, and therefore the 

springback, increases (Brush Wellman Inc., 2009).  

• Cross section: If we have a given material with a specific strain, the higher the ratio between the 

lateral dimensions of the material and its thickness the greater the springback (Dieter, 1988). 

• Yield Strength to elastic modulus ratio: The higher the ratio between the yield strength and the 

elastic modulus of the material the greater the springback (Davis, 2004).  

• Bend angle: The elastic recovery, and therefore the springback, increases with the relative effect 

on the elastic area in the neutral zone (Wila, 2014). 

• Yield strength to ultimate tensile strength ratio: The higher the ratio between the yield 

strength and the ultimate tensile strength the greater the springback (Boyer, et al., 1994) 

• Bend radius to thickness ratio: The springback increases with the bend radius to thickness ratio 

(Damian-Noriega, et al., 2008). 

 

Figure 4.3  Springback (CustomPartNet, 2009) 

There are two different theories that explain why springback occurs; one affirms that it is produced 

as a consequence of the tensile plastic and compressive elastic and plastic characteristics of the 

material being worked (residual stresses), that exist in the middle of the material’s cross section, 

where the neutral axis is (see Figure 4.2). In bending, when the metal or alloy is being cold worked, 

it is subjected to tensile and compressive stresses in each side of the neutral axis. In this zone, only 
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elastic deformation takes place even when it is under large bending forces, therefore the material 

partly returns to its initial shape due to its elastic recovery (see Figure 4.3 and Figure 4.4). 

 

Figure 4.4  Springback, stress and strain during forming 

The second theory declares that springback is produced by the movement of the particles of the 

material (see Figure 4.5).  

 

Figure 4.5  Molecular displacement caused by bending (Burrill, 2010) 

When the metal is being bent the cross sectional inner zone is under compression while the outer 

zone of the cross section is under tension (see Figure 4.2). Under these circumstances, the material 

has higher molecular density on the inner cross sectional bent region (see Figure 4.5). Thus, the 

compressive strength of the metal is usually bigger than its tensile strength. This means that the 

pressure will cause a permanent deformation in the outer cross section of the material before it 

deforms the inner cross section. So when the bending force is withdrawn the compressive stress will 

change into elastic recovery of the material or springback (Totten, et al., 2002; Benson, 1997). 
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4.3 Springback Calculation 

The springback factor ?� is defined as the relation that exists between the initial bending angle and 

the final bending angle (see Figure 4.3), and can be expressed as: 

?� 3 0��I�	I����;����I�	I���� 3 ���� 																																																														(4.1, 

If equation 4.1 is observed, it can be concluded that a value of ?� 3 1 means that the bent material 

does not experience springback. However, when a value of ?� 3 0 is obtained, it means that the bent 

material experiences a total springback. 

The springback is not only dependant on the bend angle; as explained in paragraph 4.2 it is also 

affected by the bend radius, so that the springback increases with the bend radius to thickness ratio. 

This means that the elastic recovery is not only experienced by the bend angle but also by the bend 

radius, thus the final bend radius is bigger than the initial radius (see Figure 4.5). In addition, the 

bend allowance (see Figure 4.2) is constant (Dieter, 1988) therefore, it can be defined as: 

> 3 `k� 7 �2a �� 3 `k� 7 �2a ��																																																				(4.2, 

However, under certain circumstances the final bend radius is smaller than the initial radius what is 

known as negative springback or springforward (Burrill, 2010). 

If the relations shown in equation 4.2 are included in equation 4.1, the springback factor can be 

expressed as: 

?� 3 2k�� 7 12k�� 7 1																																																																									(4.3, 
As can be seen, the springback ratio in equation 4.3 depends on the bend radius to thickness ratio 

being independent from the material thickness. If the bending process is assumed to be a pure flexion 

problem (Damian-Noriega, et al., 2008) the springback can be approximated as: 

?� 3 k�k� 3 4`k�2VN� a� B 3k�2VN� 7 1																																													(4.4, 
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where, 

k� is the initial bend radius [m] k� is the final bend radius [m] 2V is the yield strength of the material [Pa] N is Young’s modulus [Pa] � is the material thickness [m] 

If equation 4.4 is analysed, it can be ascertain that the springback increases with the bend radius to 

thickness ratio, the yield strength of the material and when Young’s modulus decreases (Kalpakjian 

& Schmid, 2002).  

4.4 Springback Compensation 

In order to counteract the springback phenomena, different procedures have been developed through 

time in the manufacture industry. The diverse techniques vary from one to another and depend on the 

bending process that it is being used.  

4.4.1 Overbending 

This procedure is one of the most extended approaches and consists in overbend the material to a 

specific extent so de desired bend radius and bend angle can be achieved (see Figure 4.6). 

 

Figure 4.6  Overbending process: (a) desired geometry (b) actual bend and (c) 
geometry after springback occurs (The Library of Manufacturing, n.d.) 

In order to obtain the desired result, the overbending process takes advantage of the elastic recovery 

of the material. First the magnitude of the springback is calculated so the material can be bent to a 

smaller bend angle than needed (see Figure 4.6b). Afterwards, when the applied bending force is 

released from the specimen, the elastic recovery takes place and increases the bend angle up to the 

aimed angle (see Figure 4.6c). 

a) b) c) 



Horseshoe Bending Machine 
Raquel Quesada Díaz  

 

Final Project in Mechanical Engineering, MT503G       43    
 

Overbending springback compensation can be mainly accomplished by two different approaches: the 

modelling approach makes a springback prediction and concludes the amount of displacement 

needed to overbend the material for an assumed set of material properties and tool geometry 

(Raghupathi, et al., 1983; Wang, et al., 1993). However, the modelling approach is not suitable 

because the springback prediction is calculated through the nominal thickness and properties instead 

of the true thickness and properties of the material being bent. The feedback approach conducts an 

iterative trial and error process by which, specific parameters as can be the initial and final bend 

angle are checked and the movement of the punch is corrected until the desired final bend angle is 

achieved (Wang, et al., 2008). 

4.4.2 Coining (V-Die Bending) 

Coining is a precision cold forging process that allows the creation of flashless, detailed and accurate 

shapes on the surface of the working material. Due to the high precision required from the process, it 

is accomplished cold without lubrication. This is because any substance situated between the die and 

the working piece would prevent the accurate reproduction of the details on the surface of the 

material. The coining bending process is usually done by mechanical presses specially designed for 

this operation that require a high tonnage in order to cause the plastic deformation of the surface of 

the material by the application of a large amount of force over a short distance (The Library of 

Manufacturing, n.d.).  

 

Figure 4.7  Coining (Bend Allowance, n.d.) 

During the process, a high amount of pressure is applied to the material so the punch can penetrate 

into the material past the neutral axis and cause the material to flow into the die (see Figure 4.7). Due 

to the flow of the material the bend radius formed by coining is equal to the bend radius of the 

punch. In addition, the high pressured penetration into the material relieves it from internal stresses, 

and therefore eliminates the springback (Daw-Kwei & Chung-Ming, 2008). 
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This method only works well in light-gauge mild steel, but it is possibly the worst option for some 

kind of materials such as stainless steel, aluminium and cold rolled steel. The required tonnage for 

the material start to flow in such a short distance is often so high that it is about 5 to 8 times the 

tonnage required in bottom bending, thus coining is barely used nowadays unless high precision is 

needed (Benson, 2002; Burrill, 2010) 

4.4.3 Bottom Bending  

As can be seen in Figure 4.8, bottom bending is a process which procedure is realized by two main 

components of the machine. The first component is a die placed at the base of the mechanism that 

has an opening with the angle desired for the material. The second part consists in a punch with the 

male shape of the die which presses the material against the opening in the die and forces itself into 

the die so the final shape can be achieved (SheetMetal.Me, 2011).  

In order to compensate the springback effect, this method provokes a plastic deformation in the bend 

region, i.e. there are local compressive forces in the bend region situated between the punch and the 

die that will cause a plastic deformation in the elastic core of the material (The Library of 

Manufacturing, n.d.). 

 

Figure 4.8  Bottom bending process and springback compensation (a) the material is 
forced against the die, (b) the material is overbent and (c) final shape after 
springback occurs. (SheetMetal.Me, 2011) 

The springback compensation is achieved by the realization of some modifications to the angle of the 

die and the punch. While the angle in the bottom die matches the desired bend angle, the angle of the 

punch is several degrees smaller than the angle of the die. The amount of clearance between the die 

and the punch should be equal to the springback in the material that is being bent. In the springback 

compensation process, first the material is pressed by the punch against the die (see Figure 4.8a), 

then the punch continues pressing the work piece until the material acquires the angle of the punch 

a) b) c) 
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(see Figure 4.8b). Once this is achieved, the pressure is released allowing the springback of the 

material which will have the desired final angle (see Figure 4.8c) (Benson, 2002). 

As coining bottom bending works only with thin gauges of material. However, bottom bending 

offers a better option than coining because it provides higher control over the bend angle with a 

lower tonnage. Unlike coining, bottom bending can also be used with stainless steel, aluminium and 

cold rolled steel (SheetMetal.Me, 2011; Benson, 2002). 

4.4.4 Air bending 

This process is a three point bending method. These three points are situated at the point of the punch 

tip and the two edges of the die (see Figure 4.9). The bend angle is determined by the depth of the 

punch penetration into the opening of the die (Pacific Press Technologies, 2011).  

 

Figure 4.9  Air bending process (Wang, et al., 2008) 

It is a stable process when it is combined with the latest models of CNC Press Brake, although it can 

become a hindrance due to variations in bent angles provoked by the existent differences between 

materials like thickness, grain direction, tensile strength, etc., and/or the accuracy of the machine, the 

accuracy of the punch and the deflection of the machine among others (Pacific Press Technologies, 

2011). 

One of the most common methods used for springback compensation in air bending is to overbend 

the material by a deep punch blow, although a better result can be achieved as a result of the hybrid 

combination of the overbending and feedback approaches described in paragraphs 4.4.1 and 4.4.5 

respectively (Wang, et al., 2008).  

4.4.5 Feedback Mechanism 

These kinds of mechanisms are usually used as a complement to the bending mechanism and allow 

an adjustment of the bend in real time for each piece. The mechanism uses an integrated mechanical 

sensor, a camera or a laser to track the accuracy of the bend and the springback of the bent piece. 
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4.5 Springback prediction 

As mentioned before, paragraph 4.2, the amount of springback that the piece, the horseshoe in this 

case, may suffer depends on several factors as can be the type of material, the thickness, the 

mechanical properties, the grain direction, the bend angle, etc. The influence of all these factors 

increases the difficulty to predict the amount of springback that can be encountered.  

In 1997, Benson affirmed that, under normal production, if the thickness of the material being bent 

has a one to one relationship with the bend radius, the springback experienced by the material will be 

consistent with the natural elastic recovery of the material being bent. As a consequence, it can be 

said that overall, the subsequent springback deflections for a 90 degree angle are true (Benson, 

1997): 

• Stainless steel: 2 to 3 degrees. 

• Cold rolled steel: 0.75 to 1.0 degrees. 

• Hot rolled steel: 0.5 to 1.0 degrees. 

• Mild aluminium: 1.5 to 2 degrees. 

• Copper and brass: 0.00 to 0.5 degrees. 

• Mild Steel: 1 to 3 degrees. 

However, the difficult side of springback is that there are so many variables able to influence the 

result that it cannot be affirmed that all the deflections above are true in all cases.  

Benson defines the degree of springback as: 

∆∠ 3 k�2.1� 																																																																														(4.5, 
Equation 4.5 has been developed using as base mild cold rolled steel bent ∠ 3 90° in an air bending 

process, and has to be compensated if any other bending process or angle is used. In case of other 

materials being used, the degree of springback can be adjusted by multiplying the result by the 

following factors (Benson, 1997): 

• Stainless steel: 2.0 

• Cold rolled steel: 1.0  

• Hot rolled steel: 0.75 

• Aluminium: 1.5 
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• Copper and brass: 0.5 

• Urethane or spring load backup: 0.667 

4.6 Selection of the Springback Compensation Method 

The chosen method for springback compensation in the HBM is a combination of different methods.  

Since the bending process used in the HBM is a modified version of the air bending process, it can 

be expected that, in order to compensate the springback effect, overbending would be a good 

solution. 

In addition, and since the HBM has image recognition software integrated, it is logical to take 

advantage of this software and use it also as a feedback mechanism that will allow a real time 

correction of the springback during the horseshoe’s bending process. 

The HBM will have a camera integrated that will take images in real time and will send them to the 

image recognition software, which in turn will compare the shape of the horseshoe after every 

bending operation with the image of the horse’s hoof. In case of the actual shape of the horseshoe 

being equal to the shape of the horse’s hoof the HBM will stop the bending process, and the 

horseshoe will be finished. Otherwise, if the horseshoe’s shape varies from the horse hoof’s shape 

the machine will continue with the bending process. 
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5 Mechanical Concept Design  

This chapter describes the different concept solutions which are being taken into account for the 

design of the bending mechanism of the machine. The goal of this chapter is to find a design that not 

only has accuracy, good capability to move in every direction and the best disposition of its parts so 

they occupies as less space as possible but also allows the machine to work autonomously; therefore 

the operator (farrier) will only have to insert the horseshoe and select its manufacturing material. 

Following this aim, it is included a description of the different considerations that are being 

contemplated in each design. 

5.1 Design 

In pursuance of the main goal of this project, the design of the bending mechanism has been 

implemented through the development of a first concept design which is afterwards thoroughly 

analysed in search of flaws that can be improved on in a second concept design. The Second concept 

design will go through the same process until the best concept solution is achieved.  

5.2 First Concept Design  

The HBM first concept design is shown in Figure 5.1 and consists of a main structure that will not 

only serve as structural element, but will also be capable to house and support the weight of all the 

mechanisms and components required for the correct functioning of the machine, as for instance, a 

server box containing all the electronic devices.  

On the top surface of the structure presented in Figure 5.1, there are two well differentiated main 

areas. The first one, situated on the right side of the machine, is reserved for the control of the 

machine, and will include a tactile screen. The tactile screen will permit the operator the selection 

between different operational programs and options, as for example, the type of cross section or the 

manufacturing material of the horseshoe.  
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Figure 5.1  Initial concept design of the HBM 

The second and bigger area, situated on the left side of the machine, is meant to be the working area 

and will contain the horseshoe bending mechanism which is explain in depth in paragraph 5.3.  

5.2.1 Safety 

Below the two surface areas, there is an empty space that, as stated before, will contain all the 

mechanisms, components and electronic devices needed for the correct functioning of the machine. It 

will be necessary to maintain the electronic devices separated from the mechanical components by 

the use of a separation wall so the electronic devices are situated in a zone as clean as possible. In 

addition, with the separation wall the risk of suffering a short circuit due to the liquids or dirt 

belonging to the machinery parts can be avoided.  

 

Figure 5.2  ISO Safety labels (a) electrocution risk (b) burn hazard (MySafetyLabels, 
2014) 
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In addition, all the machine components situated inside the housing structure will be on a closed but 

accessible space for maintenance through the front of the machine that will count with two doors. 

The first door will be a metallic acess door that forms part of the structure of the machine and its 

function is to separate the components inside the machine from the outer elements. Once this door is 

opened there will be a guard door made of transparent material such as methacrylate, polycarbonate 

or polyethylene terephthalate, etc., that will allow the visual control of the mechanisms and 

components for maintenance and reparation pursposes. The guard door will have a sensor that will 

stop the functioning of the machine if the lock of the door is opened and will resume its functioning 

once the lock is closed. This will impede breakages due to the introduction of external parts or 

substances not belonging to the machine, the projection of materials or the leakage of liquids to the 

outside. Furthermore, the difficult access to this part of the machine by the operator (farrier) and the 

maintenance service will avoid damages in limbs, electrocution or any other danger derived from the 

manipulation of the machinery without knowledge. 

Likewise, the bending mechanism will have a transparent enveloping cover also made of 

methacrylate, polycarbonate or polyethylene terephthalate, etc., that will allow the visual control of 

the bending process by the farrier while preventing damages in limbs or any other danger derived 

from the movement of the parts of the bending mechanism as can be the projection of materials due 

to breakage, not properly secured horseshoes, or maintenance tools that were not retired from the 

machine. The machine will count with a locking system for the cover and sensors to control that the 

cover has been place in its correspondent position over the bending mechanism. Once the horseshoe 

has been placed in the correct position in the bending mechanism and the horseshoe material has 

been inserted into the system, the machine will ask the farrier to close the cover and press a 

confirmation button on the tactile screen, the sensors will check that the cover is correctly closed and 

the system will lock the cover in place and ask for a confirmation before starting with the bending 

process; the cover will remain locked until the bending process is done. If the integrity of this cover 

is compromised the machine will stop its functioning automatically. 

Moreover, the machine will count with a red emergency stop push button with yellow background 

and the phrase “Emergency Stop” (see Figure 5.3) according to the standard EN ISO 13850 and the 

machinery directive 2006/42/EC; this button will stop the functioning of the machine in an 

emergency situation. For fail-safe operation, the emergency stop button will ensure that the 

emergency stop cannot be activated or prevented from activation by a broken wire, and if a 
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programmable logic controller is used to control the machine the emergency stop must override the 

output of the controller.  

 

Figure 5.3  Emergency stop button ISO 13850 (Regan, 2009) 

Furthermore, every time there is a breakage, blockage, leakage or any other mechanical or electrical 

malfunctioning the machine will stop its functioning and the control system must display an error on 

the tactile screen specifying the type and location of the error. 

5.3 Initial Bending Mechanism 

The main aim pursued with the design of the bending mechanism is to provide a practical solution 

that allows shaping the horseshoe as accurately as possible. At the same time, the mechanism should 

permit freedom of movement and possess adaptability to the numerous sizes and manufacturing 

materials of the horseshoes. In order to reach this goal, a study of the different variables which affect 

the design will be done in paragraph 2. 

5.3.1 Disposition 

The bending mechanism will be situated in the working area designated in paragraph 5.2 inside a 

rectangular metal bench as shown in Figure 5.4. As was briefly described in paragraph 3.3, the 

working principle of the horseshoe bending mechanism being developed in this project, is similar to 

the functioning of a tube bending machine.  
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Figure 5.4  Initial configuration of the bending mechanism (concept, not scaled) 

In this initial design the HBM bending mechanism will have the configuration presented in Figure 

5.4. There will be a total of six rollers that will be divided into two groups of three, and placed 

symmetrically from the vertical axis of symmetry situated at the centre of the base. Both groups of 

three rollers will be placed at each side of the horseshoe as is shown in Figure 3.7 and Figure 5.5.  
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Figure 5.5  Horseshoe and rollers disposition 

When the bending force is applied, this roller disposition on each side of the horseshoe allows the 

application of the bending force by roller 2 in order to obtain the desired curvature on the horseshoe 

at the same time that rollers 1 and 3 apply the support reaction increasing or decreasing its wideness 

and curvature so it adapts perfectly to the shape of the horse’s hoof. 

5.3.2  Adaptability 

In order to reach a high accuracy level in the horseshoe’s shaping process; the mechanism has to 

allow a perfect adaptation of the rollers to the shape and size of the horseshoe in every moment. This 

perfect adaption to the horseshoe will only be achieved if the mechanism allows the free movement 

of the rollers along the r and = axes throughout the base of the mechanism. In addition, as 

consequence of the free movement of the rollers along both axes the automation of the machine can 

be achieved. If the rollers were only able to move along their action line, which is along the r-axis, 

they will only be able to shape the smaller horseshoes which may need only one application point of 

the bending force. Therefore, the whole concept will cease to be valid because this machine needs to 

be capable to adapt the positioning of the rollers to the shape of the horseshoe independently of its 

size, so bigger horseshoes that need more than one correction in their shape, can also be adapted to 

the horse’s hoof. 
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5.3.3 Motion 

Power screws are machine elements designed to convert a rotary motion into a translational motion. 

They can increase a small tangential force that has a rotatory movement along a considerable 

distance into a large axial force that moves along a short distance, or apply the force needed to carry 

a machine part or mechanism throughout a desired path.  

