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I. Abstract
This design report is a preliminary design for Rancho Suspension, for a suspension lift kit for a 2007 Toyota Tundra.  The goal of this project was to design this kit without requiring any type of frame modification during install.  Rancho had completed some preliminary research and instructed the group to use a modified “portal box” design.  Upon completing research and familiarizing the group with the vehicle, as well as the type of modification, three different designs were drafted and entered in a design matrix in order to select the most appropriate design.  All three designs transferred power at a 1 to 1 ratio via three different methods; chain drive, helical gear, and spur gear.  After analyzing the three designs and presenting them to Rancho, the group selected the spur gear design.  From this point the group performed the necessary calculations in order to determine the stresses these gears will be subjected to in the specified vehicle and drivetrain.  After the calculations were complete, the group selected a gear size and material that would have an acceptable factor of safety.  At that point the final design plans were submitted to Rancho in order to have a rapid prototype completed at their Long Beach facility over winter break.  Upon receiving the rapid prototype from Rancho, the group completed a final assembly and presentation in order for Chris to present to the marketing department at Tenneco, with the recommendations for the future for the product.

II. Project Scope

i. Background and Introduction
One of the first steps in a successful design project is to familiarize one’s self with the field of industry influenced by the product as well as the targeted customer and their desires for this type of product.  Since all group members were previous automotive enthusiasts, familiarizing the group with the targeted customers and subsequent industry was an enjoyable process.  After getting acquainted with the sponsor, the group was invited to attend the SEMA conference in Las Vegas, NV.  SEMA stands for the Specialty Equipment Market Association, which is an association that helps various aftermarket manufacturers find appropriate cliental in the form of retail distributors for their products.  It is also responsible for protecting the rights of consumers against the voidance of factory warranties.  Since the show was closed to the public, it was a true privilege to be invited on behalf of Rancho.  The show really helped the group determine the specific consumer that was to be targeted.  Not only was that an important aspect of the show but it also showed the group Rancho’s competition and gave them the chance to interact with Rancho and ask questions about their current products from the perspective of an outsider.


The need to lift one’s vehicle most often stems from the desire to increase tire size for various capabilities.  This, in combination with the need for increased ground clearance to expand the vehicles off-road capabilities, most always results in the installation of a suspension lift kit.  Rancho’s marketing department has focused most of their product line around the 33”-35” tall tire.  This equates to anywhere from a 4”-5” lift on most late model vehicles such as the Tundra.  Though a specific lift requirement was not assigned to the group, it was told that the targeted increase in ride height should be between 4”-5” after final aligning has been completed on the vehicle.  This would accommodate a 35” tall tire with appropriate wheel backspacing. With these parameters in mind, and a targeted consumer identified the group was able to begin the design process.


Within the initial contacts with Chris Batsch, he explained to the group why Rancho chose the 2007 Toyota Tundra as the design vehicle.  Since most kits that are installed on ½ ton, independent front suspension trucks, require frame modification there is a chance for frame integrity to become a structural issue.  Though it has not been a major problem in the industry, there have been published reports of the new Tundra’s having them.  Since the Tundra is a desirable truck to lift, Rancho was not about to abandon their design to produce a kit that would not compromise frame integrity.  If the design is a success, Rancho will be the first company that can advertise a true suspension lift kit for the Tundra that has ZERO frame integrity issues.  This essentially meant that the design group had to devise a “new” method of raising the vehicle ride height.  The engineers at Rancho suggested to the group that it take a look at a portal box design that can be found on the Hum-Vee and the Mercedes-Benz Unimog.  Upon examining these vehicles it was found that there were a few major differences that would prevent the group from using this exact design, but the overall concept would be a great way to lift the vehicle without modifying the existing frame.  Most of the design problems came from the fact that these vehicles were designed from the factory to use these axles and design, whereas the Tundra had to be modified from its original form with minimal modification to meet these new design parameters without sacrificing any reliability issues.

The design of the geared portal hub has been around for many years and it has shown many advantages and disadvantages. However, the idea of a bolt on hub kit is an industry first and will hopefully capitalize on the strong points from the existing design.  The 1950’s Mercedes Benz was tasked to create a single vehicle that could be used in many different roles, ranging from a road legal farm tractor to an army troop carrier capable of highway speeds. The designers recognized a weakness in other vehicles; off-road maneuverability and the solid axle design.  This traditional design aligns the centerline of the axle concentrically to the wheel. Often, when off-road trails can become narrow and heavily rutted causing a vehicle to become stuck. The designers sought to solve this problem and thus created the portal axle which used a solid axle’s differential with geared portal hubs at the ends. This gave the vehicle many advantages; it produced six more inches of clearance under the vehicle. 

The geared hub also incorporated a gear reduction which decreased the load placed on the other drive train components, so a lighter truck could carry a larger load.  Since the design will only accommodate the front end, the reduction was not desired.  After the introduction of this design other producers of off-road vehicle’s made similar designs, until AM General adapted the hub to work on an independent suspension for their Hum-Vee.

III. Executive Summary

Before any design could be done for this project, the group made an initial contact with Chris Batsch, the contact at Rancho Suspension.  This conference call and e-mail correspondence gave the group what exactly was expected from Rancho and some guidelines and suggestions for the suspension design, a geared steering knuckle portal box.  The group found that the lift kit would be for newer models of four wheel drive ½ ton trucks, preferably the 2007 TRD Toyota Tundra.

To give a further explanation, the project is to provide an alternative method of increasing ground clearance for newer four wheel drive independent front suspension systems with minimal vehicle modifications.  In a traditional configuration, the half shaft (or CV axle) provides power to the front wheels by being directly connected to the wheel hub and tire; the output part of the CV axle is spline fitment to the hub.
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Figure 1
The Rancho geared knuckle will have a gearbox bolted to the knuckle as a fixed modular part of the knuckle.  The gearbox will have an axle input to maintain the original location in respect to the chassis and an output will be vertically offset on the vehicle, removing the concentricity of the axle and wheel.
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Figure 2
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The new gearbox will be installed between the CV axle and the brake rotor.  All factory components should be reused if possible including brake system but excluding CV axle and steering knuckle.
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Figure 3




Figure 4
The gearbox width will need to be minimized (minimize increase of vehicle track width) and support various applications.  Rancho Engineering will provide input design forces and life expectancy for calculations and any geometry that is needed.  The knuckle casting design is not considered part of the project.  After Rancho supported necessary loadings and geometries, the group was able to move on with its calculations and selections.

