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Department of Mechanical Engineering 
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Dear Professor Wyss: 

On behalf of Team 4 in the MECH 4860 Engineering Design course, I would like to 

present the final report, “Modular Hip Joint Testing Apparatus”. The final report was submitted 

on Monday, December 6th, 2010. 

The purpose of this report is to detail our design of a fixture to hold a variety of artificial 

hip stems in various orientations for fatigue testing. The report also contains the design for a 

fluid bath with the option to purchase an off-the-shelf system. Fatigue analysis was performed 

at the point deemed most likely to fail. However, this is a preliminary analysis. We recommend a 

more detailed analysis before proceeding with the manufacture of the design.  

We would like to thank Professor Paul Labossiere for his technical expertise and support 

in his role as our advisor. 

If there are any questions or concerns regarding the report, please do not hesitate to 

contact me at 289-5257 or umtoew21@cc.umanitoba.ca.  All other team members can be 
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Abstract 

This report details the design of a modular hip joint testing apparatus for the Concordia Hip and 

Knee Institute. Current methods of fatigue testing of artificial hip joints primarily focus on 

applying compressive axial loads onto the head of the hip joint in order examine the head/stem 

connection. Dr. Urs Wyss, in association with the Concordia Hip and Knee Institute, requires a 

testing apparatus capable of applying both compressive and tensile axial loads to the test 

specimen. The design of the testing apparatus focused on three aspects; mounting the top of 

hip joint, mounting the bottom of the hip joint, and the fluid bath that surrounds the hip joint. 

The top fixture consists of two plates made of 316 stainless steel that are secured together with 

three screws in a tripod configuration around the head of the hip joint. The bottom fixture 

consists of two main components; the stem holder and base, both of which are made of 316 

stainless steel. The stem holder is an adjustable component that can slide along the length of 

the base in order to align the line of action between the top fixture and the bottom fixture. The 

fluid bath selected was an off-the-shelf component, a Bionix Environbath [3] courtesy of MTS 

Systems Corporation. The specifications for the Bionix Environbath were not available for 

compatibility test with the fixtures, therefore an alternative design, a fluid bath case made of 

acrylic glass and held together with aquarium adhesive is detailed as well. A preliminary analysis 

has shown that the diameter of the stem must increase in size from 14 mm to no less than 16 

mm due to the high bending stress. Further analysis of the specimen and fixture using FEA 

software is needed to determine the actual stresses present within the stem and on the stem 

holder. Assuming it is compatible with the fixture, the Bionix Environbath is the best choice for 

the fluid bath because it incorporates the bath, circulating pump, reservoir, and temperature 

control in one off-the-shelf package.  
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1. Introduction: Problem Definition 

Dr. Urs Wyss, in conjunction with the Concordia Hip and Knee Institute, is in need of a test 

apparatus capable of fatigue testing in a corrosive environment. As the population ages, artificial 

replacement of joints, hips in particular, have become more prevalent. Initial hip replacements 

were designed to be one-part constructions. One-part construction eliminates the metal on 

metal interface, and thus fretting and crevice corrosion. However, the disadvantage was that 

fitting the artificial hips was difficult, and adjusting the hip over time was near impossible. 

Newer hip designs are modular, allowing for better fit and adjustment, but the drawback is 

corrosion at the connections. Dr. Wyss and the Concordia Hip and Knee Institute hope to reduce 

fretting corrosion at the connections in newer hip designs, and the test apparatus will aid them 

in gathering useful data. An example of a modular hip replacement is shown below in Figure 1. 

 

Figure 1. Exploded view of double tapered cone Margron Prosthesis. Head alumina, ASTM F603-00; stem and neck, 

ASTM F799-06 [1]. 

Stem 

Ball 
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1.1  Problem Statement 

Modular connections of artificial joints show signs of corrosion after a period of time. Crevice 

corrosion and/or fretting corrosion are the most common. While in the body, the joint is 

stressed axially in tension and compression. The artificial hip needs to be tested in an 

environment that can simulate the loads that will be placed on the hip ‘in vivo’ in order to 

determine the effects of fatigue loading in various directions on fretting corrosion of the stem. 