Power screws are threaded shafts able to generate uniform motion due to their geometry. The screw 

is interlocked with a matting nut and has a thrust collar attached to one of its ends. If a suitable 

constraint is applied to the power screw configuration, different motions can be achieved: either the 

nut rotation is prevented while the screw rotates to produce the axial translation of the nut, or the 

screw rotation is restrained and the rotation of the nut induces the axial movement of the screw. For 

example, if bearings are being used to support the screw while it rotates at the same time that the nut 

is being held at rest, the nut will have a linear movement along the screw. If the nut is part of a 

mechanism, such as the platform in Figure 5.6, the thread will carry the platform along the = axis of 

the bench in Figure 5.4 (Mott, 2004; Collins, et al., 2010). 

5.3.3.1 Motion along the Y Axis 

As can be seen in the bending mechanism shown in Figure 5.4, the movement of the rollers along the = axis is achieved by the employment of three U-shaped platforms (see Figure 5.6), which are 

connected to the bench of the mechanism by the use of five through-holes placed at the platform’s 

side bottom and below the level of the lead screws situated on the inside.  

The vertical movement of the platforms, i.e. along the = axis, is achieved with the utilization of three 

power screws with buttress thread. Each of the power screws is connected to an electrical motor 

situated on the bottom part of the mechanism’s bench (see Figure 5.4). The lead screws intersect 

every platform through the three central holes situated on the platforms’ sides. The linkage of the 

screws is done with the interlock of the threaded shaft with a mating nut situated on the inside of the 

holes, although only one of the holes (different for each platform) will have a thread allowing the 

actual connection to the correspondent screw (see Figure 5.6), i.e. only the screw situated inside the 

threaded hole will transmit torque to the platform. As a result of this configuration, each electrical 

motor moves only one platform. Moreover, the independence of the platforms is ensured since it is 

possible to control the motors separately. 



Horseshoe Bending Machine 
Raquel Quesada Díaz  

 

Final Project in Mechanical Engineering, MT503G       55    
 

 

Figure 5.6  Individual platform 

Additionally, the platforms are attached to the bench of the mechanism by the use of two guide bars 

that will pass through the two outer through-holes. The main function of the guide bars is to prevent 

the yaw, pitch and roll of the platform provoked by the linear movement due to the screws, at the 

same time that serve as guides and ease the translation movement of the platforms along the screws. 

Besides, the screws situated inside the platforms’ unthreaded holes will act as guides as well and 

help with the stabilization of the movement. 

5.3.3.2 Motion along the X Axis 

In Figure 5.4 it can be observed that every platform has a pair of rollers which are attached to it. The 

aim is to achieve an approach for the mechanism that will allow the free movement of the rollers 

along the x axis, so the rollers can adapt perfectly to the horseshoe shape and bend it to the required 

position. 

In order to allow a linear movement of the rollers along the x axis, a power screw is attached inside 

the platform and to an electrical motor situated at the bottom part of the platform, (see Figure 5.6). 

The handedness of a power screw, which is the twist orientation of the thread helix, can spin in two 

different directions, right-handed and left handed (see Figure 5.7). The default handedness of a screw 

is commonly established as right-handedness. 
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Figure 5.7  Acme right vs. left handed thread (CNC Router Source, 2009) 

The rollers shown in Figure 5.4 have a cylindrical form and are attached to a rectangular base made 

of the same material, for a close up image see Figure 5.8. The roller is connected to the power screw 

by a mating nut situated inside a through-hole placed in the rectangular base.  

 

Figure 5.8  Cylindrical roller and connecting nut 

As stated in Appendix C the chosen thread for the power screw will be the buttress one, although in 

this case, it will be a double ended power screw, which means that the screw will be threaded at both 

ends, i.e. the screw will be threaded right-handed from the part attached to the electric motor till the 

middle, and from there onward the thread will be left-handed (see Figure 5.7). With this 

configuration, the two rollers attached to it will have a symmetrical movement from the centre of the 

screw, i.e. they will draw near or move away from each other depending on their relative position in 

the mechanism or the type of bending needed in the horseshoe. For example, in case an increase of 

the horseshoe’s curvature is needed, the central rollers will move away from each other approaching 

the horseshoe from the inside while the other rollers will draw near approaching the horseshoe from 

the outside. On the other hand, when it is required a decreasing of the curvature, the opposite 
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movement will occur, the central rollers will draw near from the outside while the outer ones will 

move away from the inside. 

5.3.4 Results of the calculations 

The obtained results for the horseshoe bending mechanism are displayed in Table 5.1 and Table 5.2. 

The power screw calculation process that leads to these results is explained in detail in Appendix C. 

Table 5.1  Results obtained for the power screw design for a buttress threaded single 
started power screw recommended for the central rollers 

Bending Force Power screw data central screw 

Dist. Supports 

(mm) 

Force  

(kN) 
� 

 (mm) 

��   
(mm) 

��  
 (mm) 

� 
 (mm) 

R  

(mm) 
�� 

 (Nm) 

�� 
 (MPa) 

(���_��,� 

 (MPa) 

(���_��,� 

 (MPa) 

30 68 120 95.70 110.45 14 1.74 275 11.1 17.4 93.1 
35 58 110 89.17 101.82 12 1.49 209 11.9 18.7 102.5 
40 51 90 69.17 81 12 1.49 183 13.3 16.3 88.9 
45 45 85 64.17 76 12 1.49 163 11.8 14.4 78.5 
50 41 85 64.17 76 12 1.49 147 12.7 12.9 70.2 

First row in Table 5.1  Results obtained for the power screw design for a buttress threaded single 

started power screw recommended for the central rollers shows two columns marked in different 

colours; below orange colour are situated all the data that belongs to the bending force, as the 

distance between supports and bending force’s corresponding magnitude. The data situated under the 

dark blue column belongs to the power screw.  

If the new values for the maximum allowable bearing load, σ�, are compared to the maximum 

allowable unit load, P��� 3 13.8	MPa, it can be ascertain that the inequality  P���  σ� is satisfied. 

In addition, it can be seen that stress magnitudes in critical point C are larger than the stresses in 

critical point B, �2Z��� ¡�  �2Z��� ¡n, which confirms that the governing point is critical point C 

and wear is the main failure mode for the lead screw. Furthermore, it can also be ratified that the 

design stress, σ¢ 3 103.3	MPa, is greater than the stress at critical point C, (σ£¤_¥¦,¥, thus the 

inequality 2§  �2Z��� ¡�is also fulfilled. Therefore, since this power screw solution seems to 

accomplish all the design criteria and prevents failure by wear, fatigue and buckling, it can be 

asserted that the design configuration in Table 5.1 is acceptable for the central screw, see roller 2 in 

Figure 5.4. 

The calculation process has been repeated and presented in Table 5.2 for the power screws situated 

on the sides of the mechanism (see rollers 1 and 2 in Figure 5.4) 
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Table 5.2  Results obtained for the power screw design for a buttress threaded single 
started power screw recommended for the side rollers 

Bending Force Power screw data side screws 

Dist. Supports 

(mm) 

Force  

(kN) 
� 

 (mm) 

��   
(mm) 

��  
 (mm) 

� 
 (mm) 

R  

(mm) 
�� 

 (Nm) 

�� 
 (MPa) 

(���_��,� 

 (MPa) 

(���_��,� 

 (MPa) 

30 34 75 57.64 67.5 10 1.24 92.23 11.73 20.37 97.29 
35 29 65 47.64 57.5 10 1.24 76.48 13.66 19.12 88.83 
40 26 60 44.38 53.25 9 1.12 66.92 11.96 16.66 77.09 
45 23 55 39.38 48.25 9 1.12 59.48 13.21 14.76 68.09 
50 21 55 39.38 48.25 9 1.12 53.54 13.37 13.25 60.97 

In this case, it can be observed that the values for the maximum allowable bearing load, σ�, are 

smaller than the maximum allowable unit load, the stress magnitudes in critical point C are larger 

than the stresses in critical point B, being critical point C the governing point and wear is also the 

major failure cause for the lead screw. Additionally, the design stress, σ¢, is greater than the stress at 

critical point C, (σ£¤_¥¦,¥ . Hence, it can be affirmed that the design configuration in Table 5.2 is 

also acceptable for the side screws, and avoids failure by wear, fatigue and buckling. 

5.3.5 Disadvantages of the Mechanism 

One of the main design limitations of the bending mechanism is the distance between supports, 

which act as limiting value to choose or discard the current design.  

If the results in Table 5.1 and Table 5.2 are observed, it can be seen that the diameter of the screw 

has a direct relation with the distance between supports and the applied bending force; which means 

that the bending force and the diameter of the screw increases as the distance between rollers 

applying the force in the same branch of the horseshoe diminishes.   

In this case, if the disposition of the rollers represented in Figure 5.9 is analysed it can be seen that 

this configuration corresponds to the part of the mechanism situated on either side of the axis of 

symmetry of the mechanism shown in Figure 5.4. In case the disposition of the screws and platforms 

in Figure 5.4 is considered, it is clearly seen that the size of the power screw for any of the design 

forces is too big to allow the platforms to come close enough to each other to apply the force.  
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Figure 5.9  Disposition of the rollers that apply force on the same horseshoe’s 
branch 

For example, if the distance between supports is supposed to be 50 mm, then the power screw should 

have a nominal diameter of 85 mm for the central screw and 55 mm for the screws situated on the 

sides. This means that, even before the screws are attached to the platforms, it is not possible to 

assemble the mechanism in a way that allows the rollers on the sides to be at a distance of 50 mm 

and the central one situated in the middle, i.e. situated at 25 mm from each of the side rollers.  

As stated in paragraph 5.3.3.2, if the two cylinders situated in each platform are attached to the same 

double ended power screw, their movement will be symmetrical, i.e. they will move along the same 

direction but opposite to each other, thus both horseshoe branches will be modified identically with 

respect to the horseshoe’s axis of symmetry. However, the horse’s hooves are not symmetrical so the 

drawback that this configuration presents is that it does not permit an independent modification of 

the horseshoe branches, which leads to its discard. 

In addition, paragraph 5.3.3.1 explains how the movement of the platform along the y axis is 

achieved by the use of just one power screw linked to a mating nut situated inside one of the three 

holes placed near the base of the platform. Nevertheless, with that kind of configuration the platform 

will not have a smooth uniform movement, even with the utilisation of the guides. Since the thread is 

placed in only one of the three platform holes (see Figure 5.4), when the motor transmits torque to 

the drive screw and the platform moves forward to the desired direction, it provokes an uneven 

motion on the other side of the platform that is similar to the polygonal effect in a chain drive. The 

drive side of the platform will literally pull from the other side which will accelerate and decelerate 

at intervals with the result of an increased load bearing on the platform, guide and screw’s fatigue 

strength. This uneven load transmission is what causes the jerky motion of the platform. 
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On the other hand, the main disadvantage in the use of power screws is their low efficiency, which 

prevents them from being used in applications that may need a continuous power transmission. In 

addition, the threads of the screw and the mating nut wear out quickly due to the high degree of 

friction that they experience. 
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6 Mechanical Concept Design 2nd Part 

This chapter describes a new concept solution done taking into account the different advantages and 

disadvantages of the previous concept design described in chapter 5. The goal is to find the best 

design for the bending mechanism of the machine. The mechanism has to be accurate, with the best 

disposition to provide good motion and with capability to work autonomously. Following this aim, it 

is included a description of the different considerations that are being contemplated in the design. 

6.1 Alternatives to the First Design 

The first concept solution has several deficiencies and does not provide all the characteristics 

pursued in the bending mechanism, paragraph 2. Therefore, a second design is made taking into 

consideration the different alternatives to power screw that exist in the market. Alternatives to 

actuation by lead screw include: 

• Ball and roller screws (see Figure 6.1)  

• Gear trains as worm drives or rack-and-pinion drives (see Figure 6.2) 

• Electromagnetic actuation as solenoids (see Figure 6.3) 

• Piezoelectric actuation (see Figure 6.4) 

• Fluid power as hydraulics and pneumatics (see Figure 6.5). 

6.2 Characteristics of the Alternatives to Lead Screws 

In this paragraph, it is included a brief analysis of the different alternatives to power screws, 

including some of the advantages and disadvantages of every option. 

6.2.1 Ball and Roller Screws 

Although the ball and roller screws are a better option because their construction minimizes the 

friction between the lead and the nut, this same advantage is a disadvantage because ball and roller 

screws can be back driven due to their low internal friction. They require high levels of lubrication 

and the screw can become contaminated. Furthermore, if the system demands to be locked 

supplementary breaks are to be used. Additionally, the cost of manufacture for a ball or roller screw 

is higher than the one for a power screw. (Collins, et al., 2010) 
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Figure 6.1  Ball screw (a) and roller screw (b) (Superior Ball Screw, LLC, 2012; Linear 
Bearings and Transmissions Ltd, 2014) 

6.2.2 Gear Trains 

Gear trains can provide a positive drive without slip and are suitable for high torque, high speed and 

high power transmissions. If a good design and maintenance is provided gear trains have a long 

service life. However, gear trains need an accurate alignment; if they are misaligned the gear train 

will suffer from damage beyond repair in a short time. In addition, gear trains need a proper 

lubrication system which involves a high cost; a lack of lubrication can cause the system to make 

noise and have undesirable vibrations. Besides, a spare gear is costly and proper replacement gear is 

difficult to procure. (Simón, et al., 2000) 

 

Figure 6.2  Gear trains: worm gear (a) and rack and pinion system (Emerson Electric 
Co., 2014; Andantex USA Inc., 2014) 

a) b) 

a) b) 
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6.2.3 Electromagnetic Actuators 

There are different kinds of electromagnetic actuators so the advantages or disadvantages of the 

utilization of any of the diverse types available vary from one another. In general the benefits of the 

utilization of electromagnetic actuators are their high efficiency and reliability. These kinds of 

mechanisms are easy to control and provide a good dynamic response. Electromagnetic actuators 

require low infrastructure and are easy to replace therefore, they require low maintenance and low 

running costs. On the other side, electromagnetic actuators have a complex structure with a small 

thrust and have a higher failure rate than pneumatic actuators. (Zhejiang Jimai Automatic Machinery 

Co., Ltd, 2014; Konev, 2006) 

 

Figure 6.3  Electromechanical actuators: linear actuator (a) and solenoid actuator (b) 
(ElectricLinearActuators.org, 2010; Murphy Enovation Controls Ltd, 2014) 

6.2.4 Piezoelectric Actuators 

The piezoelectric effect is a property of certain materials in which the material expands because a 

voltage has been applied to it. Piezoelectric actuators are capable of exceptionally fine positioning 

resolution. However they have a short range of motion, i.e. limited stroke, and piezoelectric materials 

suffer from hysteresis which makes difficult to repeatedly control the expansion of the piezoelectric 

material. In addition, the actuator must be preloaded in order to generate tension and is unable to 

maintain a constant force along its structure. (Hitchcox, 2005; Novotny & Ronkanen, 2011; Trease, 

2001) 

a) b) 
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Figure 6.4  Piezoelectric actuators: high load linear piezoelectric actuator (a) and 
multilayer piezoelectric actuator (b) (Direct Industry, 2014) 

6.2.5 Fluid Power 

Fluid power systems work using pressurized gas or liquid to transmit and control energy. These 

systems eliminate the necessity of intermediate equipment and transmit motion without any slack. 

Fluid power systems are accurate, easy to control and several systems can be controlled at the same 

time with the same pump or air compressor. Since fluids are the main component, this kind of 

mechanisms have less wear and tear and can apply a constant force or torque. In addition, the 

compact and light weighted components can increase a linear or rotary force from a fraction to 

several hundreds of tons at the same time that maintain a silent operation that keeps vibrations to a 

minimum. One of the detriments of the fluid power systems is that under aggressive environmental 

conditions the precision parts are difficult to maintain. If the circuit design of the system is poor it 

can result in leaks and overheating. The first one occurs when the system is not design for cool 

operation and minimal shock, among other things. Overheating occurs when the power unit provides 

more energy than needed to function by the machine. (Gupta & Arora, 2007; Trinkel, 2007) 

a) b) 
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Figure 6.5  Fluid power cylinders: hydraulic cylinder (a) and pneumatic cylinder (b) 
(IndiaMART InterMESH Ltd, 2014; Hitchcox, 2013) 

6.3 Why Choose Fluid Power?  

Electric actuators seem to be a better option than fluid power due to their interface flexibility with 

control systems, in addition to their systems being smaller, quieter and lighter than fluid power 

systems, among other advantages. Notwithstanding, electric actuation systems are limited to 

applications below 22.24 kN in static loads and 13.34 kN in dynamic loads (Wroblaski, 2007). Since 

the bending force to be applied by the system is over those magnitudes electric actuation must be 

discarded for the horseshoe bending mechanism (see paragraph 3.10).  

Moreover, taking into consideration the characteristics of the different systems presented in 

paragraph 6.2 and the knowledge that machines currently use hydraulics to activate tools, steering 

systems, transmissions, pilot controls, etc. This was provoked by the need to increase the 

productivity of the machines, which had as a result the design and use of high-pressure systems with 

greater flow. These high-pressure systems have automatic control and command systems that require 

a minimum effort from the operator, having as a result high reliable and efficient machines, which 

lowers the cost of the power transmission due to their minimum friction loss. Furthermore, if sensors, 

transducers and microprocessors are used, fluid power systems can be combined with different 

technologies (Gupta & Arora, 2007). Therefore, it has been decided than fluid power systems are the 

better suited for the work at hand in the design of the horseshoe bending mechanism.  

a) b) 
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6.4 Hydraulic vs. Pneumatic Systems 

Once it has been decided that fluid power is the best solution to the design, the only thing left is to 

choose which kind of system is going to be used. There are two main types of fluid power systems: 

hydraulics and pneumatics. This division is done depending on the type of fluid is being used to 

operate. While hydraulics systems are closed systems which continuously recirculate liquids such as 

oil and water and uses them to transmit and control the energy of the work process, pneumatics are 

open systems which employ gases such air or nitrogen and releases them to the atmosphere after the 

completion of the working process. 

Apart from the brief general description included in paragraph 6.2.5 both types of power systems are 

able to work in: hazardous areas if logic controls or explosion proof controls are used and high 

humidity atmospheres including under water machinery. Hydraulic systems are slower than 

pneumatics because the viscosity of the hydraulic liquid (oil) makes it require more energy to move 

than air, which offers little resistance to flow and expands quickly through the pipes. On the other 

hand, pneumatic systems are not suited to move heavy loads because air is compressible and suffers 

from pressure fluctuations when the cylinder moves or the load changes, thus it is difficult to locate 

objects accurately with a precise speed. The contrary occurs with hydraulic systems, liquids are 

considered to be incompressible which makes it easier to lift and move the loads evenly (Trinkel, 

2007). 

Generally speaking in order to produce the same force the hydraulic cylinder needed is smaller than 

its pneumatic counterpart. Besides, due to the energy loss during the heat production needed to 

compress air pneumatics systems are more costly than hydraulic systems. Moreover, pneumatic 

systems can only work with maximum pressures of 0,5 to 1,0 MPa while hydraulic systems can work 

efficiently up to 30 MPa (Gupta & Arora, 2007). 

In conclusion, if all the exposed facts are taken into consideration the power system best suited for 

the bending mechanism of the horseshoe is the hydraulic system. 

6.5 Second Concept Design 

The discard of the first design and the considerations presented in paragraphs 6.1 to 6.4 led to a new 

design of the horseshoe’s bending mechanism that includes cylinders and linear guides, and is 

presented in Figure 6.6. 
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6.5.1 Disposition 

As with the previous concept design (see paragraph 5.3), this new design also considers a total of six 

rollers divided in two groups of three, and placed symmetrically from the axis of symmetry situated 

at the centre of the central linear guide bearing. In this case, the rollers are connected to six cylinders 

which are attached to five linear guide bearings (see Figure 6.6). The horseshoe will be situated at 

the axis of symmetry and both groups of rollers will be placed at each side of the horseshoe as was 

shown in Figure 3.6. 

 

Figure 6.6  New configuration of the bending mechanism (concept, not scaled) 

The current configuration with rollers on each side of the horseshoe allows roller 2 to apply the 

bending force at the same time that rollers 1 and 3 apply the support reaction while the wideness and 

curvature of the horseshoe is increased or decreased until it adapts perfectly to the shape of the 

horse’s hoof. 

6.5.2 Adaptability 

In this new design the mechanism will be situated inside the machine close to the top part. The 

working area will have slots through which the rollers will be able to reach the outside and bend the 

horseshoe. 