The group shall determine material, gear features (gear design criteria), bearings, and compact casing for a gear box that can be bolted or secured to various application specific steering knuckles (must be a modular assembly).  This will be explained and the process will be shown further through the document.

IV. Product Specifications
For the suspension design project, it was hard to quantify any given parameters since the group had nothing to put its hands on, and all design specifications were up to the group.  Rancho gave some preliminary numbers, specifications, and requirements in order to base the rapid prototype around, but not enough to fully constrain the design.  After numerous conference calls with Chris Batsch, the contact at Rancho Suspension, the group agreed that it was necessary to dismantle a front hub assembly for a Toyota Tundra before any machining can begin.  Accomplishing this task became somewhat of a problem due to the liability involved with students taking apart a brand new vehicle.  Upon explaining the issue to our sponsor they told us to focus more of the design around the gearbox and its capabilities and dimensions and leave the packaging issues that arose around the project to them.  Since the group never had a chance to dismantle a front end of a Toyota Tundra, the group made assumptions and as many calculations as possible to further constrain the design, again this was done only after the authorization was given to us from the sponsor.  

Upon finishing calculations with the given data provided by the project sponsor, it was determined that the error factor due to assumptions was extremely large and inaccurate.  This was due to the many changes that the transmitted power undergoes as it leaves the engine and travels to the front drive wheels.  These changes are in fact proven by the extensive use of chassis dynamometers in today’s automotive industry.  If it was actually possible to calculate the wheel power and torque, modern day chassis dynamometers would be obsolete. which is obviously not the case.
After making some phone calls to a few professionals in the field, it was concluded that the use of a dynamometer would not be a viable solution for the group.  Most shops that house a chassis dynamometer rent it anywhere from $100-$500 per hour and usually have waiting list.  If professionals in the industry wait weeks of valuable time and spend that amount of money, there is no possibility for a group of “engineers in training” with few resources to accurately calculate the true wheel torque and power.  The parameters that were to be accounted for will be discussed below along with what assumptions were made in the initial design process and how these decisions led to such a large factor of error.
Since the actual design of the portal was up to the group, the only specifications were that the design be capable of handling the power transmitted to the front wheels in four wheel drive and that the final raise of the overall vehicle height be 4”-5”.  This was where the first assumption came into factor.  Given the 400 ft-lbs of torque and 381 horsepower that the Toyota 5.7 liter motor produces, and using the supplied transmission and axle ratios given by Rancho, the front wheel torque and horsepower numbers yielded were actually higher than maximum output of the motor.  Though this is possible with torque, it is not possible with horsepower.  This large change in values was due to assumed efficiencies of the gearbox as well as the amount of variables the driveline introduced into the equation (i.e. the percent slippage that the torque converter allows to produce a smooth shift and the front to rear ratio of power that the transfer case introduces while it divides the power to both the front and rear axles). 

 The transfer case in the Tundra uses a clutch-like design in order to allow for high speed (greater than 45mph) four wheel drive use, as well as shift on the fly capabilities, and an increased reliability.  All three of which have been problematic for previous four wheel drive vehicles thus leading to the implementation of this design since the truck is meant to be used “as-is”.

Using the supplied hp and torque numbers combined with a given first gear transmission ratio of 3.33:1 and a front axle ring and pinion ratio of 4.30:1, the maximum allowable amount of torque that the portal input could see is 5,154 ft. lbs.  This number was found assuming ninety percent efficiency for the entire process with no irreversibilities.  It is said that under perfect optimal racing conditions, a purpose-built racecar is capable of this ninety percent efficiency, hence this assumption for this project.  Obviously a stock 2007 Tundra is far from a purpose-built racecar performing in optimal conditions, but in designing this accessory for the vehicle, this efficiency was a desired start.


After consideration of all assumptions and connecting with the sponsor to see the goals which Rancho is trying to achieve through this project, the group developed overall specifications for the portal hub gearbox.  These specifications cover areas such as the overall change in dimensions of the vehicle (height, track, etc.), the type of gears used in the gearbox including the material, and the ease of installation and maintenance.  

· Overall Vehicle Lift

Team Rancho’s geared hub assembly must attain 4-5” of overall lift specified from Rancho Suspension to suit their specific needs in the independent front suspension of the 2007 Toyota Tundra TRD.
· Gear Type 

The gears within the case will be dependent on the design of the gear box.  A helical gear, as opposed to a spur gear, introduces a lateral force meaning the box would have to be slightly larger.  This addition in geometry of the box would be to incorporate the use of thrust bearings as well as added gussets to increase the lateral strength of the actual gear casing.  A spur gear would allow the overall structure of the case itself to be thinner due to the lack of an added axial load.  Also, angular contact ball bearings could be used with a spur gear and account for any axial or radial load applied to the gearbox.  The choice of gear type must be very strong and allow for a compact design and ease of use to the consumer.  An initial thought towards this project was to make the portal hub as quiet as possible, but after further research, a quiet gearbox would not be a necessary specification for the final product.  This was decided due to a further look into road noise of lifted trucks and the normal incorporation of bigger tires, adding enough noise to make the possible gear noise output trivial.  

· Gear Material 

The use of high quality, high strength material for the gears and portal hub gearbox as well as grade 8 bolts for every connection of the assembly to the vehicle will ensure that the consumer will have no problems with their unique kit.  This material must be very durable and efficient for machining and duplicating the design for rapid delivery to the consumer.  An initial suggestion for a possible material to use in this application was steel alloy 8620, which will be discussed further in the report.

· Vehicle Track Width
A minimum face width of the spur gears used within the portal hub gearbox assembly will also help in the task of keeping the track width, or overall width of the outside to outside tire distance, to a minimum. This was taken into the consideration that this kit will bolt to the existing knuckle assembly of the Tundra and inevitably make the truck’s width greater than stock trim.  A track width much greater than stock would require additional fender flares to the vehicle taking away from the “stock-like” property that is desired.  Rancho knows that adding this portal box to the existing knuckle will increase the width of the truck and has expressed concern that the group design to minimize this track width distance.

· Installation
The portal hub gearbox assembly must be completely bolt-on using normal tools allowing the consumer to install the hub themselves.  This means that an average consumer will be able to completely install this kit in the driveway or garage with ordinary tools including a floor jack, jack stands, socket drivers, torque wrenches, and other standard tools.  This was strongly expressed to the group by Rancho since one main problem with installing lift kits on the 2007 Tundra was complications due to improper installation that cannot be reversed (i.e. frame cutting and welding of the front cross member).  These complications have led to the involvement of attorneys, hence the desire to make this kit one that would not lead to malfunctions or improper installation. 