1.2 Project Objectives 

The primary objective of the project is to deliver a design that satisfies the client’s needs as 

defined in Appendix A – 1 of this report. The expectations for the chosen concept design require 

that all of the necessary criteria in the target specifications are met, while attempting to fulfill 

the preferable criteria. Staying within the initial cost constraint of 2000 dollars will depend upon 

external factors such as material costs, machinist labour (time and wages), as well as any other 

unforeseen additional costs. 

2. Background 

Artificial hip replacements have been moving towards more modular designs, using a tapered 

neck and various head sizes. The advantages of a modular design include reduced cost of 

manufacture and the ability to adjust leg length. However, one major issue with increasing 

modularity is fretting and crevice corrosion at the interface of components. Stagnant areas 

develop at the interfaces, resulting in a depletion of oxygen. The dissolution of metal ions in 

these areas continues leading to increased concentrations of metal chloride within the crevice. 

Dissolution of metal ions increases causing accelerated corrosion in the stagnant area. An 

example of fretting corrosion of the stem can be seen below in Figure 2. 
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Figure 2. Macrostructure of neck-stem taper [1]. 

3. Details of Design 

This section contains the details of the final design for the test apparatus, which discusses the 

main subsystems of the design, specifically the fixture and the fluid bath, as well as the work 

instructions needed to assemble the test apparatus.  

3.1 Fixture 
The fixture consists of three separate parts which hold the test sample. The three main 

components are shown and explained individually in the following sections. 

3.1.1 Bottom Fixture 

The bottom fixture is made from 316 stainless steel like the rest of the assembly. The base of 

this fixture must attach to the anvil of the load frame. There are two slots in this fixture. Screws 

will be used through these slots to secure the stem clamp to the bottom fixture. These slots 

allow the stem clamp to be adjusted so that the test sample is directly in the line of applied 

force of the load frame. A fillet is located at the inside corner of the fixture. This fillet 
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significantly reduces the stress concentration in that area. Detailed drawings of the bottom 

fixture can be found in Appendix D.  

3.1.2 Stem Clamp 

There are 13 different Stem Clamps. Each stem clamp features a hole to be bored at a different 

angle, from 30° to 90° in increments of 5°. These stem clamps are made from 316 stainless steel 

and are all attached to the bottom fixture in the same way. The tolerances of the shaft hole 

must be very tight to the size of the shaft. Because these tolerances will be very tight, the slot 

can be reduced to a simple saw cut. The width of this cut can be very thin because the deflection 

from the clamping force on the sample will be extremely small. This is again because of the very 

tight tolerances between the hole and the shaft. The clamping force on the shaft will be 

provided by a number of horizontal screws through the base. Detailed drawings of the stem 

clamp can be found in Appendix D. 

3.1.3 Top Fixture 

The top fixture must attach securely to the cross head of the load frame. The top fixture consists 

of two parts. The bottom clamp of the top fixture is similar to the top side. The radii of curvature 

of the concave surfaces on the insides of the top fixtures have been oversized to match all 

required sizes of test ball. There are three screws which are used to clamp the fixture to the test 

ball. The slotted lower fixture allows for the test shaft to be rotated through all the required test 

angles. Because of these factors, these top fixtures will function for all test angles and ball 

diameters. Detailed drawings of the top fixture can be found in Appendix D. 

3.2 Fluid Bath 
This section discusses the main components of the fluid bath subsystem, specifically, the fluid 

bath casing and the fluid circulation system. 

3.2.1 Fluid Bath Casing 

The bath casing recommended for use with the apparatus is the MTS Bionix EnviroBath. More 

information on this product can be found in Appendix F. 

In the event that the Bionix EnviroBath cannot be made to accommodate the apparatus, a 

casing can be made of acrylic glass. Acrylic glass has many advantages over glass. It is 17 times 

stronger, 50% lighter, and insulates 20% better than glass [2]. In addition, the resin used to seal 

sections together chemically bonds the surfaces together, making for a strong, leak-proof seal. 
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The construction features an open top. Floating plastic beads can be added to the bath to 

provide some degree of insulation. The primary reason for an open top is to allow the system to 

“breathe”, reducing the odours associated with stagnant pools of organic liquids. A secondary 

benefit is that it will simplify the addition of fluid as the fluid evaporates. 