As was pointed out in chapter 4 paragraph 5.3.2, the main objective is to reach a high level of 

accuracy in the horseshoe’s bending process; the mechanism has to be capable to adapt perfectly the 

positioning of the rollers to the horseshoe’s shape during all the phases of the shaping process 

independently of the horseshoe’s size. 
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In addition, due to size limitations, this design was reduced to only three cylinders and their 

respective rollers and linear bearings. In this new disposition the cylinders will occupy less space, the 

number of components will be reduced, which will also reduce the size of the mechanism, and 

therefore the machine. Consequently, the costs will be reduced too. 

6.5.3 Motion 

Hydraulic cylinders are mechanical actuators that use a pressurized fluid’s energy to produce a 

unidirectional force via a linear stroke. This linear stroke is produced by the movement of a piston 

attached to a piston rod inside a cylindrical container. Both ends of the cylindrical container are 

closed by the cap at the bottom and the cylinder’s head at the top.     

Due to the need of being able to shape the horseshoe not only to diminish its width by increasing its 

curvature but also to increase the width by decreasing the curvature, all the cylinders will be double 

acting cylinders able to apply compression and tension.  

Initially the system has been designed to have 3 degrees of freedom, cf. Figure 6.7; the movement 

along the r-axis is achieved by the hydraulic cylinders which apply the bending force to the 

horseshoe in order to modify its shape. Movement along the y-axis is achieved by the use of linear 

guide bearings which position the cylinders and therefore the rollers in the area of the horseshoe’s 

branch that requires to be modified. In addition, movement along the z-axis is also achieved by the 

use of linear guide bearings, which will lower the whole bending mechanism in order to be able to 

move the rollers to the other side of the horseshoe. 

 

Figure 6.7  Degrees of freedom of the bending mechanism (concept, not scaled) 

x 
y 

z 
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Besides, initially only two assemblies will be considered and will depend on the size of the cylinders, 
parts of the bending mechanism, and the distance between supports. The assembly options can be 
seen in Figure 6.8. 

 

Figure 6.8  Assembly options for the cylinder’s attachment to the linear bearing 

As can be seen in Figure 6.8 the main difference between both mounting systems is that in option 1 

the cylinder is fixed to one of the sides of a rectangular base which is attached to the top of the linear 

bearing, and in option 2 the cylinder is mounted to the side of the linear bearing.  

6.6 Hydraulic Circuit 

A hydraulic circuit has been designed and it is displayed in Table 6.7, which shows how the 

connections between elements are done. 



Horseshoe Bending Machine 
Raquel Quesada Díaz  

 

Final Project in Mechanical Engineering, MT503G       70    
 

 

Figure 6.9  Hydraulic circuit 

6.7 Hydraulic Calculations 

The disposition of the rollers is still the same that was explained in paragraphs 3.4 and 3.5, ergo the 

force needed to be applied by the cylinders must be the same force exerted by the roller attached to 

the cylinder. This means that the central cylinder will exercise a force equal to the bending force (0) 

calculated in Table 3.7 and the cylinders on the sides will apply a force equal to the supports in Table 

3.7, which means that each of them will apply half the bending force (k 3 '̈). 

6.7.1 Cylinder Diameter 

By definition the pressure is the force per unit area when it is applied in a perpendicular direction to 

the surface of an object, thus it can be expressed as: 

- 3 06																																																																													(6.1, 

where  

0 is the applied bending force H4J  -	is applied pressure	H-IJ	6 is the area of the surface HKJ 
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In this case, since the piston of the cylinder has a cylindrical shape, the contact area over which the 

pressure is exerted will be a circle. The equation for the area of a circle is: 

6 3 ©∅§'4 																																																																										(6.2, 

where  

∅§ is the design diameter of the cylinder HKJ  
If equation 6.2 is inserted in equation 6.1 and solved for the diameter of the cylinder equation 6.3 is 

obtained: 

∅§ 3 «40©-																																																																							(6.3, 
Once the design diameter of the cylinder is obtained the value of the closest standard-size cylinder 

can be selected from the manufacturer’s catalogue. The value of the selected diameter corresponds 

with the nominal diameter of the cylinder, ∅b. 

6.7.2 Load Exerted by the Cylinder 

The force exerted by the cylinder will be calculated with the nominal diameter of the cylinder, which 

means that increasing the diameter of the cylinder the force also increases even though the pressure 

remains constant. Using the selected nominal diameter, ∅b, in equation 6.2, the new contact area, 6b 

for the piston of the cylinder can be calculated.  

If the value of the new contact area is introduced in equation 6.1, and the equation is solved for the 

force, the magnitude obtained will correspond to the real forced applied by the cylinder. This will be 

the real value the cylinder can apply during the bending process and will be used in later calculations 

in order to dimension the rest of the associated mechanisms as well as the structure of the machine. 

6.7.3 Cylinder Calculation 

Taking into consideration the values of the force presented in table Table 3.7. Since the bigger 

magnitudes for the force belong to the flat cross section, all the calculations will be done for this 

cross section. 
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The initial calculations will be done for a nominal working pressure of -¬® 	3 	16	8-I given by 

the standard ISO 6020. If the values of the force and the nominal pressure are introduced in equation 

6.1 the design diameter is obtained. In addition, the manufacturer also gives the values for the real 

area of the bore and the working force for that cylinder. 

Table 6.1  Nearest standard-size for the central and side cylinders when P = 16 MPa 
(ISO, 2006)  

Bending Force Central hydraulic cylinder dimensions 

Dist. Supports 

(mm) 

¯  

(kN) 
���°±�²  

(mm) 

�³´�� 

(mm) 

µ³´�� 
(

�) 

¯�¶°· 

(kN) 

¯�¶¸¸ 
(kN) 

30 68 73.5 80 5026 80.3 55 
35 58 68.1 80 5026 80.3 55 
40 51 63.7 80 5026 80.3 55 
45 45 60 63 3117 49.8 33.6 
50 41 56.9 63 3117 49.8 33.6 

Bending Force Side hydraulic cylinders dimensions 

30 34 51.98 63 3117 49.8 33.6 
35 29 48.12 50 1963 31.3 21.6 
40 26 45.01 50 1963 31.3 21.6 
45 23 42.44 50 1963 31.3 21.6 
50 21 40.26 50 1963 31.3 21.6 

Table 6.1 has two main columns; the values under the orange label correspond to the data of the 

bending force and the values under the dark blue column belong to the hydraulic cylinder. The first 

of the two columns under the orange label shows the distance between supports in mm, and the 

second column presents the corresponding magnitude of the force in kN. Under the dark blue label 

there are five columns which values depend on the distance between supports and the bending force. 

The first column shows the values for the design diameter in mm, the second column presents the 

nominal diameter of the bore in mm, the third column displays the real area of the contact surface of 

the bore in mm2 and the fourth and fifth column expose the magnitudes of the push and pull forces 

respectively in kN. 

If the values displayed for de diameter of the bore and the distance between supports for both the 

central and side cylinders are observed, it can be affirmed that even in most of the cases, the bore has 

a diameter of 80 mm for de central cylinder and 50 mm for the side cylinders, thus is not difficult to 

see that there is a problem with the size of the three cylinders and the existing operating space. 

Therefore, this initial design is not valid and must be readjusted so it satisfies the requirements of the 

project. In order to present a better solution, the working pressure of the cylinder has been 

augmented to -®¹5 	3 	24	8-I, and the calculations have been repeated.  
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Table 6.2  Nearest standard-size for the central and side cylinders when P = 24 MPa 
(ISO, 2006) 

Bending Force Central hydraulic cylinder dimensions 

Dist. Supports 

(mm) 

¯  

(kN) 
���°±�²  

(mm) 

�³´�� 

(mm) 

µ³´�� 
(

�) 

¯�¶°· 

(kN) 

¯�¶¸¸ 
(kN) 

30 68 60 63 3117 74.8 50.3 
35 58 55.6 63 3117 74.8 50.3 
40 51 52 63 3117 74.8 50.3 
45 45 49 50 1963 47.1 32.4 
50 41 46.5 50 1963 47.1 32.4 

Bending Force Side hydraulic cylinders dimensions 

30 34 42.4 50 1964 47.1 32.4 
35 29 39.3 40 1256 30.2 21.2 
40 26 36.8 40 1256 30.2 21.2 
45 23 34.7 40 1256 30.2 21.2 
50 21 32.9 40 1256 30.2 21.2 

Table 6.2 presents the data for the new cylinders obtained by incrementing the working pressure to 

the maximum given by the standard ISO 6020. If the bore diameter and the distance between 

supports are observed one more time, it can be ascertain that the diameter of the bore has decreased 

and it will be easier to fit the cylinders in the required distance between supports. Nonetheless, the 

cylinder will be working at the maximum pressure which can lead to problems of breakage after 

sometime due to fatigue. Consequently, the procedure needs to be repeated one more time with a 

different type of cylinders and an increment of the pressure of the system. In this case the values for 

the working pressure are taken from the standard ISO 3320.  

Table 6.3  Nearest standard-size for the central and side cylinders when P = 25 MPa 
(ISO, 2013) 

Bending Force Central hydraulic cylinder dimensions 

Dist. Supports 

(mm) 

¯  

(kN) 
���°±�²  

(mm) 

�³´�� 

(mm) 

µ³´�� 
(

�) 

¯�¶°· 

(kN) 

¯�¶¸¸ 
(kN) 

30 68 58.8 63 1964 70.1 47.2 
35 58 54.4 63 1964 70.1 47.2 
40 51 50.9 63 1964 70.1 47.2 
45 45 48.0 50 1964 44.2 30.3 
50 41 45.6 50 1964 44.2 30.3 

Bending Force Side hydraulic cylinders dimensions 

30 34 41.6 50 1964 44.2 30.3 
35 29 38.5 40 1257 28.3 19.7 
40 26 36.0 40 1257 28.3 19.7 
45 23 34 40 1257 28.3 19.7 
50 21 32.2 40 1257 28.3 19.7 
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Standard ISO 3320 establishes that the nominal working pressure for the cylinders is -¬® 	3	25	8-I. If this pressure is considered, the results obtained through the calculations shown in Table 

6.3 will have similar diameters to the ones presented in Table 6.2 but slightly smaller pulling forces 

that do not reach the bending force required for some of the distances between supports. Moreover, if 

the pulling forces are evaluated it can be stated that none of them satisfies the bending force needed. 

Consequently, pressure is not valid.  

This is why the magnitude for the working pressure will be raised to -	 3 	30	8-I, this pressure 

situated below the cylinder’s maximum working pressure established by the ISO 3320 in -®¹5 	3	37.5	8-I. 

If the values for the nominal diameter given in Table 6.4 are evaluated, it can be observed that its 

dimension has diminished for both cylinders the central and the side ones, which will permit to 

assemble the cylinders in the distance given in the design. In addition, the magnitudes for the 

pushing force fulfil all the specified bending forces. However, only some of the magnitudes obtained 

for the pulling force satisfy the bending force required, which means that some of the distances 

between supports must be discarded. 

Table 6.4  Nearest standard-size for the central and side cylinders when P = 30 MPa 
(ISO, 2013) 

Bending Force Central hydraulic cylinder dimensions 

Dist. Supports 

(mm) 

¯		
(kN) 

���°±�²  
(mm) 

�³´�� 

(mm) 

µ³´�� 
(

�) 

¯�¶°· 

(kN) 

¯�¶¸¸ 
(kN) 

30 68 53.7 63 3117 93.5 70.6 
35 58 49.7 50 1964 58.9 45.1 
40 51 46.5 50 1964 58.9 45.1 
45 45 43.8 50 1964 58.9 45.1 
50 41 41.6 50 1964 58.9 45.1 

Bending Force Side hydraulic cylinders dimensions 

30 34 38 40 1257 37.7 26.3 

35 29 35.1 40 1257 37.7 26.3 
40 26 32.9 40 1257 37.7 26.3 
45 23 31 40 1257 37.7 26.3 
50 21 29.4 40 1257 37.7 26.3 

As can be seen in Table 6.4, the pulling forces obtained for the central cylinder for distance between 

supports of 30, 35 and 40 mm do not satisfy the bending force required therefore, these distances 

must be discarded for all the cylinders.  
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Table 6.5  Bending force and data for the selected cylinders 

Bending Force Central hydraulic cylinder dimensions 

Dist. Supports 

(mm) 

¯		
(kN) 

���°±�²  
(mm) 

�³´�� 

(mm) 

µ³´�� 
(

�) 

¯�¶°· 

(kN) 

¯�¶¸¸ 
(kN) 

50 41 41.6 50 1964 58.9 45.1 
Bending Force Side hydraulic cylinders dimensions 

50 21 38 40 1257 37.7 26.3 

For a distance between supports of 45 mm the pulling force is slightly superior to the bending force 

required, 0 3 45	º4	 » 	0[¼½½ 3 45.1	º4, since any variation in the working conditions of the 

machine (for example wear) can affect the development of the bending system this force is 

considered too close to the required bending force. Moreover, in order to achieve full speed at full 

force and nominal force build up time hydraulic cylinders should be selected for a force 10% greater 

than the one obtained along the calculations (Trinkel, 2007). The pushing force obtained for a 

distance between supports of 50 mm gives a safety factor of N= 1.44 and the pulling force satisfies 

the required bending force with a safety factor of N=1.1. In conclusion the selected results 

correspond to a diameter of 50 mm and are shown in Table 6.5. 

6.7.4 Buckling calculation 

The selected cylinders are double acting cylinders this means that the cylinders work in tension and 

in compression. If the wideness of the biggest horseshoe listed on Mustad’s catalogue, which is p¾ 3 174	KK, is considered and a design factor of safety S=1.7 is used, the length of the cylinders 

rod’s stroke will be p	 3 	300	KK, which allows the consideration of the cylinders as thin members. 

Under these circumstances, the compressive forces applied by the cylinders may change their 

geometry even when the compressive forces are within admissible levels; the deflections ¿ provoked 

by the compressive forces can result in a failure of the system due to the elastic instability. 

Therefore, in order to prevent the collapse of the system, the design of the cylinders must consider 

buckling resistance in the rods which is dependent on the dimensions and the modulus of elasticity of 

the material. 

Euler’s equation can be used to calculate the buckling load for the cylinders, and it can be expressed 

as: 

0¹§ 3 ©'N;p['PÀ 																																																																							(6.4, 

where: 



Horseshoe Bending Machine 
Raquel Quesada Díaz  

 

Final Project in Mechanical Engineering, MT503G       76    
 

0¹§ is the maximum admissible load H4J N is the Young’s modulus H-IJ ;  is the area moment of inertia of the cross section HKMJ p[ is the buckling length HKJ PÀ  is the design safety factor  

The ultimate buckling load can be written as: 

>º 3 ©'N;p[' 																																																																							(6.5, 

The first step in the process is to calculate the buckling length taking into account the type of 

connection used to attach the cylinder to the machine, the accessories used at the end of the rod, and 

the stress misalignments which provoke bending moments in the cylinder.  

 

Figure 6.10  Cylinder with MP3 assembly, i.e. cap mounting fixed eye (Esperia S.A., 
2014) 

In order to avoid these bending moments, the mounting style should be able to absorb the stresses in 

the cylinder’s centreline and also absorb the possible misalignments. The selected assembly for the 

cylinders bottom is the cap mounting fixed eye or MP3 (see Figure 6.10 and Figure 6.11). The 

assembly for the mounting in the cylinder’s top part, i.e. head of the rod, is custom made and is 

described in paragraph 6.8.  
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Figure 6.11  Cylinder dimensions for a cap mounting fixed eye or MP3 

The length between mountings is calculated as expressed in equation 6.6: 

p 3 Á�ÂÃº� 7 ÄP 7 6Ä																																																						(6.6, 

where XC is obtained from Figure 6.11 and Table 6.6, and AX is obtained from Table 6.11.   

Table 6.6  Dimensions for a cap mounting fixed eye or MP3 

 

Additionally, it should be applied a correction factor to equation 6.6 in order to calculate the 

buckling length. This factor depends on the type of constraint at the end of the column, i.e. type 

mounting style chosen for the cylinder and can be seen in chapter 5 figure 5.10 and table 5.3. Since 

the cap fixed eye is consider a pinned constrain and the roller will be fixed inside a guided slot the 

correction factor the must be applied to the design is ? 3 0.7. 

Therefore, the magnitude for the bucking length pÅ is shown in Table 6.7: 

Table 6.7  Buckling length and rod diameter for the selected cylinders 

Data Cylinders Data Rollers 

Cylinder 

Position 
�³´�� 

(mm) 

¯�¶°· 

(kN) 

Length 

mounting 

(mm) 

Factor 
�Æ    

(mm) 

��´� 

(mm) 

Centre 50 58.9 543 0.7 380.1 28 
Side 40 37.7 513 0.7 359.1 22 
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If the values for the pushing force 0[¼À¾  and the buckling length pÅ are introduced in Figure 6.1, all 

the rod diameter curves situated above the intersection point are valid, and will work correctly. The 

selected rod diameters can be seen in Table 6.7. 

 

Figure 6.12  Buckling chart 

Once all the calculations have been done all the data related to the cylinder can be seen in Table 6.8.  

Table 6.8  Final results for the cylinder calculation 

Bending Force Central hydraulic cylinder dimensions 

Dist. Supports 

(mm) 

¯		
(kN) 

���°±�²  
(mm) 

�³´�� 

(mm) 

��´� 

(mm) 
µ³´�� 
(

�) 

µ�´� 
(

�) 

¯�¶°· 

(kN) 

¯�¶¸¸ 
(kN) 

�Æ    

(mm) 

50 41 41.6 50 28 1964 616 58.9 45.1 380.1 
Bending Force Side hydraulic cylinders dimensions 

50 21 38 40 22 1257 380 37.7 26.3 359.1 

6.8 Determination of the Diameter of the Rollers 

The chosen design for the rollers will be similar to the one described in chapter 5 paragraph 5.3.3.2, 

the rollers will have a cylindrical shape and will be attached to a rectangular base made of the same 

material see Figure 5.8. In this case, the rollers will be connected to the cylinder by a mating nut 

inside a hole with a depth equal to the length of the rod’s head, dimension 6 in Figure 6.11. The type 

of thread will be given by the manufacturer of the cylinder. 
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The criterion used is to dimension the cylinders according to the maximum force obtained, which is 

the load that will be applied to bend the horseshoe, i.e. the design load. The magnitudes of the forces 

have been determined in paragraph 6.7.3 and are displayed in Table 6.5. Furthermore, a safety factor 

is being considered. Consequently, this safety factor cannot be a high one because the cylinder would 

be oversized. For this reason, a safety factor of 4 3 1.5 is being applied. 

Two different materials are being considered for the rollers: AISI 4130 and S355-J2. The 

calculations will consider the yield stress of the material as a design factor due to the fact that the 

goal is to apply the bending force at the same time that any deformation in the roller is avoided. 

Table 6.9  Diameters of the rollers depending on the material 

Design Data Diameters (mm) 

Material 
Yield Strength 

(MPa) 
Central 

roller 

Side 

rollers 

S355-J2+N 355 14.8 10.5 
AISI 4130 483 12.7 9 

The same calculation process described in paragraph 6.7.1 is used to obtain the diameter of the 

rollers, if the magnitudes of the force, the safety factor and the values for the yield stress are 

introduced in equation 6.3, the Table 6.9 is obtain. 

Table 6.10  Selected material and diameters for the rollers 

Design Data Diameters (mm) 

Material 
Yield Strength 

(MPa) 
Central 

roller 

Side 

rollers 

AISI 4130 483 13 9 

As can see in Table 6.9 the diameters obtained for the steel standard AISI 4130 are smaller than the 

ones obtained for the standard S355-J2+N; due to this the standard AISI 4130 is the material selected 

for the manufacture of the rollers and their base. Since the diameters are not integers, the value will 

be rounded up to the nearest integer. The resulting values are shown in Table 6.10. 

Table 6.11  Dimensions for the rollers and their base 

Data Cylinders Data Rollers 

Cylinder 

Position 

¯	
(kN) 

�³´�� 

(mm) 

A 

 (mm) 

Roller 

diameter 

(mm) 

Base 

width 

(mm) 

Base 

length 

(mm) 

AX  (mm) 

Centre 41 50 28 13 35 42 35 
Side 21 40 22 9 30 35 30 

In order to calculate the width of the rectangular base to which the rollers are attached, the diameter 

of the rollers the values for the length of the rod’s head, dimension 6 in Figure 6.11, and a tolerance 
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of ±1 between the edge of the base and the centre of the roller are considered. The calculated 

dimensions for the rollers and their base are shown in Table 6.11. 