· Maintenance

The standard maintenance of this design is very important to the sponsor and the design team.  The portal box will have an oil bath, meaning that the gears will be partially submersed in oil to control temperature and tooth wear.  This oiling of the box will be controlled by the consumer through an oil fill passage located at the top of the box and an oil exit drain located at the bottom of the hub assembly.  This regular maintenance should be performed according with SAE gearbox maintenance including the vehicle’s transmission, transfer case, and differential lubing schedule (roughly every 30,000 miles).

· Compatibility of Various O.E.M. Equipment
The design of this portal box must also incorporate as many stock Tundra components as possible.  These components include disk brakes, stock CV axles, Anti-lock Braking System (ABS) sensor and the stock hub assembly with wheel-hub bolt pattern.  This design does insist that the consumer will run an aftermarket wheel with a specified backspacing that will be determined to clear the added gear box assembly.  The gear hub assembly must incorporate a stock relocation of the brake caliper mounting position and ABS sensor.

V. Conceptual Gearbox Designs

i. Introduction
After the group was familiar with the problem at hand, three designs were developed to fit the given parameters from Chris Batsch at Rancho Suspension.  Once brainstorming and preliminary research was complete, the group was ready to begin the physical design of the gearbox.  Since this project was so complex, Chris set the group up to complete one phase at a time depending on how the rapid prototyping goes in Long Beach, CA at the Rancho Suspension facility.  The first and most important task was to complete a rough design of a portal hub gearbox with a 4-5” offset that minimized the increase in track width.  

Chris provided the group with some basic specifications of the truck’s drive train, which were given in the previous chapter, in order to ensure that the final design would be able to withstand the forces the Tundra can produce.  Two of the initial designs used a gearbox style portal; one of which ultimately became the final design.  For the third design, the group tried to “think outside the box” and use a chain drive similar to one found in a heavy duty transfer case on a farm tractor.  Each design is explained and the reasoning behind the final decision has been provided below.  As a conclusion, the group included a design matrix with proper weighting factors leading to the final selection.

ii. Chain Drive Portal

The chain drive portal design was one of the designs thought of last as the group was trying to develop something other than the first-thought “gearbox” design.  High torque applications usually use a gear setup as a method of reducing power or changing directions, however some parallel power transfer designs use a chain and sprocket setup.  Since the power is only changing direction along one axis in the criteria for the project, a chain could be applicable.  These chain drives are similar to timing chains found in some automobile engines, only enlarged for strength.  

The initial chain drive design showed many strengths but its weaknesses were far more important.  One of our specific design parameters was to minimize the noise output, if any, from these portals.  When researching these drives we found that the largest downfall was [image: image272.wmf]p
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the excessive noise the sprockets produce when they come into contact with the chain.  As further research was done about aftermarket suspension lifts on trucks, the noise parameter became less of an importance.  Another major downfall of this design was the reliability associated with a chain drive.  Chain drives are designed to undergo minimal wear in optimal conditions, however when the conditions vary slightly, the wear and reliability decrease exponentially.  With a chain drive design, the strength is split between every link in the chain.  If one link weakens, the whole system weakens, making it hard to repair without replacing the entire chain component.  This is what depicted this design to be unreliable and maintenance-heavy.  Upon completing the design matrix the chain drive had the lowest score making it the first design to be eliminated.  This was mainly due to the fact that the group could not insure optimal conditions for the portal, nor sacrifice the low reliability parameter.

iii. Helical Gear Portal

The final design for the portal hub gearbox project was to employ the use of helical gears.  The initial thought in using helical gears was to avoid any noise issues that would come up when using spur gears.  After speaking with Rancho and further analyzing noise possibilities with lifted trucks, the noise factor did not have as much weight on the design as initially thought.  When using helical gears there are advantages and disadvantages, some weighing more into the final design than others.  
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As stated before, a helical gear delivers a package that produces less noise at highway speeds.  Due to the angle of the teeth on the gear, the transition between teeth is much smoother.  The mesh between the two gears is also a closer fit due to this aspect.  As the gears rotate, the contact point between the two gears is larger because of the angled teeth, making a more secure connection and more quiet produced noise at high speeds.  This also helps with the problem the spur gears have of backlash.  There is not as large of a gap, so the gears tend not to rock back and forth when stopped.

Although the gears help with some of the product’s problems, adding helical gears to the design creates problems of its own.  Due to the direction of the angled teeth, the gears themselves create a side load on the gearbox.  In order to compensate for this side load, the design would have to incorporate a larger case in the direction of the load so it can be stable and not develop a moment in the case.  To do this, more material would be needed, increasing the overall cost of the gearbox and increasing the track width of the vehicle.    Aside from physical disadvantages, helical gears are harder to acquire and fabricate as well.  Helical gears are not made to every dimension and in the masses that spur gears are made.  To keep this gearbox more easily available to Rancho for mass production as well as keeping the cost down, helical gear incorporation would be a bad design.    

iv. Spur Gear Portal

The first official gearbox concept was to use two spur gears (input and output) with two idlers in order to attain the correct amount of drop our sponsor requires.  The reason for the idlers is to make the rotation of the input and output gears the same direction.  This is needed since the rotation direction of the driveshaft is the same as that of the wheels.  This design is known as a geared portal box and has been used before by various vehicles, including the Hummer H1 Alpha. The H1 driveshaft rotates in the opposite direction of the wheels, so the design lacks the idlers in our design.  The design has been developed and refined by many major manufacturers and has been shown to have many strengths and weaknesses. Using a previous design is a benefit because the design can be studied in a real-world environment then adapted to this project’s needs. 

One weakness found from looking at a current vehicle is the increase in backlash from using spur gears. Backlash is due to the small gap between the gears and it is present because the gears cannot mesh tightly together. This can be seen in current vehicles fitted with an automatic transmission; when the driver parks the vehicle on a hill and lets off the brake, the vehicle with lurch forward. The sponsor required that the vehicle perform and feel similar to a stock setup, thus an increase in backlash would negatively affect the feel of the vehicle. Once this aspect was looked into further, the amount of backlash is not unacceptable, especially if gears are [image: image274.wmf]w
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used that have a high number of teeth.  The more teeth present, the closer the gears can mesh, reducing the amount of backlash.  