The bath should be constructed as laid out in the “Work Instructions” and as shown below in 

Figure 3. 

 

Figure 3. Design of fluid bath. 

Aquarium glue should be used to bond the edges of the glass sections together, and caulking 

should be used to seal any areas that require it. 

3.2.2 Hydraulic Power Unit - 505 G2 

This is an off-the-shelf product supplied by MTS. It is provides functions of circulator pump, 

heater, and temperature sensor in one package. Detailed specifications for the HPU can be seen 

below in Table I. 
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TABLE I 
HYDRAULIC POWER UNIT – 505 G2 [3] 

Model 505 G2 

Flow rates ( 60Hz model) 41.6 lpm 

Reservoir capacity (maximum) 174 L 

Width 71 cm 

Height 107 cm 

Length 99 cm 

Weight with maximum oil 474 kg 

Motor starter configuration Wye-Delta 

Motor size 18.5 Kw 

Heat exchanger Stainless steel plate style 

Hydraulic connections Pressure & Return: 12 ORFS  

Cooling water connection 2 cm 

 

3.3 Work Instructions 
The following is the recommended procedure for assembling the test mechanism. 

Step 1:  Assemble all materials and tools as listed below. 

Materials 

- Bottom Fixture 

- Top Fixture 

- Top Fixture Bottom Clamp 

- Stem Clamp 

- Test Sample Ball 

- Test Sample Shaft 

- 5 sheets acrylic glass (bottom, 4 sides) 

- MTS Bionix fluid bath accessories (heater, reservoir, pump & controls) 

Tools 

- Slotted screw driver 

- Silicone Caulking 

- Aquarium glue 

Step 2: Attach test sample ball and shaft 

Step 3: Place test piece in the Top Fixture and attach the Bottom Clamp with screws. Do not 

tighten the screws yet. The ball should be able to rotate will little force. 

Step 4: Slide the shaft into the Stem Clamp Tighten the screws in the Stem Clamp securely. 
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Step 5: Fix bottom sheet of acrylic glass to bottom fixture. Seal with caulking. 

Step 6: Attach Bottom Fixture to the load frame 

Step 7: Attach the Stem Clamp to the Bottom Fixture. Do not tighten the screws yet. The Base 

should be able to slide will little effort. 

Step 8: Align the ball with the load frame line of applied force and tighten all screws in the 

Top fixture and the Bottom Fixture. 

Step 9: Double check the tightness of all screws and the alignment of the ball with the line of 

applied force. 

Step 10: Assemble sides of bath case using remaining sheets of acrylic glass. Bond with 

aquarium glue and seal with caulking. 

Step 11: MTS Bionix fluid bath accessories (heater, reservoir, pump & controls) should be 

assembled per manufacturer’s instruction. 

4. Conclusion and Recommendation 
The loading fixture that was designed for fatigue testing, was designed for a 14 mm diameter 

stem. Preliminary stress calculations revealed that the stem diameter was insufficient to 

withstand the applied load, requiring an increase in stem diameter to at least 16 mm. This 

increase in stem diameter requires a change in the diameter of the bored hole in the stem 

holder. This increase in hole diameter may require a change in the positions of the screws that 

tighten and secure the stem to the bottom fixture. The stem holder may also need to be 

increased in size. 

The fluid bath has two options; use the bath that MTS [3] supplies, or use the bath design that 

was developed by the design team, while incorporating the pump, heater, reservoir, 

temperature sensor, and the load frame from MTS. 

Further analysis and design changes to the stem holder are required, specifically the use of FEA 

software. A compatibility test based on the dimensions and technical specifications for the MTS 

Bionix Environbath with respect to the loading fixture must be conducted. If the compatibility 

test fails, then the fluid bath casing that was designed should be used along with the accessories 

supplied by MTS.  
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Appendix A - Concepts 

In this section, the various concepts that were thought of by the design team are presented, 

discussed and ranked in a decision matrix. 