6.9 Cylinder Flow calculation 

Once the cylinder and the rollers have been selected, it is necessary to calculate the flow that will be 

needed by the cylinder in order to obtain a correct operational process.  The first step in the process is 

the calculation of the average speed of output for the shaft because it will need a greater flow 

because its area is the largest. It is estimated a time of � 3 5� to fully deploy the length of the rod in 

all the cylinders.  

The average speed can be calculated as: 

Ç 3 p� 																																																																												(6.7, 
where  

Ç  is the average speed of the rod  HK/�J p is the length between mountings HKJ   
The required flow for a correct functioning can be expressed as: 

È 3 É6																																																																									(6.8, 
where  

È  is the flow of the cylinder HK�/�J 6 is the area of the bore HK'J   
The results obtained once the calculations have been performed are: 

Table 6.12  Flow of the cylinders 

Data Cylinders  Data Rollers 

Cylinder 

Position 
�³´�� 

(

) 

µ³´�� 
(

�) 

Ê  

(
/°) 

Ë 
 (
Ì/°) 

Ë 
 (¸/
±²) 

Centre 50 1964 0.108 2.13e-4 12.78 
Side 40 1257 0.102 1.29e-4 7.74 
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The hydraulic pump will be designed for a flow value equal to the added value of the flow needed 

for each cylinder, which is È 3 4.71 Í 10�M K� �⁄  and a working pressure of P=30MPa. 

6.10 Calculation of the Electric Motor Power 

Power consumption can be obtained by the calculation of the power supplied by the pump and 

dividing it by the efficiency. 

-Ï 3 -ÈÐ 																																																																							(6.9, 

where  

-Ï  is the power consuption [WJ È  is the flow of the cylinder HK�/�J -  is the higest pressure of the system H-IJ Ð is the efficiency of the pump   

Assuming an average efficiency of Ð 3 0.9 and inserting all the values in equation 6.9, the power 

needed by the electric motor is: 

-Ï 3 15700	Ñ 3 15.7ºÑ																																																		(6.10, 

6.11 Accessories Selection 

The rest of accessories, such as valves (directional, flow and retention), hoses, couplings, locknuts, 

etc… will not be selected so that it will be selected in the manufacturing stage in function of the 

required dimensions. 

6.12 Hertzian Contact Stresses 

Hertzian contact stresses occur when there is contact between two parts that transmit forces to each 

other. There are large pressures in the contact area between the two parts that may lead to an 

eventual breakage of the material. At this contact point there is also a deformation that increases with 

the force, i.e. if the force is large the deformation will be substantial and the contact point will be 

bigger. The amount of deformation is also function of the young’s modulus of the materials in 

contact. 
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Hertzian contact stress theory uses different solutions for the study of the various contact areas. 

There are three main approaches depending on the radius of curvature of the parts and the material: 

• General approach – The contact are has the shape of a sphere. 

• Particular approach: Sphere -  The contact area is a circle with Â 3 I 

• Particular approach: Cylinder – The contact area is a rectangle which width is Ï 3 2X and 

length p 3 � 
6.12.1 General Approach 

This approach can only be used when both contact areas are made of the same material and also 

when the contact area cannot be approximated to any other of the particular cases. When two pieces 

made of the same material are in contact, the contact area is an ellipse and the maximum pressure 

generated in the contact area will be zero in the edges of the ellipse. The maximum pressure can be 

defined as: 

-®¹5 3 302©IX																																																																				(6.11, 

where  

-®¹5  is maximum pressure in the contact area [-IJ 0  is the force that compress both objects H4J I, X  are the semi-major and semi-minor axes of the ellipse respectively HKJ 
I 3 O«0K�Ò 																						X 3 Ó«0K�Ò 																																														(6.12, 

K 3 41Â� 7 1Â′� 7 1Â' 7 1Â′' 																								� 3 4N3(1 B Õ',																																					(6.13, 

where  

Â�, Â′� Maximum and minimum curvature radii of part 1 [KJ Â', Â′' Maximum and minimum curvature radii of part 2 [KJ N  is the Young’s modulus of both objects H-IJ Õ  is the Poisson’s modulus of both objects H4J 
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O, Ó  Constants 

If equations 6.12 and 6.13 are observed, it can be ascertain that the major factors affecting the results 

for the calculations are the Force and the modulus of elasticity or Young’s modulus. As was said in 

paragraph Hertzian Contact Stresses: the bigger the force, the bigger the deformation, and therefore, 

the bigger the contact area. Besides, it can be ascertained that the smaller the Young’s modulus the 

greater the maximum pressure in the contact area.  

In addition, the smaller the curvature of the radius is the greater the pressure in the contact area. 

Therefore, the value of the maximum pressure will also be influenced by the different ratios of 

curvature a piece may have. 

As was discussed in paragraph 3.6, in this case of study the radius of curvature may vary depending 

on the type of the horseshoe’s cross-section. For example, in Figure 6.13 there are two different sets 

of horseshoes with a different curvature on the outer and inner edges of the horseshoe. And this 

curvature will influence the election of the best approximation method to study the hertzian contact 

stresses. 

 

Figure 6.13  Different outer edge curvature for a horseshoe: curved/angled edge (a) 
and straight edge (b) (Mustad Hoofcare Group, n.d.) 

Figure 6.13a shows a front and a rear horseshoe with a curved outer and inner edge, while Figure 

6.13b presents a front and a rear horseshoes with a close-to-straight outer and inner edge. The 

method to be used in each of the examples will be different approximation, in Figure 6.13a the edges 

of the horseshoe and the cylinder can be considered two misaligned cylinders so the contact area is 

generated in a point that has the shape of an ellipse, therefore this case can be studied using the 

general method.  

a) b) 
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6.12.2 Particular approach: Cylinder-plane 

In Figure 6.13b it will be used the edge of the roller can be considered as a cylinder while the edge of 

the horseshoe is considered as a plane; consequently this example will be studied by using the 

cylinder-plane method. 

The maximum pressure in the contact area is: 

-®¹5 3 20©X� 																																																																				(6.14, 

And the semi-width of the contact area: 

X 3 Ö20©� (1 B Õ',(2 N× ,1 ]�× 																																																								(6.15, 

6.13 Modification to the Linear Guided Motion System 

If the selected fitting system for the hydraulic cylinders is considered, the current for the motion 

system using linear guided bearings is still too oversized and difficult to fit easily inside a machine 

with the adequate size for the purpose of the present project.  

It has been decided the three cylinders will be attached to a rectangular metallic platform with a U 

shape and fixed in the best fitting way possible, which is the two side cylinders mounted together on 

one side and the central cylinder in the opposite, the cylinder’s platform can be fixed to the linear 

guided bearing reducing its quantity from seven linear bearings (three in the y-axis and 4 in the z-

axis, cf. Figure 6.7), to only two.  

 

Figure 6.14  Orthogonal motion with linear guided bearing system (THK Global, 2011) 
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In order to achieve this reduction in the number of components two linear bearings with the 

disposition of linear guides shown in Figure 6.14 are fixed vertically to the sides of the platform. The 

guides attached to the linear bearing form a 90-degree angle that allows the free movement of the 

system along the y and z axes. 

6.14 Horseshoe Clamping System 

The clamping system for the horseshoe will only be briefly described. The desired clamping system 

is a hydraulic system that can work both as single and double acting if required, although it will not 

be necessary for this project (see Figure 6.15).  

 

Figure 6.15  Single acting swing clamp cylinder (Kurt, 2014) 

The hydraulic cylinder shown in Figure 6.15 is a single cylinder able to generate the linear 

movement and force required for the clamping system. In addition the cylinder can produce a swing 

movement to the left or right when unclamping so the horseshoe can be easily accessed. 

The cylinder possesses a spring that allows the return of the cylinder to its original position after the 

clamping is done. 
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7 Image Recognition Software 

The main goal of the present project is to find the best design for a machine capable of bending the 

horseshoe in order to adapt its shape to a given horse’s hoof. Consequently it is necessary to know or 

measure the defining characteristics of the specific horse’s hoof so the machine can take them as a 

base to start the adaptation of the horseshoe to the hoof. 

This chapter poses the use of edge detection techniques in a digital image with the purpose of 

identifying the shape of the horse’s hoof. Once the pixels belonging to the horse’s hoof have been 

correctly identified, the characteristic dimensions of the hoof will be obtained, and used afterwards to 

shape the horseshoe so it fits the hoof perfectly. 

7.1 Edge Detection 

The edge detection technique in digital images conferred in this chapter locates severe gradients of 

light intensity, i. e. sharp or discontinuous changes in the image greyscale. 

The process starts with a grey scaled image in which each pixel represents a different level of light 

intensity that has been previously captured by the sensor of the camera (grey intensity level in the 

image). This is the reason why an image can be mathematically represented as a matrix ;(r, =, 

equivalent to the grey intensity level associated to each of the pixels (r, =, of the digital image. In 

this context, the image contour can be defined as a set of pixels within the digital image where a 

sharp change in the level of grey intensity occurs. In other words, the gradient of light intensity 

exceeds a certain threshold	/Ø. 

Ùb 3 (rb , =b, ∈ r, =Û;(r, =, Ü /Ø																																																					(7.1, 

where the chosen /Ø value will determine the limiting value from which a gradient of light intensity 

will be considered as a contour of interest in the image. 

Nevertheless, the horse hoof’s edge is not the only component of the image that will generate an 

edge; any other object present in the images as well as any shape or reflection will create edges that 

will be recognized by the detection algorithm. Consequently, in order to realize an adequate 

detection of the desired edge, the digital image must satisfy some requirements that are listed below: 



Horseshoe Bending Machine 
Raquel Quesada Díaz  

 

Final Project in Mechanical Engineering, MT503G       87    
 

• The plane of the image must match the plane of the horse hoof’s base. 

• The edge of the hoof must be perfectly outlined and focused on the image. 

• The apparition of any other object in the image, apart from the hoof, must be avoided. 

• The background of the image must be of a homogeneous colour different from the colour of the 

hoof’s base. 

• Lighting conditions must be controlled. Every digital image to be processed by the detection 

algorithm must be taken under the same lighting conditions. 

• The shadows of the objects present in the image should be avoided, as well as any shadow 

projected by any other object not present in the image. 

• The reflections and strange effects that may appear in the image should also be avoided. 

Classic edge detection methods such as Roberts, Prewitt, Sobel or Frei-Chan among others (Ballar & 

Brown, 1982) consist in the utilization of different masks from which the resulting gradient image is 

obtained through a two-dimensional convolution applied to the original image, i.e. a matrix 1(r, =, 

that associates the corresponding absolute value of the light intensity gradient to each pixel of the 

image. However, generally speaking, these methods do not provide with an exact localization of the 

edge. The obtained edges tend to be fragmented, i.e. the curves are not connected, and do not give a 

single answer. Besides, the edges are very influenced by the noise of the image because the gradient 

discretization amplifies the noise that may be present in the edge or contour. Being understood that a 

noisy edge is a poorly defined or defocused edge in the image, or even the edge that presents a weak 

transition between different levels of grey. This transition is of the order of the light intensity 

fluctuation measured by the sensors of the camera. 

This is the reason why there are other mathematical operators which are used in image processing, 

machine vision and computer vision that are capable of detecting the edges with a higher efficiency. 

These operators are: 

• DroG operator (Derivative of Gaussian): This operator combines a Gaussian smoothing of the 

image with its gradient calculation. 

• LoG operator (Laplacian of Gaussian): This operator combines a Gaussian smoothing with the 

Laplacian calculation of the image (second derivative) so that the edge position will be given by 

the zero crossings of the second derivative.  

• Canny operator: This operator combines a Gaussian smoothing with a thresholding of the 

gradient by hysteresis. 
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Among these operators, the Canny edge detection algorithm is the optimal edge detector due to its 

better edge detection, its acuter edge localization and its minimal response (Canny, 1986). The 

Canny edge detection algorithm consists of the following stages: 

• Calculation of the gradient modulus 1(r, =, and direction �(r, =, by the application of the DroG 

operator. 

• All the points that are not a local maximum in the gradient direction are suppressed (Non-

maximum suppression algorithm). 

• Thresholding of the image of gradient 1(r, =, with hysteresis in order to eliminate non important 

(insignificant) edges and obtain more continuous edges. 

Consequently, the Canny edge detection algorithm will be used to obtain a preliminary edge 

detection in the image. 

7.2 Sub-pixel Detection 

One of the characteristics obtained from the detected hoof’s base will be its local curvature. Since the 

curvature is formed by the second derivative of the position of the points that form the hoof’s base. 

Therefore, the curvature calculation is extremely sensitive to errors in the localization of the hoof’s 

base forming points; one source for these errors is the pixellation of the image (quantization error). 

Due to this, a readjust of the positioning of the points detected by Canny’s algorithm is proposed 

although in a sub-pixel level, i.e. it is planned to perform the detection of the edges of interest in the 

image with better accuracy than the one shown in the image.  

 

Figure 7.1  Edge of interest where �� is the background’s grey level and �� is the 
grey level of the hoof’s outer edge. 

�� 

�� 
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Acero, and Song, have used the edge detection in a sub-pixel level to detect the edge of an electrified 

drop and a pendant drop respectively (Acero, et al., 2013; Song & Springer, 1996). The use of edge 

detection on a sub-pixel level provides with a reasonably good recognition of the edges of interest if 

the lighting, focus and resolution of the image are adequate. 

If the detected edge was ideal there would be and instant change from white to black in every point 

of the edge along the gradient direction. However, these transitions are actually somewhat smoother, 

as can be seen in Figure 7.1, where it can be observed a region of transition several pixels wide 

between the different grey levels at either side of the edge, �� and �' respectively.  

 

Figure 7.2  Sketch representation of the edge detected by Canny’s algorithm (a) and 
nonlinear adjustment of a sigmoid function applied to the greyscale level of the 
pixels along the edge (b) 

If the edge detected by the Canny operator is observed, it can be seen that it has the shape of a curve 

that represents the horse’s hoof and will be given by the coordinates (Â(��,, :(��,, of the points that 

constitute it. This shape is function of an intrinsic coordinate � that moves along the edge from one 

end where � 3 0 to the other end where � 3 1. If in every point of the edge detected by the Canny 

operator where � 3 �_  a grey scale of the pixels �(r, is represented in a r-direction that follows the 

gradient direction represented in Figure 7.2a, the graph given in Figure 7.2b can be obtained. The 

blue circles on the image represent the values �(r, measured in the image. These blue circles can be 

accurately adjusted by the use of nonlinear least squares analysis in the sigmoid function given by 

equation 7.2. This adjustment corresponds with the green line in Figure 7.2b, and where �� is the 

lower grey level, �' is the higher grey level, and r_ represents the location (point) at which the edge 

a) b) 



Horseshoe Bending Machine 
Raquel Quesada Díaz  

 

Final Project in Mechanical Engineering, MT503G       90    
 

is positioned in a sub-pixel level. Since r and �(r, are known, a nonlinear adjustment can be done 

using equation 7.2 in order to obtain the parameters	��, �', Ñ, and r_, of which r_ indicates the 

edge’s location. 

∈ (r, 3 �(r, B �'�� B �' 3 11 7 �5�5ÝÞ 																																																		(7.2, 
If this proceeding is repeated for each of the points �� of the edge situated between 0 and 1, it can be 

obtained a refined adjustment of the points that form the edge. The result of this process will be a set 

of points with intrinsic coordinates	(Â(��,, :(��,,; these set of points represents the edge of the horse 

hoof’s base. 

7.3 Disadvantages of the Edge Detection 

The main problem in the employed type of analysis is that the image being analysed must satisfy all 

the requirements indicated in paragraph 7.1, this is because if there is any shadow or reflection in the 

image, the focusing is not good, the background is not homogeneous or any other object of no 

interest appear in the image, the desired result will not be obtained. 

 

Figure 7.3  Image of the horse hoof's base (a) Edges detected by the use of Canny's 
algorithm and the sub-pixel adjustment (b) 

It can be observed in Figure 7.3a. an image of the horse hoof’s base in which the background is not 

homogeneous and has a grainy texture. Moreover, there are shapes and bright zones due to an 

inadequate illumination. In addition edges merge with the background in some areas of the image 

and there are additional objects in the image that will create edges of no interest, such as the farrier’s 

hand holding the horse’s hoof or the horse’s leg standing on the bottom right side of the image. 

a) b) 
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Figure 7.3b shows the result of the application of the Canny’s edge detection algorithm and the 

subsequent sub-pixel adjustment done on Figure 7.3a. Each of the edges detected has been given a 

different colour and after that they have been overlapped to the original image in grey scale (see 

Figure 7.3a). It can be seen that Canny’s algorithm has not been able to detect the outside curve of 

the hoof’s base as a continuous edge; it has only been possible to detect some discontinuous curves 

of the hoof’s base.  Besides, there has also been detected some edges of no interest such as: 

background parts due to its lack of homogeneity, projected shapes over the hoof’s base, edges 

corresponding to the over illuminated areas due to saturation of the camera sensor, or edges 

belonging to the farrier’s hand. Moreover, there are also some deficiencies in the edge of interest due 

to its discontinuity in areas where the outline is weak (smooth), and therefore hardly distinguishable 

from the background. 

These deficiencies are hard to eliminate sometimes, especially if the images are taken in outdoor 

areas. In these cases the detection process for edges of interest can be improved by the painting of 

the horse’s hoof in green or blue shades that are clearly distinguishable from the background or any 

other object present in the image. Additionally the edge detection algorithm can be complemented by 

adding an image segmentation algorithm which will be capable to isolate the green or blue areas.      

7.4 Feature Extraction 

Once the hoof’s base outer edge is correctly identified, it will be given by 4 points which 

coordinates will be (Âß, :ß, for à	 3 	1…4; the coordinates will correspond to the location of central 

pixels detected in the image for the hoof’s outer edge. An intrinsic coordinate � will be defined based 

on these points; the coordinate represents the length of the path that goes from one of the hoof’s ends 

to the other, so equation 7.3 is satisfied. 

]�' 3 ]Â' 7 ]:'																																																																(7.3, 
Since there are N discrete points, equation 7.3 can be expressed as: 

�ß 3 �ß�� 7 â�Âß B Âß��¡' 7 (	:ß B	:ß��,'		ãÃÂ		à 3 2…4																											(7.4, 
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Where every �ß is finally divided by �S so the magnitude of that coordinate varies from 0 at one end 

of the edge, 1 on the other end of the edge and 0.5 at the midpoint of the edge. 

Once �ß is been calculated, each point à 3 1…4 of the hoof’s outer edge will have three 

coordinates	(Âß, :ß , �ß,	. Two adjustments by least squares of 8 cubic splines are now performed on 

those points in such a way that the (�ß, Âß, points will result in a function Â(�, after the adjustment by 

least squares of 8 cubic splines on these points. Besides, the (�ß, :ß, points will result in another 

function :(�, by the adjustment of different set of least squares of 8 cubic splines on these points.  

At this point of the calculations, there are two continuous and differentiable mathematical functions, Â(�, and :(�,, which are defined on the interval � ∈ H0,1J and will represent the shape of the outer 

hoof’s edge being studied. 

 

Figure 7.4  Main features obtained from functions r(s) and z(s) which define the outer 
hoof’s edge 

Figure 7.4 shows the main characteristics through the method used to detect the outer hoof’s edge. 