Also looking at current designs it was found that the spur gears at high speeds produced a loud noise. This would be fine for a military vehicle or an off-highway vehicle but our application requires the vehicle to be driven at highway speeds. Although the gears themselves would produce a noise at higher speeds, it was discussed with Rancho that the noise could be negligible.  A requirement that could be given to the customer when buying this gearbox is for the customer to install bigger tires when installing this gearbox.  Bigger tires are a usual aftermarket installation when a consumer is trying to lift his/her truck, so this requirement would not be a problem.  

The spur gears do have some benefits, which is why previous designs have used them. The spur gears do not produce a side load on the case like a helical gear would. A side load would require the gear case to be built with either a stronger material thus increasing the cost or be built much larger thus increasing the track width of the vehicle. They are also much easier to machine and therefore they cost less and have a larger available selection than other gears.  Spur gears allow the use of angular contact ball bearings in the gearbox instead of needing offset tapered bearings to account for a side load that would be produced from using a helical gear.  A spur gear is by far the strongest option for gears to be used in this portal hub as well.  The transmission of power from one gear to the other through the spur gear teeth is constant and has no other forces acting on it than transmitting the power.  

Due to the aspects described above, our portal hub design will incorporate spur gears.  This gearbox will be rapid-prototyped to accommodate our spur gear design and our calculated stresses.  As a combined effort between FSU team Rancho and the Tenneco-Rancho engineers, this spur gear design is ideal for our problem.

VI. Gearbox Design Selection
Team Tenneco/Rancho’s finalized design of the portal gear hub for the 2007 Toyota Tundra TRD has changed drastically over the last few months.  This final design explanation will begin with the housing.  The housing material will consist of cast chromoly, or chromium-molybdenum steel.  This material is very well suited for the task of controlling the weight of the 5760 pound vehicle it is designed for.  The housing will have integrated oil cooling ducts for the oil to travel though passages around the gears, as seen below, and allow the oil to cool before it makes contact again.  Also incorporated will be an inlet and outlet for replacing this oil with factory routine maintenance.  Bearing retainers will be added to positively place the bearing in its proposed position, as well as help simulate bearing preload which will need to be adjusted in final production/assembly.  These bearing retainers also space the gears off the wall of the housing so no abnormal wear and tear of the housing and/or gear will occur.  

As for the housing’s outside perimeter, the mounting points for the portal hub assembly to the Tundra’s knuckle has also gone through many changes.  The stock knuckle assembly will be replaced with an aftermarket knuckle specifically developed to not add a tremendous amount of track width as would be added with the stock knuckle assembly, this in fact could also be completed by adding the upper and lower control arm mounts directly to the case thus making the need for a modified knuckle obsolete.  The aftermarket knuckle’s mounting bolt pattern will then be duplicated onto the portal box’s mounting surface allowing the attachment of the knuckle to the portal box hub assembly, again this process would not be applicable should the final production design implement the integrated knuckle into the portal box .  Another characteristic of the housing’s outer perimeter is the brake caliper mounts.  These mounts will be relocated to the lower rear position to allow adequate space for the Tundra’s oversized brakes.  This must be done because the gearbox almost completely occupies the top half of the stock rim.

Although the stock knuckle will not be used for the mounting apparatus to the truck, the stock spindle mounting positions will be duplicated to the cover of the gearbox to allow the stock hub and rim mounts to be used.  The internal components of the gearbox have also gone through many changes.  The use of spur gears will be utilized due to the amount of force these gears are punished with.  These gears have a pitch diameter of 4.5 inches and a face width of 2 inches.  The idler gears consist of a pitch diameter of 2 inches and also a 2 inch face width. 
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These gears will be matched with their particular bearing.  These bearings will be angular contact ball bearings due to their unique capabilities to handle large amounts of radial and axial loading.  The bearing will be “press fit” to machined shoulders, called gear hubs, located on each side of their specific gear.  From here the bearing, with gear attached, will then be placed within its own bearing retainer for proper placement.  The lid will also positively place these components for proper alignment.  The many different aspects of this portal gear hub can be seen in the picture below.

Figure 8

In order to begin calculations for gears and bearings, as well as select proper components to fit the gearbox, the calculations needed to be made on what kind of forces and loads the entire gearbox would see.  The following calculations show the forces on the wheel when the vehicle is braking as well as the forces on the inside and outside of the tire on while cornering on a 300ft skid pad.  The values highlighted in yellow are assumptions, while the values in blue are actual values, and the values in green are the final solutions.  This color-coding of values is apparent through the entire report.  
Maximum force of wheels during braking:
Stock ground clearance: 10.2in

Ground clearance plus portal: 15.2in

Wheelbase: 126.8 in
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Tundra Weight Distribution
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Center of gravity location 
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The center of gravity is located 44.38 inches from the front axle and 82.42 inches from the 

rear axle.

Estimated center of gravity height from road surface: 35in
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Diameter tire: 35in
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Curb Weight: 5760lb
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Change in load during braking 

Maximum braking deceleration force: .65g 
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Total load on front tires under braking:
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Load on each front wheel:
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Torque on the front wheel:
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Maximum lateral forces on the tires:

Tundra acceleration around a skid pad test: .69g 
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Radius of test skid pad: 300ft
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Velocity of tundra on skid pad:
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Total lateral force on the vehicle:
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Equations of motion on the vehicle during cornering:
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Normal force on the inside and outside tires of the vehicle during cornering:
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Normal forces on the front tires only:  

Inside front tire during cornering 
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Outside front tire during cornering
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VII. Gear Calculations / Selection

The first step in creating a successful portal box is to select the gears. The gears are an important part of the portal box; they transmit power from the engine to the wheels. Most gears found in industrial machinery are usually subjected to constant loads. In a power train such as a transmission or transfer case, the gears can experience large fluctuations of load due to the acceleration and deceleration of the vehicle. Therefore the calculations for stress on these components must be correct in order to avoid failure. However, increasing the strength normally increases the price, size, and weight, so the designer needs to find a balance were the gears perform without failure and work with the design. When calculating and selecting the gears for this project there was definitely a balance needed. The most important aspect was that the gear would be able to handle the power transmitted by the engine. The other aspect was that they minimized the track width gain to the vehicle.    

i. Gear Failure

There are two different types of failure modes in gears; one is bending stress and the other is contact stress. Each has a different effect on the surface of the gear. The maximum bending stresses occur at the base of the tooth and produce a shearing effect on the tooth. This causes broken or missing teeth on the gear, shown in the figure below. 
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Contact stresses result in the compressive force on the tooth face as the two gears contact each other. The contact between the gears causes rolling and sliding motion which causes pitting and degrades a tooth surface over time. Since the loading on gears is cyclic, the failure of gears is due to fatigue. This is more so apparent in the contact stress of the gears.