1. Client Needs 

In order to improve the joints, a test apparatus is required. The apparatus would simulate the 

use of the joint in the human body for several years in a controlled manner. The client’s needs, 

ranked in order of importance are as follows: 

1. The ball joint needs to be stressed axially with both a positive and negative force (push 

and pull). 

2. The force must be applied in different directions (orientation angle). 

3. Testing must simulate an ‘in vivo’ environment. 

4. Different sized ball joints must be accommodated. 

5. Joint must be visible during test. 

6. Load curve must be sinusoidal. 

7. Apparatus must be able to exert a variety of loads. 

8. Apparatus must not corrode during testing.  

2. Target Specifications 

In order to provide a design that meets the client’s needs, the following is a list of specifications 

that the final design must comply with in order to satisfy the client. 

1. Angle of load must be adjustable, from 0 to 45 in 10 increments. A range of 0 to 60 in 

5 increments would be preferable. 

2. Applied load must be up to 4000N positive, 100N negative. 

3. Load curve must be sinusoidal. 

4. Fluid bath must be a 0.9% saline solution at 37C, ±2C. An accuracy of ±1C would be 

preferable. 

5. Load must cycle at varying speeds from 2-10Hz. 

6. Load must be able to cycle 5-10 million times. 

7. Apparatus must accommodate ball diameters of 28-60mm in 4mm increments. 

8. Case around test piece must be made of transparent material. 
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9. Apparatus must accommodate balls of different materials such as cobalt-chromium alloy 

and stainless steel. 

10. Apparatus shall be constructed from a material that will not corrode in a saltwater 

environment, such as 316 stainless steel. 

3. Discussions with Experts and Lead Users 

Don Mardis, a technician with many years of experience working with laboratory equipment 

found in the faculty of engineering, answered questions regarding the implementation of adding 

a test apparatus onto existing load frames. The Instron 8502, a load frame that can be found in 

Room E1-269 of the Engineering Information and Technology Centre, was shown to connect 

with specimens via two coarse threaded, one inch, male bolts. Don said that there must be no 

lateral (horizontal) load applied to the load frame, otherwise damage can occur.  

Dr. Urs Wyss and Dr. Olanrewaju Ojo discussed the corrosion of the hip joint, specifically 

corrosion of the stem near the head of the hip joint. Dr. Olanrewaju Ojo briefly mentioned that 

erosion corrosion, which is the degradation of the surface of a material due to relative fluid 

motion over the surface of the material [4], is not a significant factor when considering the 

corrosion of the stem of the hip joint. Crevice corrosion, which is the degradation of a material 

surface occurring in spaces where a working fluid has access but no relative movement [5], is 

the dominant mechanism of corrosion. Dr. Urs Wyss mentioned that the corrosion by-products 

have been known to cause severe health hazards, such as inflammation of surrounding tissue 

and the formation of pseudo tumors. Dr. Urs Wyss also mentioned that the force applied during 

the “tapping of the head” has an effect on the crevice corrosion later on in the lifecycle of the 

hip joint. 

4. Bottom Fixture 

The purpose of the bottom fixture is to attach to the anvil of the load frame and provide a base 

to which the stem/clamp can be fixed. 

4.1 Concept A – Circular Base 

- Base is one piece 

- Test sample is threaded and screws into base 

- Large solid base is capable of handling minor side loads and eccentric loading 
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Figure 4. Concept A – Bottom Fixture Circular Base. 

4.2 Concept B – Screw in Test Sample 

- Base is one piece 

- Test sample is threaded and screws into base 

- Excess material is removed from the base design 

   

Figure 5. Concept B – Bottom Fixture Screw in Test Sample. 

4.3 Concept C –Variable Angle 

- Base consists of 4 pieces + test sample 

- Test sample is screwed into the holder, which is then clamped between two of 

the base pieces, which are then bolted to the base machine attachment 

- Allows one base fixture to handle a large range of angles 

- The range of testable angles is large, and small changes to the angle can be made 
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Figure 6. Concept C – Lower Fixture Variable Angle. 

4.4 Concept D –L-Shape Test Sample 

- One- piece base + Test sample 

- One base piece can be used for all testing angles 

 

Figure 7. Concept D – Bottom Fixture L-Shape Test Sample. 