These characteristic dimensions which define the hoof’s geometry are: 

• ä� is the maximum wide for the horseshoe and it is obtained from: 

ä� 3 KIr�:(�,¡ B K���:(�,¡																																																			(7.5,	
• ä' is the maximum height for the horseshoe and it is obtained from: 
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ä' 3 KIr�Â(�,¡ B K���Â(�,¡																																																			(7.6,	
 

• ä� is the distance between the detected points on both hoof’s ends and it is obtained from: 

ä� 3 Â(0, B Â(1,																																																															(7.7,	
Finally, since there are two functions that represent the outer hoof’s edge defining curve 

parametrically, it is easy to obtain the local curvature º¼ of the edge, which for a flat curve expressed 

in parametrical Cartesian coordinates can be defined as: 

º¼ 3 :~Â~~ B Â′:′′(:~' 7 Â~',�' 																																																																		(7.8, 

where Â~ 3 §å§À, :~ 3 §<§À, Â~~ 3 §æå§Àæ and  :~~ 3 §æ<§Àæ 

Ultimately, it should be noted that the characteristic dimensions	ä�, ä' and ä� are given in pixels, 

while the units of the edge curvature º¼ are given in inverse pixels. In order to convert to meters, the 

distances should be multiplied by the spatial resolution of the image, and the curvature should be 

divided by the spatial resolution of the image. The spatial resolution of the image is defined as the 

amount of meters that equal one pixel in the digital image. 
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8 Conclusions 

The main goal of this project, which is the design and development of a horseshoe bending machine 

that will constitute both an innovation and an improvement if compared with the current horseshoe 

fitting method, is achieved.  

8.2 Summary 

First of all, the forge and the oven are eliminated from the shaping process, and a study of the cold 

forging process and further analysis of the mechanical properties of some of the different steel grades 

that are used for the manufacture of the horseshoes is done in order to obtain the most suitable 

bending force that will allow the achievement of the best possible bending mechanism.  

The calculation of the bending force needed to be applied to the horseshoe in order to produce a 

plastic deformation, i.e. a permanent deformation, is done according to Euler-Bernoulli’s beam 

theory. Once the bending force is obtained, it is used to develop a first design and dimension of the 

bending mechanism and its components. The first design for the bending mechanism is based in the 

use of power screws and it is dimensioned so that it may be able to resist the stresses in order to 

prevent the collapse of the components along its working life span. After the calculations are 

completed the first design is analysed in search for disadvantages and defects that can be improved in 

following designs.  

Afterwards a study of the different alternatives that exist in the market to actuation by lead screws is 

done taking into account the advantages and disadvantages of the different options in order to select 

the best option for the bending mechanism. The study of the alternatives to power screws leads to a 

second design for the horseshoe’s bending mechanism implemented by the use of hydraulic cylinders 

and linear guides. The calculations of the hydraulic cylinders are done taking into account their size, 

the buckling of the rod and their fitting, and are followed by the dimensioning of the main 

components of the hydraulic system such as the pump and the electric motor.  

Moreover, the design of the rollers and their fitting to the hydraulic cylinder is determined in order to 

achieve an appropriate stress distribution while the original shape is retained. A study of the 

springback effect in the bending process is done followed by the analysis of the hertzian contact 

stresses between the roller and the horseshoe. 
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In addition, a hydraulic clamping system is selected to constrain the movements of the horseshoe 

during the bending process.  

Finally, a description of the different edge detection methods is included and concludes with the 

selection of the most suitable algorithm for the detection process. 

8.3 Conclusions 

After the gathering of the resulting bending forces depending on the steel standard and its 

manufacturing process, it has been found that some of the manufacturing processes for the steel 

grades were increasing the bending force in such a way that if the size of the bending mechanism and 

the dimensions of the machine were calculated, the resulting machine would be extremely over 

dimensioned and not suited for the purpose of this project. Consequently, those values were 

supressed from the calculations with good results. 

One of the main obstacles that have been found in a recurrent manner throughout the whole 

designing process, was how to reduce the size of the resulting components of the bending mechanism 

at the same time that all the design criterion and requirements were fulfilled. This goal is achieved in 

a process of trial and error in which a after several attempts and modifications of the design, the 

chosen bending mechanism consists of hydraulic components which have been found to be the most 

suitable for the bending process specifications, the most cost-effective and the better solution to be 

used in long term installations.  

The calculations of the cylinders, taking into account their size and the buckling of the rod, along 

with the dimensioning of the main components of the hydraulic system such as the pump and the 

electric motor, in addition to the design of the rollers and their fitting to the cylinder’s rod have been 

concluded with success, although the pump system and the electrical motor will need to be modified 

after the dimensioning of the clamping system because it has not been taken into account for the 

calculations in the current design.  

On the other hand, a motion system for the bending mechanism with three degrees of freedom has 

been originally designed using power screws and guide bars and discarded due to its disadvantages. 

Afterwards, the design was modified using linear guides to support, complement and manoeuver the 

hydraulic cylinders along the y and z axes but the current design was still too oversized and difficult 

to fit easily inside a machine with the adequate size for the purpose of the present project. It has been 
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considered that if the three hydraulic cylinders are attached to a rectangular metallic platform with a 

U shape and the cylinder’s platform is fixed to an orthogonal motion system formed by linear guided 

bearings, free movement along the y and z axes is achieved. This design will reduce the size of the 

bending mechanism, and the machine, considerably at the same time that the costs are also reduced. 

The selection of the hydraulic clamping system will allow an effective constrain of the horseshoe’s 

movements during the bending process and an easy access to the horseshoe after the completion of 

the shaping process due to its swing movement when unclamping.  

If all these calculations, analysis and conclusions are taken into account it becomes apparent that the 

current design and the future improvements resulting in the actual manufacture of the HBM will lead 

to a good and reasonable final product that will have a good impact not only for the equestrian world 

but also for the environment.  

The HBM is developed to make the fitting process easier and less demanding for the farrier. The 

interactive design of the computer vision will allow a reduction of the final user’s horse maintenance 

costs. Besides, the farrier would be able to perform the horseshoeing “in situ” because it would be 

possible to make the changes to the horseshoe beforehand. Not only that, the fact that the fitting 

process will be less demanding will have direct consequences on the farrier’s working life span and 

quality. Such as the increasing of the working life span and a decrease of the injury caused by fatigue 

in shoulders, arms and back. Since the oven and forge are supressed from the process, it will lead to 

an important cost reduction and decrease of noxious emissions to the environment.  

Furthermore, the computer vision software in addition to the automatic shaping process of the 

horseshoe in real time will have as a result a horseshoe with a shape that will always adapt perfectly 

to the horse’s hoof, which means that the horse will have less hoof problems due to fittings with 

shoes that don’t have the proper shape or are less accurate. 

In conclusion, although it is desirable that the design and development process of the horseshoe 

bending machine continues in further studies, it is considered that overall the main purpose of the 

present project has been achieved. 
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8.4 Future Work 

Even though it has been considered that the main goal of the project has been attained there are still 

some improvements that can be done to the HBM design so a good quality final product can be 

manufactured. 

The hydraulic cylinders have been dimensioned and a proper fitting system has been selected. 

However, the cylinders must be attached to the platform described in paragraph 6.13. The side 

cylinders have an outer diameter of 50 mm and must be assembled together so the distance between 

supports (50 mm) can be maintained. The description of the platform and the orthogonal motion 

system has been included so it can be calculated in the future.  

In addition, the hydraulic clamping system will need additional modifications in the form of the 

clamp so horseshoes with frontal clip can be constrained effectively. 

Also, the orthogonal motion system will need further calculations including its attachment to the 

platform that houses the hydraulic cylinders. It should not only be able to provide motion to the 

bending system but also support the weight of the bending mechanism without collapsing. 

The main components of the hydraulic system have been calculated, but the rest of accessories such 

as valves, hoses, couplings, locknuts, etc. have not been dimensioned. In addition the pump system 

and the electrical motor will need to be modified after the dimensioning of the clamping system 

because it has not been taken into account for the calculations in the current design. 

Furthermore, the calculation and design of the structure should be done once the weight of all the 

HBM components is known, and a tactile screen should be included so the farrier can use an intuitive 

interface to operate the HBM.  

Further development of the image recognition software, camera and sensors so they can be used as a 

feedback mechanism that allows a real time correction and compensation of the springback effect 

produced during the horseshoe’s bending process. 
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A. Appendix 1.- Horseshoe Materials 

    AISI 1010   

    
STRUCTURAL STEEL 

  

          
          

TECNICAL SPECIFICATIONS OF THE MATERIAL   

            
    

EQUIVALENT STANDARS 
 

CHEMICAL COMPOSITION RANGES 

AFNOR XC 10 
 

CARBON SULFUR PHOSPHORUS SILICON MANGANESE 

BS  040 X10 
 

C S P Si Mn 
DIN 11121 

 
0,08 - 0,13 0,04 (Max) 0,04 (Max) 0,15 - 0,35 0,30 - 0,60 

JIS S10C - S12C - S9CK 
 

CHROMIUM NICKEL MOLYBDENUM VANADIUM TUNGSTEN 

UNI C10 
 

Cr Ni Mo V W 
Tyssen Grade XC 10 

 
- - - - - 

         
GENERAL CHARACTERISTICS 

 
GENERAL PURPOSE 

·   Low carbon structural steel. 
 

·   High application as structural steel  in the manufacture of pipes, 
welded metal structures, etc… 

·  Extremely ductile in the normalized 
or annealed condition and often subjected 
to severe cold reduction, accounting for 
excellent cold formability. However, as 
the carbon content increases the cold 
formability decreases, slightly reducing 
the severity it canwithstand in cold 
forming. Weldability and brazing results 
are excellent. Machinability is poor. 

 
 

·   Steel for machinery construction when hardened superficially by 
cementing or carbonitriding treatments followed by quenching and 
tempering.  

 
·   Also applied as Steel for machinery construction when it is in 

cementing or carbonitriding state. 
 

 
·  Carbonitride at 760 to 870 ºC in an enriched endothermic carrier gas, 

plus about 10% anhydrous ammonia. Case depths range from 0,076 to 
0,254 mm. Oil quenching directly from carbonitriding temperature 
provides maximum surface hardness. Salt baths produce similar results. 
Flame hardening, austempering, an liquid carburizing are alternative 
processes 

 

 

 
 

          
THERMIC TREATMENT OF THE MATERIAL 

TREATMENT TEMPERATURE (ºC) COOLING MEDIUM 
HARDNESS 

RC HBN 

NORMALIZED 910 - 930 AIR - 160 (Max) 

ANNEALED 890 - 910 COOLER FURNACE - 150 (Max) 

QUENCHED 
PERIPHERY 800 - 830 

WATER 64 (Max) 207 (Max) 
CORE 840 - 870 

FORGED - - - - 

TEMPERED 150 - 230 - - - 

CEMENTED 910 - 930 GASSES, SALTS 
COMMENT: THEY CAN ALSO BE 
QUENCHED AT CEMENTING 
TEMPERATURE 

          
MECHANICAL PROPERTIES OF THE MATERIAL 

  
TYPE OF PROCESSING TENSILE STRENGTH (Mpa) YIELD STRENGTH (Mpa) 

  

HOT ROLLED 325 180 
  

COLD DRAWN 365 305 
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    AISI 1016   

    
STRUCTURAL STEEL 

  

          
          

TECNICAL SPECIFICATIONS OF THE MATERIAL   

            
    

 
  

       
EQUIVALENT STANDARS 

 
CHEMICAL COMPOSITION RANGES 

ASTM A108 - A510 
 

CARBON SULFUR PHOSPHORUS SILICON MANGANESE 

SAE J403 - J412 
 

C S P Si Mn 
DIN 10419 

 
0,13 - 0,18 0,05 (Max) 0,04 (Max) 0,15 - 0,35 0,60 - 090 

JIS - 
 

CHROMIUM NICKEL MOLYBDENUM VANADIUM TUNGSTEN 

UNS G10160 
 

Cr Ni Mo V W 
MIL SPEC MIL-S-866 

 
- - - - - 

         
GENERAL CHARACTERISTICS 

 
GENERAL PURPOSE 

·  High hardness, toughness, strength 
and corrosion resistance. 

 
·  Piston pins, shafts, chains, bushings, rivets, nuts, screw fittings, chain 

links, pins, etc… 
 

·  Excellent forgeability, reasonably 
good cold formability and excellent 
weldability. 

 
·  While soft and ductile in the solution annealed condition, it is capable 

of high properties with a single precipitation or aging treatment. 
 

 
·  May be case hardened by carburizing. More often, it is subjected to light case 

hardening by carbonitriding or casing in a liquid bath. Flame hardening is an 
alternative process. In many instances, forgings of this grade are used in service, 
either as forged or as forged and normalized ·Machinability relatively poor 

compared with hhe 1100 and 1200 grades 

 

 

 

          
THERMIC TREATMENT OF THE MATERIAL 

TREATMENT TEMPERATURE (ºC) COOLING MEDIUM 
HARDNESS 

RC HBN 

NORMALIZED 900 - 930 AIR COOL - 131 - 163 

ANNEALED 850 - 900 COOLER OR FURNACE - 235 

QUENCHED 
PERIPHERY 760 - 800 

WATER - - 
CORE - 

FORGED 925 - 1290 - - - 

TEMPERED 150 - 200 - - - 

CEMENTED 900 - 930 - - 

          
MECHANICAL PROPERTIES OF THE MATERIAL 

  
TYPE OF PROCESSING TENSILE STRENGTH (Mpa) YIELD STRENGTH (Mpa) 

  

HOT ROLLED 495 275 
  

COLD DRAWN 420 350 
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    AISI 1020   

    
STRUCTURAL STEEL 

  

          
          

TECNICAL SPECIFICATIONS OF THE MATERIAL   

            
    

EQUIVALENT STANDARS 
 

CHEMICAL COMPOSITION RANGES 

AFNOR CC 20 
 

CARBON SULFUR PHOSPHORUS SILICON MANGANESE 

BS  040 A20 
 

C S P Si Mn 
DIN 10402 

 
0,18 - 0,23 0,04 (Max) 0,04 (Max) 0,15 - 0,35 0,30 - 0,60 

JIS S20C 
 

CHROMIUM NICKEL MOLYBDENUM VANADIUM TUNGSTEN 

UNI C20 
 

Cr Ni Mo V W 
SS14 1450 

 
- - - - - 

         
GENERAL CHARACTERISTICS 

 
GENERAL PURPOSE 

·  Low carbon structural steel. 
 

·   Steel for machinery construction and structural steel when hardened 
superficially by cementing or carbonitriding treatments followed by 
quenching and tempering. 

·  Good ductility. 
 

·  Most widely used of several similar 
grades containing about 0,20% carbon. 
Available in a variety of product forms. 
Excellent forgeability and weldability. 
Even with a maximum carbon content of 
0,23%, no preheating or postheating 
required for the vast majority of welded 
structures. When most of the fabricating 
operations consist of some form of 
machining, this grade is not recommended 
because machinability is notable poor.  

 

 
·   Rivets, bolts, pipes, metal structures, etc... 

 
·  Also used as steel for machinery construction when it is cemented and 

tempered. 

 
·  Widely used as a carburizing steel. 

 
·  Can be case hardened by any one or several processes, which range from light 

case hardening, such as carbonitriding, to deeper case carburizing in gas, solid, or 
liquid media. Most carburizing is done in a gaseous mixture of methane combined 
with one of several carrier gases, using the temperature range of 870 to 955 ºC. 
Carburize for desired case depth with a 0,90 carbon potential. Case depth achieved 
is always a function of time and temperature. With the advent of vacuum 
carburizing, temperatures up to 1095 ºC can be used to develop a given case depth 
in about one half the time required at the more conventional temperature of 925 
ºC. Alternative processes are flame hardening, boriding, liquid nitriding, and 
plasma (ion) carburizing. 

 

 

 

 

 

 

 

          
THERMIC TREATMENT OF THE MATERIAL 

TREATMENT TEMPERATURE (ºC) COOLING MEDIUM 
HARDNESS 

RC HBN 

NORMALIZED 910 - 930 AIR COOL - 180 (Max) 

ANNEALED 860 - 880 FURNACE - 170 (Max) 

QUENCHED 
PERIPHERY 800 - 830 

WATER / OIL / BRINE 64 (Max) 241 (Max) 
CORE 840 - 870 

FORGED 900 - 1260 - - - 

TEMPERED 150 - 230 - 55 - 60 - 

CEMENTED 890 - 930 GASSES, SALTS 
COMMENT: THEY CAN ALSO BE 
QUENCHED AT CEMENTING 
TEMPERATURE 

          
MECHANICAL PROPERTIES OF THE MATERIAL 

  
TYPE OF PROCESSING TENSILE STRENGTH (Mpa) YIELD STRENGTH (Mpa) 

  

HOT ROLLED 495 275 
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    AISI 1025   

    
STRUCTURAL STEEL 

  

          
          

TECNICAL SPECIFICATIONS OF THE MATERIAL   

            
   

 

EQUIVALENT STANDARS 
 

CHEMICAL COMPOSITION RANGES 

ASTM A510 - A512 
 

CARBON SULFUR PHOSPHORUS SILICON MANGANESE 

SAE J403 - J412 - J414 
 

C S P Si Mn 
DIN 11158 

 
0,22 - 0,28 0,05 (Max) 0,04 (Max) 0,15 - 0,30 0,30 - 0,60 

JIS S 25 C - S 28 C 
 

CHROMIUM NICKEL MOLYBDENUM VANADIUM TUNGSTEN 

UNS G10250 
 

Cr Ni Mo V W 
MIL SPEC MIL-S-11310 

 
- - - - - 

         
GENERAL CHARACTERISTICS 

 
GENERAL PURPOSE 

·  A borderline or transition grade 
between case hardening and direct 
hardening types. It is used for both. 
Because of higher carbon content, it is 
less suitable for cold forming than 1018 
and 1020. 

 
·  Machinery parts, construction components, trusses, building sections, 

tool and die applications, cold-extruded and case-hardened parts,etc… 
 

 

 
·  Low- to medium-carbon alloy appropriate for general engineering and 

construction applications. 
 

·The machinability is poor, because it 
does not contain additives for free 
machining. 

 
·  Direct hardening austenitizing at 870 ºC. Can be case hardened by any 

of several processes, which range from light case hardening (by 
carbonitriding and salt bath nitriding) to deeper case carburizing in gas, 
solid or liquid media. Other rocesses include flame hardening and plasma 
(ion) carburizing 

 

 

·Excellent forgeability and good 
weldability. With the carbon near the 
higher side of the range, preheating and/or 
postheating may be required, depending 
upon the carbon equivalent and 
complexity of the weldment. 

 

 

 

 

 

 

          
THERMIC TREATMENT OF THE MATERIAL 

TREATMENT TEMPERATURE (ºC) COOLING MEDIUM 
HARDNESS 

RC HBN 

NORMALIZED 925 (900 aerospace practice) STILL AIR - - 

ANNEALED 870 (885 aerospace practice) - - - 

QUENCHED 
PHERIPHERY 

- 
WATER/BRINE/AQUEOUS 

POLYMERS 
- - 

CORE 

FORGED 900 - 1245 - - - 

TEMPERED 370 WATER - 400 

CEMENTED - - - 

          
MECHANICAL PROPERTIES OF THE MATERIAL 

  
TYPE OF PROCESSING TENSILE STRENGTH (Mpa) YIELD STRENGTH (Mpa) 

  

HOT ROLLED 400 200 
  

COLD DRAWN 440 370 
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    AISI 1030   

    
STRUCTURAL STEEL 

  

          
          

TECNICAL SPECIFICATIONS OF THE MATERIAL   

            
    

         
EQUIVALENT STANDARS 

 
CHEMICAL COMPOSITION RANGES 

ASTM A510 - A512 
 

CARBON SULFUR PHOSPHORUS SILICON MANGANESE 

SAE J403 - J412 - J414 
 

C S P Si Mn 
DIN 11172 

 
0,28 - 0,34 0,05 (Max) 0,04 (Max)   0,60 - 0,90 

UNI CB 35 
 

CHROMIUM NICKEL MOLYBDENUM VANADIUM TUNGSTEN 

UNS G10300 
 

Cr Ni Mo V W 
MIL SSPEC MIL-S-11310 

 
- - - - - 

         
GENERAL CHARACTERISTICS 

 
GENERAL PURPOSE 

·With few exceptions, used in the 
normalized or anneled condition or subjected 
to direct hardening and tempering. Cold 
formability is poor compared with lower 
carbon grades. Machinability is poor. 
Forgeability is excellent. The slightly higher 
carbon content has csome necgative effect on 
weldability. Unless preheating and postheating 
practices are used, weld cracking may occur.  

 ·  Widely used for producing forgings and parts machine from hot rolled 
or cold drawn bars. Also available in cold heading quality for fabrication 
processes involving cold heading or cold extrusion 

 

 

 ·  Austenitize at 860 ºC. Surface hardening processes include flame 
hardening, induction hardening, carbonitriding, and plasma (ion) 
carburizing. 