[image: image51.png]



Figure 10

The above photo-elastic analysis of two gear teeth in contact shows the two types of loading on the gear. Points A and B on the photo above are where bending stress is the greatest; side A is under tensile stress while side B is under compression stress. Side B has a greater magnitude due to the radial inward component of the tooth force, Wt.  Also most material like steel can withstand higher tensile loads rather than compressive loads. Point C shows the contact stress as the two, approximately cylindrical surfaces roll and slide on each other during tooth contact.

ii. Materials

After initial calculations, it was discovered that only high strength alloy steel could be used for the gears. First found was common alloy gears, like chrome-moly 4130, which were used in the gear calculations and even these gear materials could not withstand the loads placed on them. After researching similar designs it was found that AISI 8620 steel was an excellent material for building gears. It had a very high tensile strength and could be hardened to better withstand the contact stress produced. Also a new process of powder metal forming was shown to possess similar properties of the steel at a lower cost. Both materials were compared to see which would be better for the gear of the portal box.  

AISI 8620 is an alloy steel composed of chromium, molybdenum, nickel and is usually heat treated in order to increase strength and durability. To heat treat the steel it is first hardened by heating it to 1500 F followed by quenching it in water to rapidly cool the metal. The metal is then carburized at 1650 to 1700 F and then quenched in oil to harden it further. Carburizing is the name of the process by which carbon is introduced into a metal. The carbon is diffused into the surface and is intended to make the surface harder and more abrasion resistant. The results can be seen in the photo below, the carbon has diffused into the outer surface, increasing the density of the surface. This type of heat treating is ideal for gears because of the surface contact stresses between the gears. Machining of the gears has to be done prior to heat treatment, but is similar to other alloy steels. 
[image: image52.emf]
Figure 11
Another possible material for the gears is to use a new technique involving the process of powder metallurgy. Powder metallurgy is a process involving three manufacturing stages, through which many different metal parts can be made. The first step is to mix the individual chemical compositions into a powder. The powder is then injected into a mold and passed through a dye which is close to the final dimensions of the part. Finally the part is heated to just below the material’s melting point and high pressure is applied to the part. Despite being a very cost effective manufacturing technique, the gears produced were far weaker than the hardened alloy steel gears. However, recent developments in surface densification of powder metal components have opened up opportunities for mass production of powder metal components in high contact stress applications such as transmission gears. Despite this technological advancement, highly loaded transmission gears are still made of carburized alloy steels, which are suitable for withstanding both high contact stresses responsible for pitting failure and high bending stresses responsible for tooth breakage.

iii. Material Selection

To choose the correct material for the gears, many factors like cost, reliability, strength and others will need to be considered. The most important two factors are strength and reliability.  The product must perform to the customer’s specifications without failure and do so repeatedly for the life of the vehicle. Research has shown that the powder metals can withstand high loads; they still can not surpass the strength of alloy steels like 8620. Below shows a figure in which AISI 8620 is compared to a powder metal material in a bending fatigue test. The test shows that the steel is much stronger over the life of the part. 
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Figure 12
The powder-made metal gears do have an advantage in cost to manufacture and the rate at which they can be manufactured. Traditionally gears have been machined using a process in which the gears are cut and ground down to the proper size. The machining is time consuming and causes the cutting tool to wear over time, and needing to be replaced. Since the powder metal gears are pressed and heated to form the gear they do not need special tools that will need to be replaced. To help with a decision for the gears, the factors above were placed in the selection matrix below.   

iv. Material Selection Matrix

	Gear Material 
	Strength
	Reliability
	Cost
	Production rate
	Total

	Weighting
	0.4
	0.3
	0.2
	0.1
	 

	8620 Steel
	10
	10
	8
	8
	9.4

	Powder Metal
	8
	7
	9
	10
	8.1


Figure 13
The matrix shows that 8620 steel is the best choice for the gears in the portal box. In the calculations below, the material properties were used to determine the size and shape of the gear. The goal of the calculations was to find a factor of safety that would permit them to be used in the portal box.  
v. Calculations 

The first step in choosing the correct gears for this application is to pick a diametral pitch and the number of teeth that give the correct gear size. The diametral pitch of the gear is the number of teeth per inch of its pitch diameter. The pitch diameter is the desired gear diameter. A diametral pitch of six was chosen because research showed that a range of six to ten was common for transmission gears. Since these gears see more torque than transmission gears, the lower value of six was chosen because it gives a stronger gear. The pressure angle of a gear is the angle between the line of action and the velocity of the pitch point. There are three standard pressure angles 14.5, 20, and 25 degrees.  A pressure angle of 25 was chosen for the gears because it produced the strongest gears. 

Diametral Pitch
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Pressure Angle

Diameter of gears
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In the dyno run below, the vehicle was tested in third gear. To match the engine revolutions to the revolutions of the input pinion the gear reduction of the transmission and differential need to be calculated. 
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Figure 14
Interpolation of the power curve:
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Conversion for horsepower 

This is the power at   the rear wheels 

If in 4WD, the power would normally be split between all four wheels, with a slight bias of more power to the rear. We choose to split the power by 3 because worst case in an off road situation, only three wheels receive power due to low traction.  
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Pinion speed

Torque relative to the speed of the pinion:

625 lb*ft is about the maximum torque placed on the pinion

Bending stress equation: 

Contact stress equation:

Transmitted load is same on all gears in gear train.

1700 lb is about the highest force placed on the gear, so using that value would produce the lowest factor of safety. By finding the lowest factor of safety we know the gears will work in all other conditions.
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Bending Stress for pinion:
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Bending Stress for idler:
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Contact Stress is the same for the pinion and the idler
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Gear material is 8620 steel. The values for bending and contact stress were found in a study comparing gears made of wrought steel (8620) and gears made from sintered powder material.
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Factors of safety for gears:

Pinion:

Contact:
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Idler:

Contact:
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Bending:
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The calculations show that a pinion gear of four and a half inches in size and two idler gears of two inches in diameter will an adequate factor of safety for our application. The gears will have a face width of two inches and hubs on either side of the face for the bearings.  
VIII. Bearing Calculations / Selection
In initial selection of correct bearings for this project, much consideration was looked into for the dynamic and static loads at which the bearing could perform.  A bearing located in the gearbox like the one with this design would face both axial and radial loads in extreme conditions.  In order to compensate for this, calculations were made for the entire gearbox as to what axial and radial loads would be seen under braking to the front.  These calculations were supplied in the previous chapter in regards to the gearbox selection.  In order to make sure the bearings would not fail under driving conditions, the axial and radial loads placed on the entire vehicle were used to calculate the life spans of the bearings.