 

 

4.5 Concept E–L-Shape Test Sample sunk into Base 

- Notched base allows for test sample to be in contact with two or three surfaces 

- Allows for horizontal bolts to secure sample 

- May create a more stable grip due to surface clamping 
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Figure 8. Concept E– L-Shape Test Sample sunk into Base. 

4.6 Concept F– Square Base Attachment 

- Square base requires less machining 

- May affect the ease of bath attachment 

   

Figure 9. Concept F – Bottom Fixture Square Base Attachment. 
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4.7 Concept G – L-Shape with Threaded Base 

- Requires the base to be threaded 

 

Figure 10. Concept G – Lower Fixture L-Shape with Threaded Base. 

4.8 Concept H – L-Shape attached by Bolt, Washer & Nut 

- Requires bolt holes to be drilled through base 

- Eliminates plastic deformation of base due to sample attachment via screw 

threads 

 

Figure 11. Concept H – Lower Fixture L-Shape attached by Bolt, Washer & Nut. 

5. Top fixture 

The purpose of the top fixture is to clamp the ball and allow the forces applied by the crosshead 

of the load frame to be transmitted through the test specimen. 

5.1 Concept A – Side Clamp 

- Consists of a three part top fixture + test sample 

- Allows for gripping of the test sample by the sides; may provide a more realistic 

simulation 
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Figure 12. Concept A – Side Clamp. 

5.2 Concept B – Matching Diameter Clamp 

- Clamp diameter matches the test sample ball diameter 

- Allows for the applied load to be distributed to the test ball  

 

Figure 13. Concept B – Matching Diameter Clamp. 

5.3 Concept C – Angled Clamp 

- Allows for possibly more secure clamping at an angle 

- Eliminates need for notch in lower test piece 

 

Figure 14.Concept C – Angled Clamp. 

5.4 Concepts D–Oversized Cavity and Horizontal Orientation  

- Grips test sample with less components than side clamp 

- Will accommodate more ball sizes 
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- Requires notch (not shown) for different angles    

 

Figure 15. Concepts D –Oversized Cavity and Horizontal Orientation . 

5.5 Concept E – Square Base Attachment 

- Square base requires less machining 

- May affect the ease of bath attachment 

 

  

Figure 16. Concept E – Square Base Attachment. 

6. Fluid Bath 

The purpose of the fluid bath is to allow the test specimen to be immersed in a fluid, simulating 

‘in vivo’ conditions. 

6.1 Concept A –Integrated with Fixture 

- Does not require pump, piping, and holes drilled into casing 

- May not allow as much control over fluid temperature and level 



17 
  

 

Figure 17.Concept A – Fluid Bath Integrated with Fixture. 

6.2 Concept B –External Pump 

- Requires pump, piping, and holes drilled into casing 

- May allow more control over fluid temperature    

 

Figure 18.Concept B – Fluid Bath with External Pump. 

6.3 Concept C – External Pump and Reservoir 

- Requires pump, piping, and holes drilled into casing 

- May allow more stable fluid temperature and level 

 

Figure 19.Concept C – Fluid Bath with External Pump and Reservoir. 

Heating Coil 

 

Thermometer / Fluid Access 

 

Agitators 
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6.4 Concept D – Mini-Bath with External Pump and Reservoir 

- Requires pump, piping, and holes drilled into casing 

- May allow more stable fluid temperature and level 

- May be more difficult to fit over fixture 

- Minimum exposure of fixture to corrosive bath 

 

Figure 20. Concept D – Mini-Bath with External Pump and Reservoir. 

7. General Constraints and Limitations 

This section contains only the constraints and limitations for the design of the test apparatus. 

 Apparatus must fit in a load frame available at the University of Manitoba. 

 Cost of apparatus should ideally be under $2000. 

 Design must be completed by December 6, 2010. 

8. Decision Matrix 

This section contains the analysis and selection for each of the main components including the 

bottom fixture, top fixture and fluid bath. 