 

 

 
  

   
  

 
       

 
          

     
     

THERMIC TREATMENT OF THE MATERIAL 

TREATMENT TEMPERATURE (ºC) COOLING MEDIUM 
HARDNESS 

RC HBN 

NORMALIZED 915 STILL AIR - - 

ANNEALED 870 FURNACE COOL - - 

QUENCHED 
PERIPHERY 

870 - 1150 WATER / BRINE / OIL - 425 
CORE 

FORGED 885 - 1245 - - - 

TEMPERED 204 - 700 - - 425 

CEMENTED - - - 

          

          
MECHANICAL PROPERTIES OF THE MATERIAL 

  
TYPE OF PROCESSING TENSILE STRENGTH (Mpa) YIELD STRENGTH (Mpa) 

  

HOT ROLLED 495 235 
  

COLD DRAWN 485 415 
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    AISI 1035   

    
STRUCTURAL STEEL 

  

          
          

TECNICAL SPECIFICATIONS OF THE MATERIAL   

            
    

         
EQUIVALENT STANDARS 

 
CHEMICAL COMPOSITION RANGES 

AFNOR CC 35 
 

CARBON SULFUR PHOSPHORUS SILICON MANGANESE 

BS  060 A35 - 080 A32 
 

C S P Si Mn 
DIN 10501 

 
0,32 - 0,38 0,05 (Max) 0,04 (Max) - 0,60 - 0,90 

SAE J403 - J412 - J414 
 

CHROMIUM NICKEL MOLYBDENUM VANADIUM TUNGSTEN 

UNI C 35 
 

Cr Ni Mo V W 
SS14 1550 

 
- - - - - 

         
GENERAL CHARACTERISTICS 

 
GENERAL PURPOSE 

·  One of the most widely used medium-carbon 
grades for machinery parts.  

 ·  Austenitize at 855 ºC. Flame hardening, induction hardening, 
austempering, liquid nitriding, and carbonitriding are suitable treatment 
processes. In aerospace practice, parts are austenized at 845 ºC and 
quenched in water, polymer or oil. 

 
·Excellent forgeability available principally in 

bars or billets for forging.  
 

 
·  Special quality grades available for cold 

heading, cold forging, and cold extrusion.  
 

       

 
       

·  Because of carbon content, preheating and 
postheating are required when welding. Interpass 
temperature must be controlled.   

 
       

 
       

 
       

·  Machinability is only fair. Wide range of 
mechanical properties can be attained by quenching 
and tempering 

 
       

 
       

 
          

          
THERMIC TREATMENT OF THE MATERIAL 

TREATMENT TEMPERATURE (ºC) COOLING MEDIUM 
HARDNESS 

RC HBN 

NORMALIZED 915 (900 aerospace practice) AIR - - 

ANNEALED 870 FURNACE - - 

QUENCHED 
PERIPHERY 

- 
WATER / BRINE / OIL / 

POLYMER 
45 - 

CORE 

FORGED 870 - 1245 - - - 

TEMPERED 
455 WATER 

- - 
370 OIL / POLYMER 

CEMENTED - - - 

          
MECHANICAL PROPERTIES OF THE MATERIAL 

  
TYPE OF PROCESSING TENSILE STRENGTH (Mpa) YIELD STRENGTH (Mpa) 

  

HOT ROLLED 517 283 
  

COLD DRAWN 520 420 
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    AISI 1038   

    
STRUCTURAL STEEL 

  

          
          

TECNICAL SPECIFICATIONS OF THE MATERIAL   

            
    

         
EQUIVALENT STANDARS 

 
CHEMICAL COMPOSITION RANGES 

AFNOR XC 38 TS 
 

CARBON SULFUR PHOSPHORUS SILICON MANGANESE 

BS  060A32 
 

C S P Si Mn 
DIN 11176 

 
0,35 - 0,42 0,035 (Max) 0,035 (Max) 0,35 - 0,50 0,50 - 0,70 

UNS G10380 
 

CHROMIUM NICKEL MOLYBDENUM VANADIUM TUNGSTEN 

UNI C36 
 

Cr Ni Mo V W 
SAE J403 - J412 - J414 

 
- - - - - 

         
GENERAL CHARACTERISTICS 

 
GENERAL PURPOSE 

·  One of the most widely used carbon steels 
having a medium-carbon content. 

 ·  Hardening, heat to 855 ºC. Carbonitriding is a suitable surface 
hardening process. 

 
·  Most widely used for producing forgings to be 

used in the heat treated condition. Also available as 
H steel. 

 
       

 
       

 
       

·  Welded only with the precautions used for 
welding of any medium-carbon- steel: preheating, 
postheating, ando control of interpass temperature. 

 
       

 
       

 
          

          
THERMIC TREATMENT OF THE MATERIAL 

TREATMENT TEMPERATURE (ºC) COOLING MEDIUM 
HARDNESS 

RC HBN 

NORMALIZED 900 AIR - - 

ANNEALED 855 FURNACE - - 

QUENCHED 
PERIPHERY 

870 WATER / OIL / BRINE 58 (Max) - 
CORE 

FORGED 870 - 1245 - - - 

TEMPERED - - - - 

CEMENTED - - - 

          
          

MECHANICAL PROPERTIES OF THE MATERIAL 
  

TYPE OF PROCESSING TENSILE STRENGTH (Mpa) YIELD STRENGTH (Mpa)   
HOT ROLLED 517 283 

  
COLD DRAWN 520 420 
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    AISI 1042   

    
STRUCTURAL STEEL 

  

          
          

TECNICAL SPECIFICATIONS OF THE MATERIAL   

            
    

         
EQUIVALENT STANDARS 

 
CHEMICAL COMPOSITION RANGES 

AFNOR XC42 - XC45 - XC48 
 

CARBON SULFUR PHOSPHORUS SILICON MANGANESE 

ASTM A273 - A510 - A576 
 

C S P Si Mn 
DIN 11191 

 
0,40 - 0,47 0,05 (Max) 0,04 (Max) 0,10 - 0,25 0,60 -0,90 

JIS S 45 C - S 48 C 
 

CHROMIUM NICKEL MOLYBDENUM VANADIUM TUNGSTEN 

SS14 1672 
 

Cr Ni Mo V W 
SAE J403 - J412 - J414 

 
- - - - - 

         
GENERAL CHARACTERISTICS 

 
GENERAL PURPOSE 

·  Machinability is only fair. 
 ·  Hardening, heat to 845 ºC. Flame hardening, induction hardening, 

boriding and carbonitriding are suitable surface hardening processes. ·  Weldability is poor. The best 
preheating and postheating practice is 
required when welding is involved. As 
quenched hardness can be slightly higher 
than 1040. 

 
 

  
   

  

 
  

   
  

 
       

 
  

  
  

  
 

       
  

  
  

 
       

  
 

          

          
THERMIC TREATMENT OF THE MATERIAL 

TREATMENT TEMPERATURE (ºC) COOLING MEDIUM 
HARDNESS 

RC HBN 

NORMALIZED 900 AIR - - 

ANNEALED 845 FURNACE - - 

QUENCHED 
PERIPHERY 

  WATER / BRINE / OIL - - 
CORE 

FORGED 870 - 1245 - - - 

TEMPERED 540 - - - 

CEMENTED - - - 

          
          

MECHANICAL PROPERTIES OF THE MATERIAL 
  

TYPE OF PROCESSING TENSILE STRENGTH (Mpa) YIELD STRENGTH (Mpa) 
  

HOT ROLLED 551 304 
  

COLD DRAWN 613 517 
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    ASTM A36   

    
STRUCTURAL STEEL 

  

          
          

TECNICAL SPECIFICATIONS OF THE MATERIAL   

            
    

         
EQUIVALENT STANDARS 

 
CHEMICAL COMPOSITION RANGES 

AFNOR - 
 

CARBON SULFUR PHOSPHORUS SILICON MANGANESE 

BS  - 
 

C S P Si Mn 
DIN - 

 
0,25 - 030 0,04 (Max) 0,05 (Max) 0,15 - 0,40 0,60 - 1,20 

JIS SS 400 - SM 400 B 
 

CHROMIUM NICKEL MOLYBDENUM VANADIUM TUNGSTEN 

UNI - 
 

Cr Ni Mo V W 
Tyssen Grade - 

 
- - - - - 

         
GENERAL CHARACTERISTICS 

 
GENERAL PURPOSE 

·  Enables quick deformation while increasing 
stress beyond his strength to yield. This conductivity 
allows buildings to withstand far more than the 
limits of a structure in an emergency, allowing 
people safely out before collapsing. 

 
·  Carbon structural steel shapes, plates and bars, used in riveted, bolted, 

or welded construction of buildings, metallic structures, bridges, energy 
towers, comunication towers, electrical fittings and signaling. 

 

 

 

 
       

·  These steels have the same atmospheric corrosion 
resistance as plain carbon steels. However, this may 
be enhanced by specifying copper additions. Easily 
welded using good field practice by usual methods. 

 

  

 
       

 
          

          
THERMIC TREATMENT OF THE MATERIAL 

TREATMENT TEMPERATURE (ºC) COOLING MEDIUM 
HARDNESS 

RC HBN 

NORMALIZED - - - - 

ANNEALED - - - - 

QUENCHED 
PERIPHERY 

- - - - 
CORE 

FORGED - - - - 

TEMPERED - - - - 

CEMENTED - - - 

          
          

MECHANICAL PROPERTIES OF THE MATERIAL 
  

TYPE OF PROCESSING TENSILE STRENGTH (Mpa) YIELD STRENGTH (Mpa) 
  

HOT ROLLED 400 250 
  

COLD DRAWN - - 
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    SS14 1540   

    
STRUCTURAL/CONSTRUCTION STEEL 

  

          
          

TECNICAL SPECIFICATIONS OF THE MATERIAL   

            
    

         
EQUIVALENT STANDARS 

 
CHEMICAL COMPOSITION RANGES 

AFNOR CC 20 
 

CARBON SULFUR PHOSPHORUS SILICON MANGANESE 

BS  O40 A 20 
 

C S P Si Mn 
DIN 10402 

 
0,17 - 0,22 0,04 (Max) 0,035 (Max) 0,15 -0,35 0,45 -0,65 

JIS S20C 
 

CHROMIUM NICKEL MOLYBDENUM VANADIUM TUNGSTEN 

UNI C20 
 

Cr Ni Mo V W 
SAE J403 - J412 - J414 

 
0,40 - 0,60 1,65 - 2 0,20 - 0,30 - - 

         
GENERAL CHARACTERISTICS 

 
GENERAL PURPOSE 

  
 

          

 
  

 
       

  
  

  
 

 
  

 
  

  
  

 
  

  
 

       
  

  
  

 
       

  
 

          

          
THERMIC TREATMENT OF THE MATERIAL 

TREATMENT TEMPERATURE (ºC) COOLING MEDIUM 
HARDNESS 

RC HBN 

NORMALIZED   
 

    

ANNEALED       235 

QUENCHED 
PERIPHERY   

OIL     
CORE   

FORGED         

TEMPERED 425       

CEMENTED   
 

  

          
          

MECHANICAL PROPERTIES OF THE MATERIAL 
  

TYPE OF PROCESSING TENSILE STRENGTH (Mpa) YIELD STRENGTH (Mpa) 
  

HOT ROLLED 520 415 
  

COLD DRAWN 520 415 
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B. Appendix 2.- Mustad Horseshoe’s Catalogue 

 

Figure B.1.- Front horseshoe's dimensions (Mustad Hoofcare Group, n.d.) 

 

Figure B.2.- Rear horseshoe's dimensions (Mustad Hoofcare Group, n.d.) 
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1. Mustad SM 

Mustad SM Front 
NUMBER SIZE A B C D E 

1 16x06 97 100 16 270 6 
2 18x06 102 105 18 284 6 
3 18x06 107 110 18 289 6 
4 20x08 112 115 20 311 8 
5 20x08 118 122 20 326 8 
6 20x08 124 128 20 349 8 
7 20x08 129 133 20 364 8 
8 22x08 129 133 22 364 8 
9 22x08 134 138 22 381 8 

10 22x08 140 144 22 400 8 
11 22x08 146 151 22 420 8 
12 25x08 146 151 25 420 8 
13 22x10 140 144 22 400 10 
14 22x10 146 151 22 420 10 
15 25x10 152 157 25 430 10 
16 25x10 159 164 25 451 10 

 

Mustad SM Back 
NUMBER SIZE A B C D E 

17 16x06 96 98 16 0 6 
18 18x06 109 111 18 0 6 
19 20x08 113 116 20 0 8 
20 20x08 119 121 20 0 8 
21 20x08 123 125 20 0 8 
22 20x08 128 130 20 0 8 
23 22x08 128 130 22 0 8 
24 22x08 134 137 22 0 8 
25 22x08 140 142 22 0 8 
26 22x08 145 147 22 0 8 
27 25x08 145 147 25 0 8 
28 22x10 140 142 22 0 10 
29 22x10 145 147 22 0 10 
30 25x10 145 147 25 0 10 
31 25x10 152 154 25 0 10 
32 25x10 157 160 25 0 10 
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2. Mustad LiBero 

Mustad LB Front (top clip) 
NUMBER SIZE A B C D E 

33 20x08 114,6 113 19 313 7,4 
34 20x08 121,7 120 19,5 326 7,5 
35 20x08 127,8 126 20 340 7,6 
36 20x08 133,8 132 20,3 355 7,7 
37 20x08 139,9 138 20,5 374 7,8 
38 22x08 121,7 120 21,8 326 7,5 
39 22x08 127,8 126 22 340 7,6 
40 22x08 133,8 132 22,3 355 7,7 
41 22x08 139,9 138 22,5 374 7,8 
42 22x08 146 144 22,8 392 7,9 
43 22x08 152,1 150 23 415 8 
44 22x08 159,2 157 23,3 438 8,1 
45 25x08 139,9 138 24,5 374 7,8 
46 25x08 146 144 24,8 392 7,9 
47 25x08 152,1 150 25 415 8 
48 25x08 159,2 157 25,3 438 8,1 
49 25x08 166,3 164 25,5 451 8,2 
50 20x10 114,6 113 19 313 9 
51 20x10 121,7 120 19,5 326 9,1 
52 20x10 127,8 126 20 340 9,2 
53 20x10 133,8 132 20,3 355 9,3 
54 20x10 144 138 20,5 374 9,4 
55 22x10 127,8 126 22 340 9,3 
56 22x10 133,8 132 22,3 355 9,4 
57 22x10 139,9 138 22,5 374 9,5 
58 22x10 146 144 22,8 392 9,6 
59 22x10 152,1 150 23 415 9,7 
60 22x10 159,2 157 23,3 438 9,8 
61 25x10 139,9 138 24,5 374 9,5 
62 25x10 146 144 24,8 392 9,6 
63 25x10 152,1 150 25 415 9,7 
64 25x10 159,2 157 25,3 438 9,8 
65 25x10 166,3 164 25,5 451 10 
66 25x10 174,4 172 23,8 0 10,2 
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Mustad LB Front (side clips) 
NUMBER SIZE A B C D E 

67 20x08 114,6 0 19 313 7,4 
68 20x08 121,7 118 19,5 326 7,5 
69 20x08 127,8 124 20 340 7,6 
70 20x08 133,8 130 20,3 355 7,7 
71 20x08 139,9 136 20,5 374 7,8 
72 22x08 121,7 118 21,8 326 7,5 
73 22x08 127,8 124 22 340 7,6 
74 22x08 133,8 130 22,3 355 7,7 
75 22x08 139,9 136 22,5 374 7,8 
76 22x08 146 142 22,8 392 7,9 
77 22x08 152,1 158 23 415 8 
78 22x08 159,2 155 23,3 438 8,1 
79 25x08 139,9 136 24,5 374 7,8 
80 25x08 146 142 24,8 392 7,9 
81 25x08 152,1 148 25 415 8 
82 25x08 159,2 155 25,3 438 8,1 
83 25x08 166,3 162 25,5 451 8,2 
84 20x10 114,6 0 19 313 9 
85 20x10 121,7 118 19,5 326 9,1 
86 20x10 127,8 124 20 340 9,2 
87 20x10 133,8 130 20,3 355 9,3 
88 20x10 144 136 20,5 374 9,4 
89 22x10 127,8 124 22 340 9,3 
90 22x10 133,8 130 22,3 355 9,4 
91 22x10 139,9 136 22,5 374 9,5 
92 22x10 146 142 22,8 392 9,6 
93 22x10 152,1 148 23 415 9,7 
94 22x10 159,2 155 23,3 438 9,8 
95 25x10 139,9 136 24,5 374 9,5 
96 25x10 146 142 24,8 392 9,6 
97 25x10 152,1 148 25 415 9,7 
98 25x10 159,2 155 25,3 438 9,8 
99 25x10 166,3 162 25,5 451 10 

100 25x10 174,4 0 23,8 0 10,2 
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Mustad LB Back (top clip) 
NUMBER SIZE A B C D E 

101 20x08 108,8 0 19 292 7,4 
102 20x08 115,6 0 19,5 314 7,5 
103 20x08 121,4 127 20 328 7,6 
104 20x08 127,3 133 20,3 343 7,7 
105 20x08 133,1 139 20,5 361 7,8 
106 22x08 115,6 0 21,8 314 7,5 
107 22x08 121,4 127 22 328 7,6 
108 22x08 127,3 133 22,3 343 7,7 
109 22x08 133,1 139 22,5 361 7,8 
110 22x08 138,9 145 22,8 378 7,9 
111 22x08 144,7 151 23 398 8 
112 22x08 151,5 0 23,3 418 8,1 
113 25x08 133,1 139 24,5 361 7,8 
114 25x08 138,9 145 24,8 378 7,9 
115 25x08 144,7 151 25 398 8 
116 25x08 151,5 0 25,3 418 8,1 
117 25x08 158,3 0 25,5 438 8,2 
118 20x10 115,6 0 19,5 314 9,1 
119 20x10 121,4 127 20 328 9,2 
120 20x10 127,3 133 20,3 343 9,3 
121 20x10 133,1 139 20,5 361 9,4 
122 22x10 121,4 127 22 328 9,3 
123 22x10 127,3 133 22,3 343 9,4 
124 22x10 133,1 139 22,5 361 9,5 
125 22x10 138,9 145 22,8 378 9,6 
126 22x10 144,7 151 23 398 9,7 
127 22x10 151,5 0 23,3 418 9,8 
128 25x10 133,1 139 24,5 361 9,5 
129 25x10 138,9 145 24,8 378 9,6 
130 25x10 144,7 151 25 398 9,7 
131 25x10 151,7 0 25,3 418 9,8 
132 25x10 158,3 0 25,5 438 10 
133 25x10 166,1 0 25,8 0 10,2 
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Mustad LB Back (side clips) 
NUMBER SIZE A B C D E 

134 20x08 108,8 112 19 292 7,4 
135 20x08 115,6 119 19,5 314 7,5 
136 20x08 121,4 125 20 328 7,6 
137 20x08 127,3 131 20,3 343 7,7 
138 20x08 133,1 137 20,5 361 7,8 
139 22x08 115,6 119 21,8 314 7,5 
140 22x08 121,4 125 22 328 7,6 
141 22x08 127,3 131 22,3 343 7,7 
142 22x08 133,1 137 22,5 361 7,8 
143 22x08 138,9 143 22,8 378 7,9 
144 22x08 144,7 149 23 398 8 
145 22x08 151,5 156 23,3 418 8,1 
146 25x08 133,1 137 24,5 361 7,8 
147 25x08 138,9 143 24,8 378 7,9 
148 25x08 144,7 149 25 398 8 
149 25x08 151,5 156 25,3 418 8,1 
150 25x08 158,3 163 25,5 438 8,2 
151 20x10 115,6 119 19,5 314 9,1 
152 20x10 121,4 125 20 328 9,2 
153 20x10 127,3 131 20,3 343 9,3 
154 20x10 133,1 137 20,5 361 9,4 
155 22x10 121,4 125 22 328 9,3 
156 22x10 127,3 131 22,3 343 9,4 
157 22x10 133,1 137 22,5 361 9,5 
158 22x10 138,9 143 22,8 378 9,6 
159 22x10 144,7 149 23 398 9,7 
160 22x10 151,5 156 23,3 418 9,8 
161 25x10 133,1 137 24,5 361 9,5 
162 25x10 138,9 143 24,8 378 9,6 
163 25x10 144,7 149 25 398 9,7 
164 25x10 151,7 156 25,3 418 9,8 
165 25x10 158,3 163 25,5 438 10 
166 25x10 166,1 171 25,8 0 10,2 
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3. Mustad DM 