The gearbox design will house eight bearings; two for each of the four gears in the box.  Due to space limitations and the orientation in which the bearings will be attached, sizes were minimized and matched to the hub sizes of the gears.  The bearings will be pressed onto the gear hubs, and will have a small gap when press-fit into the gearbox casing so the gear teeth never hit the sides of the casing.  Once the gear/bearing/shaft pressed piece is press-fit into the casing, the outer ring of the bearing will be stationary and the inner ring will rotate freely.

After researching possible bearing manufacturers and communicating with the sponsor, it was suggested to use Timken bearings for each of the applications necessary.  Timken bearings are also used in the Dana 60 axle which is the biggest and best axle used for off-road adventure as an aftermarket axle.  Once the manufacturer was decided, the group needed to decide which type of bearing would suit the needs of the project the best.  After further research and communication with the faculty advisor for the project, Dr. Hollis, it was decided that angular contact ball bearings would be the best fit for both axial and radial loads which may occur within the gearbox.  

The initial selection for bearing is not final due to the “fit and finish” that will take place in the spring.  Once the rapid prototype and further testing to the fit of the stock vehicle is complete, a more complete measurement of the shaft diameter and material will be done and the case studied to analyze if the bearings selected will be used in the final product.  The current selection of two different types of bearings (one type for the input/output gears and one for the idler gears) was based on calculations using the weight at the front wheel when the vehicle is braking and the outer side of the wheel when the vehicle is doing a skid pad test.  Before the initial selection of bearing for calculation, the dynamic and static loads were cross-referenced with each light angular contact ball bearing and checked to make sure the bearings could take anything given by the vehicle. The calculations follow bearing selection for ball bearings and calculated a life for bearings in millions of revolutions.  

Since the half shaft diameter is 1.165", it is assumed the gear hub diameter will be 1.96", so the bearing to be used for the input/output gears will be one to fit this, the Timken 7210WN light angular contact ball bearing.  The ID of this bearing is 1.9685" making it a suitable bearing for press-fit.  The Timken 7203W light angular contact ball bearing, with an ID of 0.6693" would be suitable for the gear hub on the idler gears.  These two bearings are discussed mathematically below.

[image: image73.wmf]W

total

5700

lb

×

:=


Total curb weight of the 2007 Toyota Tundra
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Assuming a 65/35 F/R weight distribution on the truck
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In static conditions, the radial weight on the front wheel is half of the curb weight of the front of the vehicle.
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Weight on the wheel during braking forces.

It is assumed the radial component of the load on the bearing is half of the front curb weight on the vehicle when the vehicle is braking.  This is used because if the bearing can handle the maximum forces when braking, it will be strong enough to handle any road conditions.
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The axial load is assumed to be the maximum lateral force on the outside of the tire when the vehicle is cornering.  This was calculated using a 300ft skid pad test and the details are shown in a previous chapter of this report. 
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Reliability factor for 99%

Timken Bearings light 7200 series angular contact ball bearings used for both idler gear  bearings and input/output gear bearings

Idler gear bearing number 7203W
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In order to compensate for the axial and radial forces coming into 4 bearings which are supporting the load, the forces were was divided by 4.  This gives the axial and radial loads on one of the bearings. 
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Since the inner ring is rotating, the rotation factor, V,  is 1

[image: image98.wmf]V

1

:=


[image: image99.wmf]F

axbearing

C

0

0.513

=


Minimum ratio between axial and radial forces below which the axial forces can be ignored
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Since Fa / VFr > e , the X and Y factors are:
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Since both radial and axial loads are applied to the bearing, an equivalent load is calculated as follows
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Life of the bearing
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millions of revs

Input/Output gear bearing number 7210WN
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In order to compensate for the axial and radial forces coming into 4 bearings which are supporting the load, the forces were was divided by 4.  This gives the axial and radial loads on one of the bearings. 
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Since the inner ring is rotating, the rotation factor, V,  is 1
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Minimum ratio between axial and radial forces below which the axial forces can be ignored
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Since Fa / VFr > e 
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Since both radial and axial loads are applied to the bearing, an equivalent load is calculated as follows
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Life of the bearing
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millions of revs

As shown, both of the bearings will last for more than 10 million revolutions and fit the hubs of the gears closely.  These bearings were press-fitted into the case and help the rotation of both the input and output shafts be very smooth and steady.
IX. Rapid Prototype Process


Since the basis of this project was to design a prototype to be reviewed by a marketing advisor at Tenneco, the group selected a process knows as rapid prototyping  to be used.  This process was recommended by the team’s sponsor at Rancho, Chris Batsch, because of the machine’s ability to produce complex surfaces in a short amount of time, not to mention Rancho has a R.P. machine at their facility in Long Beach, CA.  Initial estimates of cost and time were around two thousand dollars and about 48 hours in the machine.  However, when Chris received the final Solidworks design, he realized that this case was in fact too big for their machine to do all at once so their engineer split the design into two halves that would be made at separate times.  This elevated the final cost to around seven thousand dollars and took their machine approximately 140 hours to complete both halves of the case, and the rest of the parts.  For the initial prototype the gears and shafts were also made in the R.P. machine.  Again it was used for its ability to manufacture complex shapes found on the designed gears.  Should the design make it to production, the final material selection is previously discussed in the report.  