8.1 Analysis and Selection of Bottom Fixture 

The criteria used for the selection of the bottom fixture were 1) accuracy, 2) adaptability to 

angle, 3) cost, 4) ease of use, 5) installation difficulty, 6) ease of manufacture, 7) resistance to 

fatigue, and 8) stability. A weight from 1 to 5 was given to each criteria, with 5 meaning it was 

very important, and 1 meaning it was less important. Each concept was then rated from 1 to 5 

with 5 being a good rating, and 1 being a poor rating. It is important to note that a high cost is 

not good, so a high rating indicates a relatively low cost, and a low rating indicates a relatively 

high cost. The weight and rating were multiplied together to give a weighted score for each 

criteria, and the weighted scores were added together to give a net score for each concept. A 
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higher net score indicates the relative suitability of the concept. The rank shows how each 

concept ranks among the others. Table II below shows the decision matrix for the bottom fixture. 

As can be seen by the weighting of the criteria, accuracy and adaptability to angle are among 

the most important criteria. Cost was also rated fairly high as our client indicated a strong desire 

to have manufacturing done as cheaply as possible. Ease of use and installation difficulty were 

given lower weights because of the relatively small time required for setup compared to the 

time required for testing. In some cases the time required for one test is upwards of 3 weeks, so 

an hour or two spent setting up the equipment is not critical. Manufacture difficulty was not 

given a very high rating because of the relative simplicity of the designs in general. Stability and 

resistance to fatigue were also given fairly low ratings because in all cases the apparatus itself is 

not likely to fail; failure will occur at the stem, and stability is not seen as a major issue because 

all designs strive to eliminate side loading. 

Based on the results in Table II below, Concept H should be selected for further design, and 

Concepts E and F should be looked into further as possibilities for further design, or merging 

with each other or Concept H. 
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TABLE II 

DECISION MATRIX – BOTTOM FIXTURE 

 

8.2 Analysis and Selection of Top Fixture 

The criteria and weights for the top fixture are the same as for the bottom fixture. The top 

fixture serves a similar function, will be made of the same materials, and will work together with 

the bottom fixture. Based on the results below in Table III, Concepts A and D should be selected 

for further design, and Concept E should be looked into further as an alternative, or for merging 

with Concept A and/or D. 
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TABLE III 

DECISION MATRIX – TOP FIXTURE 

 

8.3 Analysis and Selection of Fluid Bath 

The criteria used for the selection of the bath were 1) cost, 2) ease of adding fluid, 3) energy 

consumption, 4) evaporation, 5) installation difficulty, 6) manufacture difficulty, 7) size, 8) 

stability of temperature, and 9) visibility. The procedure for rating and ranking each concept is 

similar to the method used for the top and bottom fixture. 

As can be seen by the weighting of the criteria, cost and visibility are the most important criteria. 

Cost is important due to the client wanting to keep costs down. Visibility is weighted high 

because the entire apparatus needs to be visible at all times during testing. Important data will 

be gathered based on observations of what is happening to the joint under the loading 

conditions to be tested.  Evaporation was given an average rating as this will cause the 

concentration of the solution to rise as water evaporates. Evaporation should be kept as low as 

possible, but adding more fluid on a regular basis is an acceptable means of dealing with the 

problem. The rest of the criteria are all weighed fairly low because none of them are critical to 
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the success of the design, and all designs are quite similar in how they will perform with respect 

to these criteria. 

Based on the results in TABLE IV below, Concept C should be selected for further design, and 

Concept A should be looked into as a possibility for further design. 

TABLE IV 

DECISION MATRIX – FLUID BATH 
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Appendix B – Discussion 

1. Calculations for maximum allowable stem length 

In order to determine whether the stem would fail under the proposed fatigue loading 

conditions of 10 million cycles at -100 N to 4000 N, the Goodman Method for determining 

fluctuating normal stresses was used. The governing equation states that: 

    

  
  

  

  
 

 

 
 

Where: 

    is the value of the stress concentration. A conservative value of 2 was chosen. 

    is the alternating stress. 

    is the mean stress. 

   is the design factor. A design factor of 1.5 was chosen. 

    is the tensile strength of the material. 

   
  is the actual endurance strength of the material. 

  
  is the product of the material’s endurance strength and several factors. The factors used 

were: 

 A type-of-stress factor,    . A value of 1.0 is used for bending stress, and a value of 0.8 

for axial tension. As bending stresses during the compression phase of the loading was 

predicted to be the cause of failure, a     of 1.0 was used. 