Mustad DM Front 
NUMBER SIZE A B C D E 

167 17x08 110 115 17 307 8 
168 17x08 116 121 17 323 8 
169 17x08 122 127 17 339 8 
170 19x08 104 110 19 294 8 
171 19x08 110 115 19 307 8 
172 19x08 116 121 19 323 8 
173 19x08 122 127 19 339 8 
174 19x08 128 133 19 371 8 
175 19x08 134 139 19 371 8 
176 19x08 140 145 20 378 8 
177 19x08 146 151 20 403 8 
178 22x08 128 133 22 356 8 
179 22x08 134 139 22 371 8 
180 22x08 140 145 22 387 8 
181 22x08 146 151 23 403 8 
182 22x08 153 158 23 421 8 
183 22x08 159 163 23 433 8 
184 19x10 104 110 19 294 9,5 
185 19x10 110 115 19 307 9,5 
186 19x10 116 121 19 323 9,5 
187 19x10 122 127 19 339 9,5 
188 19x10 128 133 19 356 9,5 
189 19x10 134 139 19 371 9,5 
190 19x10 140 145 20 387 9,5 
191 19x10 146 151 20 403 10 
192 19x10 153 158 20 421 10 
193 22x10 128 133 22 356 9,5 
194 22x10 134 139 22 371 9,5 
195 22x10 140 145 22 387 9,5 
196 22x10 146 151 23 403 10 
197 22x10 153 158 23 421 10 
198 22x10 159 163 23 433 10 
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Mustad DM Back 
NUMBER SIZE A B C D E 

199 19x06 104 110 19 287 6 
200 19x06 110 115 19 300 6 
201 19x06 116 121 19 315 6 
202 19x06 122 127 19 331 6 
203 17x08 123 125 17 328 8 
204 17x08 129 130 17 343 8 
205 17x08 136 136 17 361 8 
206 19x08 104 110 19 287 8 
207 19x08 110 115 19 300 8 
208 19x08 116 121 19 315 8 
209 19x08 122 127 19 331 8 
210 19x08 128 133 19 346 8 
211 19x08 134 139 19 362 8 
212 19x08 140 145 20 377 8 
213 19x08 146 151 20 393 8 
214 22x08 128 133 22 346 8 
215 22x08 134 139 22 362 8 
216 22x08 140 145 22 388 8 
217 22x08 146 151 23 393 8 
218 22x08 153 158 23 411 8 
219 22x08 159 163 23 424 8 
220 19x10 104 110 19 287 9,5 
221 19x10 110 115 19 300 9,5 
222 19x10 116 121 19 315 9,5 
223 19x10 122 127 19 331 9,5 
224 19x10 128 133 19 346 9,5 
225 19x10 134 139 19 362 9,5 
226 19x10 140 145 20 377 9,5 
227 19x10 146 151 20 393 10 
228 19x10 153 158 20 411 10 
229 22x10 128 133 22 346 9,5 
230 22x10 134 139 22 362 9,5 
231 22x10 140 145 22 377 9,5 
232 22x10 146 151 23 393 10 
233 22x10 153 158 23 411 10 
234 22x10 159 163 23 424 10 
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4. Mustad Continental 

Mustad Continental Front 
NUMBER SIZE A B C D E 

235 21x7,5 128 125 21,5 343 7,5 
236 22x8,0 135 131 22 326 8 
237 22x8,5 142 137 22,5 368 8 
238 23x8,5 148 143 23 381 8,5 
239 23x8,5 156 150 23,5 413 8,5 
240 24x9,0 164 159 24 439 9 

 

Mustad Continental Back 
NUMBER SIZE A B C D E 

241 21x7,5 123 126 21,5 330 7,5 
242 22x7,5 129 132 22 343 7,5 
243 22x8,0 136 139 22,5 362 8 
244 23x8,0 141 145 23 381 8 
245 23x8,5 147 151 23,5 400 8,5 
246 24x9,0 153 157 24 419 9 

5. Mustad Equi-Librium Iron and Aluminium 

Mustad Equi-Librium Iron 
NUMBER SIZE A B C D E 

297 21x8,9 124 124 21 335 8,9 
298 21x9,1 128 128 21,5 350 9,1 
299 22x9,3 135 135 22 365 9,3 
300 22x9,5 142 142 22,5 380 9,5 
301 23x9,7 148 148 23 395 9,7 
302 23x9,9 156 156 23,5 415 9,9 
303 24x1,0 164 164 24 440 10,1 

 

Mustad Equi-Librium Aluminium 
NUMBER SIZE A B C D E 

304 21x9,2 122 122 21 335 9,2 
305 21x9,7 129 129 21,5 350 9,7 
306 22x10,2 135 135 22 365 10,2 
307 22x10,5 142 142 22,5 380 10,5 
308 23x10,8 148 148 23 395 10,8 
309 23x11,1 154 154 23,5 415 11,1 
310 24x11,5 161 161 24 440 11,5 
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6. St. Croix Concorde Iron and Aluminium 

St. Croix Concorde Iron Front 
NUMBER SIZE A B C D E 

255 18x08 113 106 18 298 8 
256 18x08 117 110 18 311 8 
257 18x08 124 116 18 321 8 
258 19x08 129 119 19 332 8 
259 20x08 133 125 20 346 8 
260 21x08 138 129 21 360 8 
261 22x08 144 135 22 375 8 
262 22x08 149 140 22 384 8 

 

St. Croix Concorde Iron Back 
NUMBER SIZE A B C D E 

247 18x08 110 108 18 287 8 
248 18x08 113 113 18 298 8 
249 18x08 118 117 18 311 8 
250 19x08 124 121 19 324 8 
251 20x08 129 127 20 337 8 
252 21x08 133 132 21 349 8 
253 22x08 138 137 22 368 8 
254 22x08 144 143 22 387 8 

 

7. St. Croix Eventer Iron and Aluminium 

St. Croix Eventer Front 
NUMBER SIZE A B C D E 

263 21x08 121 121 21 318 8 
264 21x09 127 127 21 343 9 
265 22x09 133 133 22 362 9 
266 22x09 140 140 22 381 9 
267 23x10 149 149 23 400 10 
268 23x10 159 159 23 419 10 
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St. Croix Eventer Back 
NUMBER SIZE A B C D E 

269 20x08 121 124 20 318 8 
270 21x09 127 133 21 343 9 
271 21x09 133 140 21 356 9 
272 22x09 140 149 22 381 9 
273 22x10 146 152 22 400 10 
274 23x10 155 159 23 419 10 

 

8. St. Croix Eventer Plus 

St. Croix Eventer Plus Front 
NUMBER SIZE A B C D E 

275 21x08 130 127 21 349 8 
276 21x09 138 135 21 361 9 
277 23x10 147 143 23 391 10 
278 24x10 156 152 24 414 10 
279 25x10 165 162 25 440 10 

 

St. Croix Eventer Plus Back 
NUMBER SIZE A B C D E 

280 21x08 130 133 21 354 8 
281 21x09 138 143 21 375 9 
282 23x10 146 151 23 397 10 
283 24x10 156 159 24 419 10 
284 25x10 165 168 25 445 10 

 

9. St. Croix EZ Iron 

St. Croix EZ Front 
NUMBER SIZE A B C D E 

285 21x08 121 121 21 318 8 
286 21x09 127 127 21 343 9 
287 22x09 133 133 22 362 9 
288 22x10 140 140 22 381 10 
289 23x10 149 149 23 400 10 
290 23x10 159 152 23 419 10 
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St. Croix EZ Back 
NUMBER SIZE A B C D E 

291 20x08 121 124 20 318 8 
292 21x09 127 133 21 343 9 
293 21x09 133 140 21 356 9 
294 22x10 140 146 22 381 10 
295 23x10 146 152 22 400 10 
296 23x10 156 159 23 419 10 
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C. Appendix 3.- Power Screw Calculations 

Power screws have a large frictional energy loss due to the large contact area between their threads. 

Therefore, different thread forms are designed to increase the screw’s capacity to carry an axial load, 

and to diminish the frictional drag.  

1. Power Screw Thread Selection 

The most common thread forms used in power screws are: 

• Square thread: This thread provides the best high load capacity and power transmission 

efficiency; it has the least friction but is difficult to manufacture which makes it the most 

expensive. Frequently, the square thread is modified in order to improve its manufacturability 

by the addition of 5º to 10º to the thread angle. Since it is a small angle, the transmission 

efficiency of modified square threads is practically equivalent to the transmission of a square 

thread. In addition, modified square threads are easier to manufacture and have a higher load 

capacity than square threads. 

 

 

Figure C.1  Square thread profile (a) and Square threaded power screw (b) 
(DesignAerospace LLC, 2013; Rempco, n.d.) 

• Acme thread: This thread has a 29º angle and is easier to manufacture than square threads. 

This type of power screw is less efficient because it has more friction between the threads. 

The angle allows the use of a split nut that can be squeezed radially to adjust for wear. 

a) b) 
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Figure C.2  Square thread profile (a) and Square threaded power screw (b) 
(DesignAerospace LLC, 2013; Trottier, 2007) 

• Buttress: This kind of thread provides greater strength for unidirectional forces, i.e. the force 

is only applied in one direction. Buttress threads are as efficient as square threads in these 

applications because their type of thread requires the smaller torsional torque to carry a given 

load along the screw. In addition, they are easier to manufacture than square screws.  

 

Figure C.3  Buttress thread profile (a) and Square threaded power screw (b) (DIN, 
1985; Rempco, n.d.) 

Among these types of power screw threads, the buttress form has been the one chosen for the design 

due to its own characteristics. The buttress thread, is a strong thread with a low friction, which, as 

stated before, makes it the best suited for linear motions. In addition, this thread form needs the less 

torsional torque to move the same load throughout the screw, which is a great characteristic because 

the smaller the applied torque, the less power needed to rotate the screw, and therefore, the smaller 

the electric motor. 

a) b) 

a) b) 



Horseshoe Bending Machine 
Raquel Quesada Díaz  

 

Final Project in Mechanical Engineering, MT503G       133    
 

2. Power Screw Design Procedure 

The design of the power screw is done with the purpose of selecting the best materials and geometry 

that can satisfy all the requirements of the bending mechanism. 

As was described in paragraph 5.3.3, the bending mechanism consists of two different sub-

mechanisms; the first one allows the movement of the bending mechanism along the length of the 

horseshoe (see paragraph 5.3.3.1), and the second sub-mechanism allows the bending process by the 

adaptation of the cylinders to the branches of the horseshoe and the application of the bending force 

(see paragraph 5.3.3.2). In this preliminary design the focus is placed in the second sub-mechanism 

which is the actual bending mechanism and the one under the bigger load requirements. 

 

Figure C.4  Free body diagram of the bending mechanism 

2.1. Selection of the Materials 

The first step of the design of a power screw is the selection of the material for the screw and the 

matting nut. A list of the different mechanical properties for the most common constructive materials 

for power screws and nuts can be seen in Table C.1 and Table C.2. Since the nut is embedded in the 

cylindrical rollers, it seems logical to choose a nut of the same material as the cylindrical rollers, i.e. 

carbon steel. However, nuts made of carbon steel are not suitable to transmit motion when the screw 

is also made of carbon steel due to the high friction on the contact surface between steel and steel 

(see equation C.2). 
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Table C.1  Mechanical properties for power screws and nuts made of steel and 
bronze alloys (AISI American Iron and Steel Institute, 1992; CEN European 

Committee for Standardization, 2006) 

Screw Mechanical properties 

Material Treatment Hardn. 

(HB) 

Yield 

Strength 

(MPa) 

Ultimate 

Strength 

(MPa) 

Elongation 

(%) 

Carbon Steel 

AISI 1010 
Cold 

Drawn 
(CD) 

105 300 370 20 

AISI 1018 CD 126 370 440 15 
AISI 1020 CD 121 350 420 15 
AISI 1045 CD 179 530 630 12 

AISI 4130 
Hot 

Rolled 
(HR) 

(HRB) 
89 483 621 20 

AISI 12L14 CD 163 410 540 10 
Stainless Steel 

AISI 303 
Annealed 

(AN) 
201 205 515 40 

AISI 304 AN 201 205 515 40 
AISI 316 AN 217 205 515 40 

Bronze 
CC483K AN 90 150 300 6 
CC491K AN 65 110 250 13 
CC493K AN 70 120 260 12 

Bronze-Aluminium 
CC334G AN 185 380 750 5 

Brass 
CW614N AN 110 220 430 10 

Nuts made of plastic are good for high speed movements and low noise in cycles of continuous work 

and medium loads, but can break easily if they are embedded in the cylindrical rollers.  

The best solution in this case, is the use of nuts made of bronze or steel nuts with bronze bush which 

are the best suited to transmit motion in continuous operation. The use of these materials will allow 

the embedment of a bronze nut in the carbon steel used to manufacture the cylindrical rollers. In 

addition, these types of nuts can be combined with stainless steel lead screws, which are corrosion 

resistant.  

Furthermore, the combination of carbon or stainless steel with a bronze nut presents a good wear 

resistance due to the use of steel with a hardness (HB) from 111 to 217 on bronze with a hardness 

(HB) situated between 65 and 185, depending on the selected materials. Also steel grades have a 
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high modulus of elasticity, N 3 2.1r10ç	8-I, which provides with a good buckling resistance. 

Moreover, this combination (steel-bronze) also presents a relatively low coefficient of thread friction 

when compared with the coefficient that belongs to the steel-steel combination, under the same 

circumstances (Collins, et al., 2010): 

• Steel on bronze → sliding and lubricated → Õè 3 0.03																																																													(P. 1, 

• Steel on steel → sliding and lubricated → Õè 3 0.08																																																																	(P. 2, 

Table C.2  Mechanical properties for nuts made of steel and bronze alloys (AISI 
American Iron and Steel Institute, 1992; CEN European Committee for 

Standardization , 2008) 

Nut Mechanical properties 

Material Treatment Hardn. 

(HB) 

Yield 

Strength 

(MPa) 

Ultimate 

Strength 

(MPa) 

Elongation 

(%) 

Carbon Steel 

AISI 1045 
Cold 

Drawn 
(CD) 

179 530 630 12 

AISI 12L14 CD 163 410 540 10 
Stainless Steel 

AISI 303 
Annealed 

(AN) 
201 205 515 40 

Bronze 
CC483K AN 90 150 300 6 
CC491K AN 65 110 250 13 
CC493K AN 70 120 260 12 
C22000 AN 70 372 421 5 

The type of thread chosen for the design was appointed in paragraph 5.3.3 and it is the buttress 

thread. Besides, Figure C.4 shows that the screw is attached to an element bearing on each end so the 

collar friction and the follower friction can be discarded initially: 

Õb 3 0	I�]	Õ� 3 0	                                                       (P. 3, 

2.2. Does the Designed Lead Screw Work in Tension or 

Compression? 

It is desirable to have a design that allows the lead screw to support tension. Although, it can be seen 

in Figure C.4 that the power screw will not only work under tension but also under compression due 

to the axial loads. Due to the length of the power screw this configuration can be considered as a 
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long thin member. Under these circumstances, the compressive forces applied to the screw may 

induce changes in its geometry even when the compressive forces are within admissible levels; the 

deflections ¿ provoked by the compressive forces can result in a failure of the system due to the 

elastic instability. Therefore, in order to prevent the collapse of the system, the design of the power 

screw must consider buckling resistance which is dependent on the dimensions and the modulus of 

elasticity of the material. 

Euler’s equation can be used to calculate the buckling load for any elastic column and can be 

expressed as: 

-bå 3 ©'N;pZ' 																																																																						(P. 4, 

where: 

N is the Young’s modulus H-IJ ;  is the area moment of inertia of the cross section HKMJ pZ is the effective length of the column HKJ 
Collins (2010) defines the effective length of any column as “the length of a pinned-pinned column 

that would buckle at the same critical load as the actual column” (Collins, et al., 2010). The 

different types of constraint at the end of the column are shown in Figure C.5. 

 

Figure C.5  Frequent end constraints for columns: (a) fixed-fixed (b) fixed-pinned (c) 
fixed- translation free (d) pinned-pinned (e) fixed-free (f) pinned-translation free 

(Thomas, 2012) 
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The effective length can be expressed as: 

pZ 3 ?p																																																																								(P. 5, 

where K is the column effective length factor and is a theoretical value.  

The diverse effective lengths and column effective length factors depending on the type of constraint 

at the end of the column can be seen in Table C.1. 

Table C.3  Effective length (��) and effective length factor (�) for several types of 
column end constraint 

End Constraint Theoretical K value 
Recommended K value  

for ideal conditions 

Effective length �� 3 �� 

Fixed-fixed 0.5 0.65 pZ 3 0.5p 
Fixed-pinned 0.7 0.8 pZ 3 0.7p 

Fixed-translation free 1 1.2 pZ 3 p 
Pinned-pinned 1 1 pZ 3 p 

Fixed-free 2 2.1 pZ 3 2p 
Pinned-translation free 2 2 pZ 3 2p 

Taking into account the system represented in Figure C.4 and the frequent constraints shown in 

Figure C.5, the column has been determined to be pinned-pinned, which gives: 

? 3 1																																																																									(P. 6, 

If this value of the effective length factor is introduced in equation C.5 leads to an effective length 

equal to: 

pZ 3 p																																																																								(P. 7, 

Due to the lack of knowledge of the manufacture process, the thermal treatments to compensate for 

residual stresses, the quality controls, among other aspects like the environmental conditions present 

in the places where the machine will be installed and the degree of reliability, the design factor of 

safety considered for the calculations of the power screw is: 

4 3 2																																																																							(P. 8, 

Considering the new values established in equations C.7 and C.8 Euler’s equation can be rewritten as 

follows: 
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-bå 3 4-§ 3 4©'N;åp' 																																																																						(P. 9, 

where -§ is the designing force [N] 

The area moment of inertia for the power screw is expressed as: 

;å 3 ©]åM64 																																																																								(P. 10, 

If the area moment of inertia is cleared in equation C.9 and evened with its value in equation C.10 

the root diameter of the screw can be obtained. 

]å 3 «64-båp'4©�Né 																																																																		(P. 11, 

Once the root diameter ]å is obtained, the value of the closest standard-size buttress thread can be 

selected from the standard DIN 513:1985. The value of the selected diameter corresponds with the 

nominal diameter of the screw ] (see Figure C.3a), and the new root diameter ]å can be obtained 

from the value ]� in the standard DIN513:1985 or the following equation: 

]� 3 ]å B 2Y�																																																																(P. 12, 

The lead � can be expressed as: 

� 3 �ê																																																																						(P. 13,	
where  

� is the number of parallel threads ê  is the pitch HKJ 
The chosen thread configuration for the bending mechanism will be single start (single thread) which 

means that the lead is equal to the pitch, see Figure C.6 and equation C.13. 
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Figure C.6  Different thread configurations (Biel, 2013)  

2.3. Calculation of the Driving Torque �� 

Once all the data presented in paragraph 2.2 is selected and calculated, the driving torque required 

for lubricated threads and supported by an element bearing on each end can be written as: 

Q  3	-§Â[ ë� cos � 7 2©Â[Õè2©Â[ cos � B �Õèì 7 -§ÂbÕb 3 -§ `Â 7 Â�2 a ë� cos � 7 2©Â[Õè2©Â[ cos � B �Õèì															(P. 14, 

3. Identification and Analysis of the Critical Points of the 

Engagement Zone 

An important step in the design of power screws is the identification and analysis of the critical 

sections and points in the engagement zone. The main critical points are shown in Figure C.7 

together with their state of stress. 

As can be seen in Figure C.7 point A is situated in the contact zone between the threads of the screw 

and the nut. The most probable failure at this point is caused by wear of the threads. The combination 

of materials selected for this design was specified in paragraph 2. The design limits for boundary-

lubricated bearings made of the chosen materials are presented in Table C.4. 