Before beginning the senior design class none of the group members had any experience with a rapid prototype machine, so it led to a great learning experience which the knowledge gained will greatly benefit the group in furthering careers in the field of mechanical engineering design.  Upon doing some brief preliminary research the group came to the conclusion that there are two main types of R.P. machines used today; one that uses a powder and one that uses a liquid gel.  The powder style is more common since they are cheaper in initial cost, but their major drawback is their structural integrity.  The powdered process is a more precise process and is used on small items as a visual tool.  Since this project was to be put on display and house real bearings, a R.P. process that was stronger and capable of producing larger pieces without objecting them to cracking or shattering was required.  This led to the decision to use a “gel style” process which Rancho’s machine was capable of producing.  Since the design was emailed to them on the other side of the country the group did not have a chance to see the actual process but Chris described it while it was being made.  Essentially the design is made one “layer” at a time.  These layers are approximately one-hundredth of an inch and the machine lays them down one at a time corresponding to the design loaded into the machine.  This one layer at a time method yields a product that resembles wood in its grain structure.  This led to a problem when it came time to tap the holes.  The holes that were running perpendicular to the layers tapped fine and luckily that was most of them; however the holes that ran parallel to the layers simply pulled apart, instead of cutting into them when the tap was inserted.  Though the decision to use the R.P. for this design was out of the group’s hands it turned out to be the best one.  One of the only other alternatives would be Aluminum, and if this project is going to be used as a model to show the marketing department it needs to be as light as possible in order to ease travel.
X. Design Recommendations

i. Weight / Size Reduction


In the initial project scope, one goal was to minimize the gain in track width to the vehicle. This goal was accomplished as best as possible using a design similar to previous portal boxes. The final design added five inches to each side of the vehicle, with an overall increase of ten inches to the vehicle.  This might be acceptable to some customers, but for most that would simply be too wide, not to mention legal issues with vehicle width once aftermarket tires are installed. Furthermore, one aspect of the final case that was overlooked during the initial design stages was the increase in weight. One reason portal boxes have only been used on tractors and off-highway vehicles is that the existing portal case designs add a tremendous amount of un-sprung weight to the vehicle. When defining the handling characteristics of a vehicle, there are two kinds of weight; sprung and un-sprung.  Un-sprung weight includes the tires, wheels, knuckles, brakes, axles, and half of the upper and lower control arm weights. Sprung weight is everything else on the vehicle; basically everything that is suspended by the springs. Reducing un-sprung weight dramatically increases the positive ride characteristics of a vehicle, which is the reason why the auto manufacturers stopped using the heavy live axle (straight axle) front suspension and switched to a lighter, independent front suspension. The weight of the final gear box design was found using Solidworks’ mass properties feature and was around 100 pounds. This would add 200 pounds of un-sprung weight to the front of the vehicle and would severely decrease the ride quality of the vehicle. The decrease in ride quality would be so great that it would unacceptable to most, if not all customers.
     a. “Skeleton” Concept

Upon rethinking the design of the case there was a new concept that could possibly solve the problems described above. The basic concept was to use an internal steel skeleton that would contain the mounting points to the vehicle and the positioning of the gears in the case. This skeleton would be surrounded by a lightweight, aluminum case attached to the skeleton which would be responsible for holding the gear oil and protecting the gears from road debris. Using a steel skeleton could save a lot of weight because most of the bulk of the current the design is due to incorporating the oil holding structure.  Using the aluminum case to hold oil would allow the heavier steel skeleton to be streamlined in order to have the greatest strength to weight ratio. As a benefit, the aluminum case would allow the gear oil to cool faster thus increasing the life span of the gears and bearings. 

To solve to the problem of the increase in track width, the skeleton could offset the gears so that the lower gear is closer to the vehicle than the top gear. To accomplish this, the idler gear would have to be lengthened so that it transfers the power from the upper gear to the offset lower gear. This design would have the benefit of reducing the gain in the track width as well as keeping the stock control arm lengths, thus not decreasing suspension travel. However this concept would greatly increase the stresses on the idler gear bearings as well as the case. Further calculations would have to be completed to see if this is a feasible design improvement.
ii. Increase Bearing Pre-load Adjustability


The Timken bearings that were selected for this design are available off the shelves and require a rotational pre-load that is set by adjusting the inner and outer bearing raceways in an axial direction.  Since this design was a rapid prototype, the group machined aluminum spacers to simulate bearing preload.  Due to the case not being structurally sound (because it was a R.P. and not metal) there was no way to set this required preload.  The group’s recommendation for this design issue is to set the preload when the case is sealed, at Rancho, using various shims on one side of the four large bearings.  Based on the recommended preload given by Timken and the tolerance capabilities of the machines used for production, the final designer will be able to fine tune the bearing depths in both the case and lid in order to minimize the use of shims.  Since this design amendment was seen so far into the project, and impossible to apply to the design (since the group is not sure of the machines used for production) the group feels it is sufficient to use the aluminum spacer rings and mention the issue in this final report as a consideration for mass production.  Since the adjustable bearing is used quite often in differentials the group knew it has already been proven and felt it would be the best choice for this prototype design.
iii. Simulate suspension travel on an automotive based software program (ADAMS ACAR)

With this alternative to conventional lifting of the 2007 Tundra, there needs to be some more engineering processes fulfilled before this production can be accomplished.  One of these engineering processes encompasses the input of the latest design of the geared hub portal box, with the newly incorporated upper and lower knuckle attachments, into a computer based suspension simulation program, such as ADAMS Vehicle Simulation.  Within this program, the new design, which replaces the stock knuckle with its own incorporated parts simulating the stock knuckle, must be checked for increased front end dive, roll and caster/camber.  This program will enable the engineer to further implement this kit’s functionality into the stock Tundra suspension.  
Looking further into using this program, there might be certain factors that can be improved on.  Some examples of these factors are a decrease of steering rack and pinion inclination, which could possibly lead to failure of the steering mechanism upon further use of this suspension modification.  Another factor of improvement is the increase of tire wear due to some unforeseen design flaw that must be found before the initial production stages.  If there is a design flaw, this program would clearly show if this vehicle’s caster or camber could possibly be affecting a case of increased tire wear or any other serious problem that could occur.  This program will also help with the formulation of the reaction forces seen within normal and unorthodox driving situations, such as off-road driving.  The engineer will be able to simulate these driving situations to see how this design will affect the vehicle’s dynamics as well as find any other design flaws or suspension modifications that can be made to incorporate this design so it behaves as similar as possible to original equipment.   