 A reliability factor,   . A reliability of 0.99 was desired, so a    of 0.81 was used. 

 A size factor,   . For diameters, D, ranging from 7.62 mm to 50 mm, the size factor can 

be found by    (     ⁄ )     . 

The material properties used for the calculations can be seen in Table V below. 
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TABLE V 
PROPERTIES OF STEM MATERIAL 

 Cobalt Chromium Titanium Alloy 

Tensile Strength [Pa] 8.00E+08 8.50E+08 

Endurance Strength [Pa] 4.00E+08 4.00E+08 

Diameter [m] 0.014 0.014 

 

The actual endurance strength,   
 , was found by: 

  
    (   )(  )(  )  (        (   )(    )(      ⁄ )               

When the orientation of the stem is straight up and down (θ = 90°) then the stress is purely 

axial. In any other orientation (θ = 30° to 85°) there are bending stresses as well. A diagram 

showing the maximum forces on the stem can be found below in Figure #. 

 

 

Figure 21. Diagram of Maximum Forces on Stem 

The maximum stress will occur at the  during the compression phase as the axial forces and 

the bending forces add together. This point is the one that will be examined. The axial (green 

arrow) and bending components (red arrow) of the compressive and tensile forces can be found 

by: 

 

 

4000 N 

100 N 
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For the compressive phase, the axial stresses,    , can be found by: 

    
   

  
 

     

    ⁄
 

         

 (     )  ⁄
               

The bending stresses,         , can be found by: 

    
   

 
 

    (
 

 
)

     ⁄
 

      

     ⁄
 

 (         )

 (     )   ⁄
  (           )    

The total stress,    , can be found by: 

             (           )                

The same process was used to find the total tensile stress,    . The mean stress,   , and 

alternating stress,   , were found by: 
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  (          )                
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  (          )                

The Goodman equation was then used to solve for the maximum stem length, L: 
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Rounding L down to the nearest millimeter gives a maximum stem length of 11 mm. This is the 

longest the stem can be without risk of failure for 10 million cycles in the worst case orientation 

of θ = 30°. 

2. Meeting the requirements 

The project requirements and the ways in which they were met are detailed below. 

1. The ball joint needs to be stressed axially with both a positive and negative force 

(push and pull). 

The load frame used with the apparatus is capable of applying both tension and 

compression. The upper fixture holds the ball in a manner capable of transmitting both 

forces. 

2. The force must be able to be applied in different directions. 

The angle of the stem is adjustable by the changing the lower fixture. The angle will 

range from 30 to 90 in 5 increments. A separate clamp will be manufactured for each 

orientation. 

3. Testing must simulate an ‘in vivo’ environment. 

The test will take place within a bath fill with liquid. The temperature will be set to 37C 

degrees to simulate body temperature. The bath can accommodate both saline and 

protein solutions. 

4. Different sized ball joints must be accommodated. 

The upper fixture can accommodate all required ball sized, from 28mm to 60mm in 

diameter. 

5. Joint must be visible during test. 

The Bionix Envirobath provided by MTS features transparent doors. The alternative 

solution of building the bath casing by acrylic glass is also transparent. 

6. Load curve must be sinusoidal. 

The load frame can be programmed to generate sinusoidal load curves. 

7. Apparatus must be able to exert a variety of loads. 
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The force applied by the load frame is adjustable within the range specified, from -100N 

to 4000N. 

8. Apparatus must not corrode during testing. 

The material used for the fixtures are stainless steel 316. This material will not corrode 

appreciably during testing. 

3. Assembly & manufacturing principles 

During brainstorming sessions the team brought up many ideas. Some of these ideas 

were rejected due to expected difficulties in assembly and manufacturing. Some 

examples are explained in detail below. 