Table C.4  Design limits for boundary-lubricated bearings in contact with steel 
(Collins, et al., 2010) 

Material 

Max. allowable unit 

load, 	
�� 

(MPa) 

Max. allowable sliding 

velocity load, í
��  

(m/min) 

Max. allowable 

product, (	í,
�� 

(mMPa/min) 

Approx. max 

allowable 

optimum Temp., î
�� (ºC) 

Bronze 13,8 365,8 105,1 232,2 

The maximum allowable bearing load can be calculated as: 
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2n 3 -§6[ 3 -§©(Â' B Âå',�Z 																																																							(P. 15, 

where 

6[ is the effective contact area of the projected thread [K'] �Z is the effective number of threads that carry the load in the contact zone 

In order to obtain an acceptable design, the operating values of the power screw must be below than 

the limiting values given Table C.4. 

 

Figure C.7  Critical points and their state of stresses in a power screw (Collins, et al., 
2010) 

Critical point B is situated at the thread bending neutral axis cf. Figure C.7 and the main cause of 

failure at this point is provoked by yielding and fatigue.  
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The torsional shear stress in the root cross section of the screw is given by: 

ïÀn 3 �Q  B Qb�¡Âåðå 3 �Q  B Qb�¡Âå`©ÂåM2 a 3 2�Q  B Qb�¡©Âå� 																															(P. 16, 

where  

Qb� is the torque to overcome the collar friction [4K] ð is the polar moment of area or second moment of area [KM] 

The direct stress in the root cross-section of the screw can be expressed as: 

2§�ån 3	 -§6å 3 -§©Âå' 																																																													(P. 17, 

where 6å is the area of the root cross-section [K'] 

In order to calculate the maximum traverse shear stress, the thread is considered as a cantilever beam 

with a rectangular root cross-section. Thus 

ïå�®¹5 3 3-§26èå 3 3-§2©Âåê�Z 																																																(P. 18, 

where ê is the thread pitch [K] 

The third critical point which is point C is located at the thread root and its failure is usually caused 

by yielding or fatigue. The most common fracture at this point is ductile however brittle fracture is 

also possible although less probable. 

The torsional shear stress and the direct stress in the screw at critical point C are equal to the ones at 

critical point B. If the thread is considered as a cantilever beam with load distributed along the line of 

the pitch the bending stress of the thread can be expressed as: 

2ñ 3 8d; 3 68X]' 3 12-§(Â[ B Âå,©Âå�Zê' 																																													(P. 19, 
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4. Preliminary Design and Stress Analysis for a Power Screw 

As explained in paragraph 2.1 the best material configuration suited to transmit motion in continuous 

operation is a steel screw with a mating nut made of bronze due to its good wear and buckling 

resistance. From all the materials used to manufacture power screws and nuts cf. Table C.1 and 

Table C.2, the selected for this configuration have been: 

Table C.5  Mechanical properties of the chosen materials for the power screw and 
nut 

Screw and 

Nut 
Mechanical properties 

Material Treatment Hardn. 

(HB) 

Yield 

Strength 

(MPa) 

Ultimate 

Strength 

(MPa) 

Elongation 

(%) 

AISI 1045 CD 179 530 630 12 
C22000 AN 70 372 421 5 

If the wideness of the biggest horseshoe listed on Mustad’s catalogue, which is p¾ 3 174	KK, is 

considered and a design factor of safety S=1.7 is used, the effective length of the screw is: 

pZ 3 p¾Á 3 	295.8	 ò 300		KK																																															(P. 20, 

Taking into account the data from equations C.6, C.8, C.18 and the bending forces for a flat cross-

section calculated in Table 3.7, and introducing them in equation C.11 the design root diameter of 

the screw is obtain for each of the forces. The forces being considered in this part of the design 

correspond to the bending forces that the central rollers need to apply to bend the horseshoe; as 

explained in paragraph 3.4, the forces applied by the side rollers are  k 3 '̈, i.e. half the force needed 

to be applied by the central rollers. 

Table C.6  Design root diameter for the power screw depending on the bending force 

Hot rolled AISI 1042 Maximum Bending Force in kN  

Dist. supports (mm) 30 35 40 45 50 -bå	 (kN) 68 58 51 45 41 ]å (mm) 13.16 12.67 12.25 11.90 11.59 

Once the root diameter ]å is calculated, the value of the nominal diameter, ], for the immediate 

standard-size buttress thread is selected from the standard DIN 513:1985. For this selection: 
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Table C.7  Nearest standard-size Buttress thread (DIN, 1985) 

Bending Force Power screw dimensions 

Dist. Supports 

(mm) 

Force  

(kN) 
��´  

(mm) 

� 
 (mm) 

��   
(mm) 

��  
 (mm) 

� 
 (mm) 

R  

(mm) 

30 68 13.16 22 13.322 18.25 5 0.621 
35 58 12.67 20 13.058 17 4 0.497 
40 51 12.25 20 13.058 17 4 0.497 
45 45 11.90 20 13.058 17 4 0.497 
50 41 11.59 20 13.058 17 4 0.497 

Using the data from Table C.7, equations C.1, C.3, � 3 30º,	and a thread configuration for a single 

start the driving torque for a maximum loading at the end of the compaction cycle is shown in Table 

C.8. Once these magnitudes have been obtained, the critical points located on the engagement zone 

(see Figure C.7) must be studied. 

5. Critical Point A  

It is assumed that the full load is carried by �Z 3 4 threads; therefore, using the dimensions of the 

power screw from Table C.7 and equation C.15, the maximum allowable bearing load at this point is 

shown in Table C.8. 

Table C.8  Driving torque and maximum allowable bearing load in critical point A 
depending on the bending force and the nominal diameter of the screw 

Bending Force Power screw  

Dist. Supports 

(mm) 

Force  

(kN) 
� 

 (mm) 

�� 
 (Nm) 

�� 
 (MPa) 

30 68 22 73 70.5 
35 58 20 53 80.7 
40 51 20 46 70.6 
45 45 20 41 62.8 
50 41 20 37 56.5 

If the values for the maximum allowable bearing load are compared to the maximum allowable unit 

load in Table C.4, it can be observed that σ� has a higher magnitude. Therefore, the thread contact 

area must be increased to a higher value. In order to do this, it is supposed that the screw will have 

larger and stiffer threads, thus the number of threads that carry the full load is �Z 3 2.5; additionally,  

the diameter of the thread is increased until the condition -®¹5  2¹ is achieved.  
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Table C.9  Power screw data for which 	
��  �� in critical point A 

Bending Force Power screw data 

Dist. Supports 

(mm) 

Force  

(kN) 
� 

 (mm) 

��   
(mm) 

��  
 (mm) 

� 
 (mm) 

R  

(mm) 
�� 

 (Nm) 

�� 
 (MPa) 

30 68 85 64.174 76 12 1.491 215 11.1 
35 58 75 57.644 67.5 10 1.243 158 12.9 
40 51 65 47.644 57.5 10 1.243 129 13.3 
45 45 65 47.644 57.5 10 1.243 115 11.8 
50 41 60 44.380 53.25 9 1.118 94 12.7 

The new diameter of the screw for which -®¹5  2¹ and the new results for the driving torque are 

presented in Table C.9. The most probable governing failure in point A is wear, however the design 

allowable pressure of -®¹5 3 13.8	8-I does not require additional modification because a safety 

factor has been already included in the data in Table C.4. Hence this configuration makes critical 

point 6 acceptable. 

6. Critical Point B 

As mentioned in paragraph 3, critical point B is situated at the thread bending neutral axis where 

failure is mainly provoked by yielding and fatigue.  

Table C.10  Torsional shear stress, direct stress and maximum transverse shear 
stress in critical point B 

Bending Force Critical point B  

Dist. Supports 

(mm) 

Force  

(kN) 
ô°� 

 (MPa) 

��±�� 

(MPa) 

ô��
�� 

(MPa) 

30 68 8.3 8.4 33.7 
35 58 8.4 8.9 38.6 
40 51 12.2 11.4 40.8 
45 45 10.8 10.2 36.3 
50 41 11 10.5 39 

If the data in Table C.9 and equations C.16, C.17 and C.18 are used, the torsional shear stress in the 

root cross section of the screw, ïÀn, the direct stress in the root cross section of the screw, 2§�ån, and 

the maximum traverse shear stress due to thread bending, ïå�®¹5, can be calculated. These results 

are presented in Table C.10. 

7. Critical Point C 

Failure in critical point C is provoked by yielding or fatigue, being the most common fracture at this 

point is ductile although brittle fracture is also possible.  
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Table C.11  Torsional shear stress, direct stress and bending stress in critical point C 

Bending Force Critical point C  

Dist. Supports 

(mm) 

Force  

(kN) 
ô°� 

 (MPa) 

��±�� 

(MPa) 

�³ 

(MPa) 

30 68 8.3 8.4 132.8 
35 58 8.4 8.9 152.0 
40 51 12.2 11.4 161 
45 45 10.8 10.2 143.1 
50 41 11 10.5 153.6 

In Table C.11, it can be observed that the torsional shear stress and the direct stress in the screw at 

critical point C are equal to the ones at critical point B. In order to obtain the values for the bending 

stress the thread has been considered as a cantilever beam with load distributed along the line of the 

pitch (see equation C.19). 

8. Design Stress for Critical Points B and C, and Modifying 

Factors 

Unlike with critical point A in which the safety factor was already included in the calculations, the 

design stress for critical points B and C may be calculated using a safety factor. If the mechanical 

properties of the material selected for the screw, which is AISI 1045, are taken from Table C.5 and 

the fatigue endurance limit of the material is considered to be: 

Á′Sõö 3 0.5Á¼ 3 315	8-I																																																			(P. 21, 

In order to calculate the fatigue endurance limit modifying factor, an infinite life is assumed for this 

application (HBM’s bending mechanism). This modifying factor is specific for each material, thus in 

this case is affected by: 

• Grain and size direction →	?Øå 3 1																																																																																											(P. 22, 

• Welded Material →	?÷Z 3 1																																																																																																							(P. 23, 

• Geometrical discontinuity →	?� 3 1																																																																																									(P. 24, 

• Surface condition →	?Àå 3 0.9																																																																																																			(P. 25, 

• Size effect →	?À< 3 0.9																																																																																																																(P. 26, 

• Residual surface stress →	?åÀ 3 1																																																																																														(P. 27, 

• Fretting →	?�å 3 1																																																																																																																								(P. 28, 

• Corrosion →	?bå 3 0.9																																																																																																																	(P. 29, 
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• Operating speed →	?À[ 3 1																																																																																																									(P. 30, 

• Reliability of fatigue limit →	?åÀ 3 1																																																																																							(P. 31, 

The value of the fatigue endurance limit modifying factor is calculated with the magnitudes from 

equations C.22 to C.31 and is expressed as: 

ºö 3 ?Øå?÷Z?�?Àå?À<?åÀ?�å?bå?À[?åÀ 3 0.66																																	(P. 32, 

With the in equations C.21 and C.32, the fatigue endurance limit of the power screw for an infinite 

life can be approximated as: 

ÁSõö 3 Á′Sõöºö 3 206.67	8-I																																																		(P. 33, 

If this design safety factor is used to modify the design stress, the new magnitude will be: 

2§ 3 ÁSõö4 3 103.34	8-I																																																							(P. 34, 

When the bending mechanism acts, the rollers apply a bending force on the horseshoe, afterwards 

they reverse and retract before applying the force again on a different point. Those moments in 

which the screw cease to apply a force through the rollers, the load is considered to drop to zero, 

which means that the principal stresses that exist in critical points B and C return to zero when the 

load is released. 

For critical point B: 25 3 29 3 ï59 3 0, and the equivalent alternating and mean stress are equal, 2Z��¹ 3 2Z��® and can be expressed as: 

2Z��¹ 3 2Z��® 3 «12 ø(2<�¹,' 7 3�ï9<�¹' 7 ï5<�¹' ¡ù																																			(P. 35, 

where 

2<�¹ 3 2<�® 3 2§�ån2 																																																								(P. 36, 

ï9<�¹ 3 ï9<�® 3 ïÀn2 																																																								(P. 37, 

ï5<�¹ 3 ï5<�® 3 úïå�®¹52 																																																			 (P. 38, 
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Analytical results for critical point B are presented in Table C.13. 

For critical point C: 29 3 ï59 3	ï5< 3 0, 25 3 2ñ, 2< 3 2§�ån, and ïå9< 3 ïÀn. Since fatigue is a 

common failure mode stress concentration factors should be applied to each alternating component.  

Table C.12  Fatigue stress concentration factors for bending 

Fatigue stress concentration factors for bending �û ��⁄  

(mm) 

� ��⁄  

 (mm) 

�³  
(bending) 

�ü  
(tension) 

�°  
(torsion) 

� 

 (Notch) 

�û³  
(bending)				 �ûü  

(tension)				 �û°  
(torsion) 

0.023 1.33 2.44 2.71 1.94 0.7 2.08 2.28 1.70 
0.022 1.30 2.48 2.76 1.97 0.7 2.11 2.32 1.73 
0.026 1.36 2.37 2.63 1.89 0.7 2.03 2.22 1.67 
0.026 1.36 2.37 2.63 1.89 0.7 2.03 2.22 1.67 
0.025 1.35 2.39 2.65 2.65 0.7 2.04 2.24 1.68 

It was not possible to find specific concentration factors; therefore their magnitudes were 

approximated from shouldered shaft data (Department of Solid Mechanics KTH, 2010) and are 

shown in Table C.12. 

If the fatigue stress concentration factors from Table C.12 are used to obtain the alternating stresses: 

25�¹ 3 ?�ñ 252 																																																																						(P. 36, 

2<�¹ 3 ?�è 2<2 																																																																							(P. 37, 

ï9<�¹ 3 ?�À ï9<2 																																																																					(P. 38, 

The mean stresses can be calculated as follows: 

25�® 3 252 																																																																											(P. 39, 

2<�® 3 2<2 																																																																											(P. 40, 

ï9<�® 3 ï9<2 																																																																									(P. 41, 

Therefore, the equivalent means stress can be expressed as: 
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2Z��® 3 «12 ý(25�®,' 7 (B2<�®,' 7 (2<�® B 25�®,' 7 3�ï9<�®' ¡'þ																		(P. 42, 

The equivalent alternating stress is: 

2Z��¹ 3 «12 ý(25�¹,' 7 (B2<�¹,' 7 (2<�¹ B 25�¹,' 7 3�ï9<�¹' ¡'þ																		(P. 43, 

Analytical results for critical point C are presented in Table C.13. 

Table C.13  Equivalent alternating and mean stresses for critical points B and C 

Bending Force Critical point B  Critical point C 

Dist. Supports 

(mm) 

Force  

(kN) 
����� 3 ����
  

(MPa) 

�����  

(MPa) 

����
  

(MPa) 

30 68 30.3 134 62.3 
35 58 34.5 156.2 71.5 
40 51 37.3 158.0 75.3 
45 45 33.2 140.5 66.9 
50 41 35.5 152.0 71.9 

Considering that the selected steel (AISI 1045) is a ductile material with � 3 12% the maximum 

stress at critical points B and C must be smaller than Á9 3 5308-I (see Table C.5): 

(2®¹5,n 3 2Z��¹ 7 2Z��®																																																				(P. 44, 

(2®¹5,� 3 2Z��¹ 7 2Z��®																																																				(P. 45, 

As can be seen in Table C.14, the maximum stress at both critical points is smaller than the yield 

stress of the material. 

Table C.14  Maximum stress at critical points B and C 

Bending Force Critical point B  Critical point C 

Dist. Supports 

(mm) 

Force  

(kN) 
(�
��,�  

(MPa) 

(�
��,�  

(MPa) 

30 68 60.7 196.2 
35 58 68.9 227.7 
40 51 74.7 233.3 
45 45 66.4 207.4 
50 41 70.9 223.9 
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Since the equivalent uniaxial mean stresses have a positive value, the maximum stresses are smaller 

than the yielding stress, and the material is ductile, the multiaxial state of cyclic stress in the power 

screw can be written as: 

2Z���  3 2Z��¹1 B �2Z��®Á¼ �
																																																						(P. 46, 

If the obtained results, which can be seen in Table C.15, are compared to each other it can be 

ascertain that the dominant stress belongs to critical point C, thus wear is the main reason for failure.  

Table C.15  Multiaxial states of cyclic stress at critical points B and C 

Bending Force Critical point B  Critical point C 

Dist. Supports 

(mm) 

Force  

(kN) 
�������¡�  

(MPa) 

�������¡�  

(MPa) 

30 68 31.9 148.7 
35 58 36.5 176.2 
40 51 39.7 179.5 
45 45 35.0 157.2 
50 41 37.6 171.6 

In order to secure an acceptable design configuration, the stress at critical point C must satisfy the 

following expression: 

2§  �2Z��� ¡� 																																																													(P. 47, 

In case the design stress in equation C.34 is compared to the obtained results for the stress at critical 

point C shown in Table C.15 it can be affirmed that the inequality is not satisfied. Accordingly, the 

diameter of the lead screw must be incremented in an iterative process until the inequality in 

equation C.47 is satisfied.  The results obtained through this process are exposed in Table C.16. 

Table C.16  Buttress threaded single started power screw recommended for the 
central roller. 

Bending Force Power screw data 

Dist. Supports 

(mm) 

Force  

(kN) 
� 

 (mm) 

��   
(mm) 

��  
 (mm) 

� 
 (mm) 

R  

(mm) 
�� 

 (Nm) 

�� 
 (MPa) 

(���_��,� 

 (MPa) 

(���_��,� 

 (MPa) 

30 68 120 95.70 110.45 14 1.74 275 11.1 17.4 93.1 
35 58 110 89.17 101.82 12 1.49 209 11.9 18.7 102.5 
40 51 90 69.17 81 12 1.49 183 13.3 16.3 88.9 
45 45 85 64.17 76 12 1.49 163 11.8 14.4 78.5 
50 41 85 64.17 76 12 1.49 147 12.7 12.9 70.2 
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First row in Table C.16 shows two columns marked in different colours; below orange colour are 

situated all the data that belongs to the bending force, as the distance between supports and bending 

force’s corresponding magnitude. The data situated under the dark blue column belongs to the power 

screw.  

If the new values for the maximum allowable bearing load, σ�, are compared to the maximum 

allowable unit load, P��� 3 13.8	MPa, it can be ascertain that the inequality  P���  σ� is satisfied. 

In addition, it can be seen that stress magnitudes in critical point C are larger than the stresses in 

critical point B, �2Z��� ¡�  �2Z��� ¡n, which confirms that the governing point is critical point C 

and wear is the main failure mode for the lead screw. Furthermore, it can also be ratified that the 

design stress, σ¢ 3 103.3	MPa, is greater than the stress at critical point C, (σ£¤_¥¦,¥, thus the 

inequality 2§  �2Z��� ¡�is also fulfilled. Therefore, since this power screw solution seems to 

accomplish all the design criteria and prevents failure by wear, fatigue and buckling, it can be 

asserted that the design configuration in Table C.16 is acceptable for the central screw, see roller 2 in 

Figure 5.4. 

The calculation process has been repeated and presented in Table C.17 for the power screws situated 

on the sides of the mechanism (see rollers 1 and 2 in Figure 5.4) 

Table C.17  Buttress threaded single started power screw recommended for the side 
rollers. 

Bending Force Power screw data side screws 

Dist. Supports 

(mm) 

Force  

(kN) 
� 

 (mm) 

��   
(mm) 

��  
 (mm) 

� 
 (mm) 

R  

(mm) 
�� 

 (Nm) 

�� 
 (MPa) 

(���_��,� 

 (MPa) 

(���_��,� 

 (MPa) 

30 34 75 57.64 67.5 10 1.24 92.23 11.73 20.37 97.29 
35 29 65 47.64 57.5 10 1.24 76.48 13.66 19.12 88.83 
40 26 60 44.38 53.25 9 1.12 66.92 11.96 16.66 77.09 
45 23 55 39.38 48.25 9 1.12 59.48 13.21 14.76 68.09 
50 21 55 39.38 48.25 9 1.12 53.54 13.37 13.25 60.97 

In this case, it can be observed that the values for the maximum allowable bearing load, σ�, are 

smaller than the maximum allowable unit load, the stress magnitudes in critical point C are larger 

than the stresses in critical point B, being critical point C the governing point and wear is also the 

major failure cause for the lead screw. Additionally, the design stress, σ¢, is greater than the stress at 

critical point C, (σ£¤_¥¦,¥ . Hence, it can be affirmed that the design configuration in Table C.17 is 

also acceptable for the side screws, and avoids failure by wear, fatigue and buckling. 
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