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Abstract 
 

Current scoliosis corrective surgeries may include the use of multiple instrumentation 

devices including screws, wires, nuts, and rods. The instrumentation in most cases is 

implemented in its native form. However, the instrumentation rods must be contoured to 

a desired shape prior to fixation to the spine. The contouring of the instrumentation rod is 

currently performed manually and may require significant time for completion. This 

results in an increase of operation time and reduced accuracy of the instrumentation rod. 

The feasibility of automating the contouring process was studied to determine if the time 

required to contour a rod could be reduced and if the accuracy of the rod could be 

improved. 

 

This study built upon a previous effort to construct a prototype that would automate the 

manufacture of spinal instrumentation rods. The Spinal Instrumentation Bending 

Prototype (SIBP) focused on ease of use, time of manufacture, and accuracy. In order to 

complete the manufacturing process, the current SIBP uses a set of three dimensional 

control points that represent the desired contour of the rod. These control points are 

translated into manufacturing inputs that control the SIBP. The control application for the 

SIBP contains local and global feedback routines that correct for any manufacturing 

errors. A comparative study was made between the SIBP and an experienced orthopedic 

surgeon to determine the level of bending accuracy improvement.  
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Chapter 1 
 

 

Introduction 
 

 

 

1.1 Scoliosis Surgery 
 

The National Scoliosis Foundation estimates that there are 6 million people in the United 

States with scoliosis. Each year 38,000 of the 6 million undergo spinal fusion surgery 

(National Scoliosis Foundation, 2005). Anterior scoliosis corrective surgery can last on 

average over 7 hours (Grewal, 2005). Posterior scoliosis corrective surgery can last on 

average over 5 hours (McLain, 2001). One contributor to the time required to complete 

the surgery is the fixation and shaping of the instrumentation. The amount of time 

required varies depending on the surgical techniques that are used and the amount of 

correction that is to be achieved. A common component of spinal instrumentation that is 

used is a round rod. Typical rod materials are 316L stainless steel and Ti-6Al-4V 

Titanium (Serhan, 2004).  

 

A potential benefit to the surgeon and patient would be to minimize the time required to 

form the desired contour of the rod. Currently only manual methods exist to form the 

contour of the rod. There are three main tools that are used to shape the rod. One of the 

devices is called a French bender. Another device commonly used is a tube bender that 

may also be used in conjunction with the French bender and the third is an in-situ 

bending device. All three of the tools are manually operated. Shaping the contour of the 

rod can be difficult and time consuming depending on the amount of correction desired. 

An automated method to shape the contour of the rod could potentially reduce the amount 

of time required to complete corrective scoliosis surgery. The reduction in surgery time is 

directly related to the cost of the surgery and the amount of exposure of the patient. The 

goal of this thesis is to further develop an existing prototype that will automatically shape 

the predetermined contour of a spinal instrumentation rod. 

 

 

1.2 Surgical Techniques 
 

Paul Harrington pioneered the use of spinal instrumentation for scoliosis in the 1950s 

(Morrissey, 2001). There are multiple surgical techniques available for corrective 

scoliosis surgery. More common surgical techniques include the use of instrumentation as 

means of correction. The types of instrumentation used ranges from screws, wires, rods, 

and hooks. A typical corrective surgery may include one or a combination of these 

instrumentation types. The concept of the surgical techniques is to use the 

instrumentation and attach it to the spine in order to improve the contour of the spine. 

This is typically done by using either screws or hooks as anchors and using wires and/or 
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rods to assist in forming the desired contour of the spine. In most cases, the rod is formed 

to a desired contour and then the spine is manipulated such that the anchors will conform 

to the rod. The rod is then secured to the anchors to maintain the desired contour of the 

spine. The following are techniques that use smooth rods as one of the instrumentation 

pieces. These discussions are limited to the fixation of the rod and not all of the 

accompanying intricacies.  