3.1 Top fixture 

3.1.1 Arm 

The cross section of the arm is designed to be round. It may be cheaper to manufacture 

a square arm, however, since the arm may have to pass through the bath casing it may 

be easier to seal a round opening than a square one.  

3.1.2 Ball Clamp 

The clamp is designed to be square for ease manufacturing. It is also designed to be 

fixed together by bolts. Depending on how far the bolts are screwed together, the gap 

on the clamp varies. Only one clamp will need to be manufactured to accommodate all 

required ball diameters. 

3.2 Lower fixture 

3.2.1 Stem Clamp 

Initially, a one piece stem/clamp was designed to give more stability (as can be seen in 

Figure 7). However, the complex shape would be difficult and expensive to manufacture. 

To address this issue, a clamp was designed to allow separate stems to be fitted. This 

allows the clamp to be re-used and simplifies manufacture of the stem to a straight 

cylinder. 
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3.3 Fluid Bath 

The fluid bath design used off-the-shelf components provided by a single distributer, 

eliminating manufacturing completely and simplifying assembly. Should compatibility 

issues be found between the fixture and the bath, an optional bath casing has been 

designed which can be built out of readily available acrylic glass.   
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Appendix C – Cost Analysis 

As the design’s purpose is to aid in medical experimentation and not save or earn money, there 

is no break even analysis. Meeting the client’s needs is more important than saving money, but 

this does not mean that saving money was not considered in the design. Several design 

decisions were made to save money. For example, the arm of the bottom fixture was designed 

to have a square cross section rather than a circular cross section as this makes manufacturing 

easier. Another example is the bath system. The bath system that was chosen for this project is 

an off the shelf product from MTS company. It would be much cheaper to build a case out of 

acrylic glass even though using an off-the-shelf system would be simpler and more robust. An 

alternative design featuring an acrylic glass casing was submitted not only as a cost savings 

basis, but also in case the apparatus could not be fit into the MTS Bionix EnviroBath. 

TABLE VI 
COST OF FLUID BATH COMPONENTS 

Item Cost (CAD) 

Bionix Servohydralic Test System 

- MTS Model 370 Load Frame 

- Cylinder-Centric Actuator 

- Close-Coupled Hydraulic Service Manifold 

- Closed-Housing Coaxial LVDT 

- Load Cell – 661 

- Crosshead Positioning and Locks 

- Frame-Integrated Hydraulic Grip Controls 

- Other Load Frame Options 

- Integral Test Area Enclosure 

- Controller – Flextest 40 

- MTS Supplied PC 

- Software – 793 Controller 

- S/W Flextest 40 Key 

- Software – Testsuite ™ 

- Testsuite Multipur Elite Software Key 

- Hydraulic Hose Set 

- Service – Onsite Installation/Training 

$78,688 

Bionix Envirobath – 6L 

- Service – Onsite 

$18,700 

Hydraulic Power Unit – 505 G2 

- Hydraulic Hose Set 

$21,750 

Bottom Fixture $269 

Top Fixtures $390 

Stem Clamps (15 pieces) $670 

Total $120,467 
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Appendix D – Detailed Drawings 
 

 

Figure 22. Bottom fixture detailed drawing. 
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Figure 23. Top fixture bottom clamp. 
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Figure 24. Top fixture top clamp. 
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Figure 25. Fixture assembly. 
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Figure 26. Stem clamp for 30 degree angle. 
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Figure 27. Stem clamp for 35 degree angle. 
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Figure 28. Stem clamp for 40 degree angle. 
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Figure 29. Stem clamp for 45 degree angle. 
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Figure 30. Stem clamp for 50 degree angle. 
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Figure 31. Stem clamp for 55 degree angle. 
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Figure 32. Stem clamp for 60 degree angle. 
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Figure 33. Stem clamp for 65 degree angle. 
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Figure 34. Stem clamp for 70 degree angle. 
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Figure 35. Stem clamp for 75 degree angle. 
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Figure 36. Stem clamp for 80 degree angle. 
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Figure 37. Stem clamp for 85 degree angle. 
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Figure 38. Stem clamp for 90 degree angle. 
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Appendix E – Email Correspondence with MTS 
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Appendix F – Load Frame & Bath Quotation from MTS 
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