XI. CAD Drawings / Modeling


The following drawings and computer-aided design (CAD), using Solidworks 2007, were drawn by the group and dimensioned for rapid prototyping and future production.  These drawings are only of the casing of the portal box because the internal components (gears and bearings) will be purchased from suppliers according to the calculations provided by the group.  Since the group has already performed calculations for sizing and strength capabilities, it will be able to tell the supplier exactly what is needed and can fully assemble the portal hub once components purchased. 
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Figure 20
XII. Appendix

i. Project Plan

ii. Chronology

Team Rancho’s initial design for the 2007 Toyota Tundra TRD suspension upgrade involved the use of a gear box attached to the existing stock CV axle and hub of the Tundra’s front suspension.  This gear box, also called a portal box, has gone through many changes throughout the design process.  The initial design concept for the housing has not changed much overall.  This design for the housing must match the bolt pattern on an aftermarket knuckle designed by Rancho Suspension.  Another design component of the housing, that has not changed, is the use of the stock location for the brake caliper mount as a portal box mounting position.  This extra mounting position will aid in the structural rigidity to allow the minimal amount of twisting and deflection upon normal and hazardous driving condition.  

Although the housing design has not changed much from the team’s initial design concept, the housings internals, such as gears, bearings, and oiling capabilities, have changed dramatically.  The initial gear design consisted of helical cut gears, roller thrust bearings and no oil-changing characteristics.  These helical gears were quieter than the other designs within the constructed design matrix of helical, spur, and chain driven gears.  Another reason for using the helical cut gears was to limit the overall track width of the vehicle since a major increase of track width is not within the limits of this project.  

This design has changed to the use of spur gears.  These spur gears were calculated to be around 2 inches of face width and 4.5 inches in diameter.  The idler gears used in the design, which are there to keep the input and output shafts rotating in the same direction, will be 2 inches in diameter, and have exceeded the design specifications of a stock Tundra’s torque rating.  Along with the spur gears, the thrust tapered roller bearings which were needed for the axial loaded helical gear have been changed to a angular contact ball bearing.  This change was made due to the spur gears producing no axial load and using the thrust style tapered roller bearing would only add to the cost of the kit.  This change will have no effect on the housing itself since the size and shape are the same between the two.  

The last internal modification came with the subject of changing the gear oil with every factory recommended differential fluid replacement.  This change only called for an inlet and outlet threaded plug for changing the gear oil.  Overall the changes made until now are very small considering that the initial design is still intact from the beginning of the project.
iii. Full Gear Calculations
The first step in choosing the correct gears for the application is to pick a diametral pitch and the number of teeth that give the correct gear size. The diametral pitch of the gear is the number of teeth per inch of its pitch diameter. The pitch diameter is the desired gear diameter. A diametral pitch of six was chosen because research showed that a range of six to ten was common for transmission gears. Since these gears see more torque than transmission gears the lower value of six was chosen because it gives a stronger gear. The pressure angle of gear is the angle between the line of action and the velocity of the pitch point. There are three standard pressure angles 14.5, 20, and 25 degrees, 25 was chosen for the gears because it produced the strongest gears. 
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Center Distance between the pinion gear and the idler gear
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Diameter of the tire:
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Tire circumference:
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In the dyno run below the vehicle was tested in third gear. To match the engine revolutions to the revolutions of the input pinion the gear reduction of the transmission and differential need to be calculated. 

diff: 4.3

third gear: 1.35

transfer case: 1
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Interpolation of the power curve:
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Velocity of the car relative to engine speed.

Velocity of the pinion relative to engine speed.
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Conversion for horsepower 

This is the power at   the rear wheels 
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If in 4wd the power would normally be split between all four wheels, with a slight bias of more power to the rear. We choose to split the power by 3 because worst case in an off road situation, only three wheels receive power due to low traction.  
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Pinion speed
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Torque relative to the speed of the pinion:
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625 lb*ft is about the maximum torque placed on the pinion

Torque on idler relative to speed of pinion
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Two idler’s so each see half the torque
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To complete the gear calculations assumptions need to be made.
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Reliability 
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Bending stress equation: 
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Contact stress equation:
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Transmitted load is same on all gears in gear train.
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1700 lb is about the highest force placed on the gear, so using that value would produce the lowest factor of safety. By finding the lowest factor of safety we know the gears will work in all other conditions.

Radial component of load is

[image: image187.wmf]W

r

W

t

tan

f

(

)

×

:=


[image: image188.wmf]W

r

577.708

758.242

772.283

732.967

735.265

æ

ç

ç

ç

ç

ç

è

ö

÷

÷

÷

÷

÷

ø

lb

=


Total load
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Pitch line velocity for each gear:

Pinion: 
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Idler:
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Where Kv = Cv
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Jp and Jg bending fatigue factors From Table 11-9 in Machine Design textbook
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Table 11-16 in Machine Design textbook, load distribution factors
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Bending Stress for pinion:
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Bending Stress for idler:
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Cp is found from table 11-18 in Machine Design
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Surface finish factor is recommended to be set to 1
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Radius of curvature pinion

[image: image214.wmf]r

p

r

p

1

0

+

p

d

in

×

æ

ç

è

ö

÷

ø

+

é

ê

ë

ù

ú

û

2

r

p

cos

f

(

)

×

(

)

2

-

p

p

d

cos

f

(

)

×

æ

ç

è

ö

÷

ø

in

-

:=


[image: image215.wmf]r

p

0.822

in

=


Radius of curvature gear

[image: image216.wmf]r

i

d

p

d

i

+

2

sin

f

(

)

×

r

p

-

:=


[image: image217.wmf]r

i

0.551

in

=


[image: image218.wmf]I

cos

f

(

)

1

r

p

æ

ç

è

ö

÷

ø

1

r

i

æ

ç

è

ö

÷

ø

+

é

ê

ë

ù

ú

û

d

p

×

:=


[image: image219.wmf]I

0.066

=


Contact Stress is the same for the pinion and the idler:
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Gear material is 8620 steel. The values for bending and contact stress were found in a study comparing gears made of wrought steel (8620) and gears made from sintered powder material.
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Hardness Factor

[image: image229.wmf]M

G

145

145

:=


[image: image230.wmf]M

G

1

=


[image: image231.wmf]A

.00898

M

G

×

.00829

-

:=


[image: image232.wmf]A

6.9

10

4

-

´

=


[image: image233.wmf]C

H

1

A

M

G

1

-

(

)

×

+

:=


[image: image234.wmf]C

H

1

=


[image: image235.wmf]C

L

.9

:=


Life factor

Temperature factor
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Design factor
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Factors of safety for gears:

Pinion:

Contact:
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Bending:
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Idler:

Contact:
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Bending:
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Below the maximum torsion stress of a tundra axle shaft made of 8620 steel

SAE 8620

HRC 25-44

E=hmv 550 =.4-.6 mm

HRA 78-83

Shaft Dia=1.165
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