 

 

1.2.1 Harrington Rod Instrumentation Technique 
 

The Harrington rod instrumentation technique is the foundation and standard by which all 

new techniques are compared (Morrissey, 2001). This technique is dated and has 

shortfalls compared to newer techniques. The primary advantage of the Harrington rod 

instrumentation technique is its simplicity and low cost (Morrissey, 2001). The technique 

uses two hooks that are placed on the spine with a metal rod. The hooks are placed at the 

desired locations of the spine and then the rod is anchored into the hooks to form the 

contour of the spine. Latter evolutions of this technique included the addition of 

sublaminar wires that achieve better correction of coronal and sagittal deformities 

(Morrissey, 2001). The original Harrington rod technique used rods that were relatively 

straight. The addition of sublaminar wires requires the rod to be contoured. 

 

 

1.2.2 Bilateral Sublaminar Segmental Instrumentation Technique 
 

Bilateral sublaminar segmental instrumentation or Luque instrumentation uses a double 

L-rod to provide segmental fixation to the spine (Morrissey, 2001). The Luque method 

requires that the two rods be contoured to the desired amount of correction to the spine 

since the spine is moved to the contour of the rod and held in place by wires (Morrissey, 

2001). This technique is more difficult than the Harrington rod technique. However, it 

allows for more secure fixation of the spine. 

 

 

1.2.3 Interspinous Process Segmental Instrumentation Technique 
 

This instrumentation technique commonly known as Wisconsin Instrumentation was 

developed to provide a method of fixation that was as durable as the Luque method 

without passing wires into the spinal canal (Morrissey, 2001). The Wisconsin 

Instrumentation technique uses a combination of a Harrington rod system and a 

contoured Luque rod. The Harrington rod is placed on one side of the spine and the 

Luque rod is placed on the opposite side. The two rods are secured together using button-

wire implants. The Luque rod has one or both ends bent at a 90 degree angle to keep it 

from sliding (Morrissey, 2001). 

 

 

1.2.4 Galveston and Dunn-McCarthy Pelvic Fixation Technique 
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These two methods of scoliosis correction involve the fixation of Luque rods to the 

pelvis. The Galveston Method attaches the Luque rod through the pelvis and the Dunn-

McCarty method attaches the Luque rod around the pelvis (Morrissey, 2001). Both of 

these methods require complicated bends to achieve the desired contour of the rod. The 

Galveston method contours the rod at the operating table with hand held instruments and 

the Dunn-McCarty method uses rods that are pre-bent to the desired contour in the pelvic 

section (Morrissey, 2001). Both techniques allow for small adjustments to the rod during 

fixation. The remainder of the fixation follows the Luque technique.  

 

 

1.2.5 Segmental Hook and Pedicle Screw Instrumentation Technique 
 

This technique is more commonly know as the Cotrel-Dubousset technique.  It was 

introduced in the early 1980’s and presented many new methods for the correction of 

scoliosis (Morrissey, 2001). This technique considers the deformity in three dimensions. 

This consideration allows for additional correction to the spine that was not available 

with earlier techniques. The use of pedicle screws allows for more attachment points to 

the rod (Morrissey, 2001). This technique can use one or two instrumentation rods for 

correction and is one of the prevailing techniques used today (Entrekin, 2004). 

 

 

1.3 Spinal Rod Contouring Methods 
 

Multiple methods are used to shape the desired contour of spinal instrumentation rods. 

The majority of these methods use manual instruments.  The most commonly used 

instrument is the French bender. As mentioned previously, some techniques prefer or 

require that instrumentation rods be shaped prior to the commencement of the surgery. 

The Dunn-McCarthy technique typically uses instrumentation rods that require a heating 

process to be used for bending (Morrissey, 2001). The typical approach to rod bending is 

to use a small diameter malleable rod to form a template of the desired rod contour. This 

is typically done by hand without the assistance of instruments. The instrumentation rod 

is then shaped to the desired contour using a combination of a French bender and a tube 

bender. The in-situ bender is typically used to make adjustments to the rod after fixation 

to portions of the spine (Morrissey, 2001). The time required to shape the contour of the 

rod is directly related to the complexity of the contour. Pelvic fixation rods typically 

require the most amount of time for shaping. 

 

 

1.4 General Rod Bending Devices 
 

The majority of current rod bending devices are focused towards construction or 

industrial applications. The majority of available rod bending devices are manually 

operated and utilize a lever to bend the rod around a die. A similar process that may be 

modeled is the pipe bending process. Typically, a pipe is loaded into a die that has a lever 

attached to one side. The lever is then actuated to bend the pipe around the die. The die 

helps distribute the stress around the pipe to avoid buckling of the pipe wall and cracking. 
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Automated pipe or rod bending devices are available and are typically used for high 

volume, large size, or complicated bending process. Automated bending machines use the 

same concepts as the manual devices. However, they use electric motors and hydraulics 

to improve their mechanical advantage. The following patents for automated rod bending 

devices may be reviewed to learn more about automated rod bending hardware.  

 

A patent review was performed in order to gauge current rod bending devices. A few of 

the patents that related to spinal instrumentation rod bending are discussed. The most 

prominent bending tool for spinal instrumentation is the French bender in U.S. Patent 

5,490,409. The French bender uses a lever mechanism to bend the rod around a cam 

(Weber, 1994). U.S. Patent 6,035,691 concerns a manual mechanism to shape spinal 

instrumentation rods. The mechanism consists of multiple rollers that are adjusted to 

form the desired contour of the rod. The roller mechanism is coupled to a base by a pivot. 

The bending process takes place by closing the bending mechanism that forms the 

contour of the rod (Lin, 1999). A third patent is U.S. patent 5,113,685. This patent is for a 

combination of spinal rod bending devices. The concepts are two flat plates that are used 

to bend the rod and the pre-mentioned tube bender. Both of the methods are manual 

methods with the flat plate apparatus primarily being used on complex bends outside the 

patient and the tube bender being used on rods that have been partially fixated to the 

spine (Asher, 1992). 
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Chapter 2 
 

 

Proposed Solution 
 

 

 

2.1 Spinal Instrumentation Bending Prototype 
 

A benefit to both the surgeon and patient of scoliosis surgeries would be to have an 

instrumentation rod pre-shaped to the desired contour prior to the surgery. This would 

provide the surgeon with an accurately shaped rod to use for implantation. The rods 

would still require fine adjustments during the surgery, but the time spent on shaping the 

rod would significantly be reduced. Also this allows for not only a reduced surgery time, 

but a reduced financial burden. A pre-shaped rod could be accomplished by using a 

predetermined set of coordinates for the rod and an automated method to manufacture the 

rod. The rod could be shaped using a machine that uses the predetermined coordinates to 

bend and contour the rod. This concept was pursued to provide a method to generate pre-

shaped instrumentation rods for scoliosis surgery. 

 

The Spinal Instrumentation Bending Prototype (SIBP) concept was developed by a 

surgeon from Wake Forest University School of Medicine and professors from Virginia 

Polytechnic Institute & State University. The surgeon and professors directed a group of 

undergraduate students to pursue the concept as a senior design project. The group of 

students was partially successful in designing a prototype that used predetermined 

coordinates to generate a pre shaped spinal instrumentation rod. The limiting factor of the 

prototype was that the manufacturing operation and the control algorithm were 

insufficient to generate accurate results. This thesis continued the development of the 

existing prototype by developing a new control algorithm, redesigning the bending 

hardware, and redesigning the electrical control hardware. 

 

The SIBP concept uses a predetermined set of X, Y, and Z coordinates to generate a pre-

shaped spinal instrumentation rod. The coordinates are manipulated by the control 

algorithm to yield a sequence of manufacturing commands. These manufacturing 

commands are used to operate the three main electromechanical components of the 

prototype, which are feeding, rotating, and bending. The prototype uses a series of 

motors, gearboxes, sensors, and other electromechanical components to contour the rod. 

 

The redesign of the SIBP resulted in a new control algorithm that incorporates local 

feedback for each bend command and a global feedback routine that accounts for any 

individual bending errors. After each bend, the global feedback routine recalculates the 

remaining bends based on the achieved values to yield the original desired contour of the 

rod. The new SIBP bending hardware allows for a smooth bending process that will not 

damage the instrumentation rod. Advancements to the electrical control hardware include 
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improved motion error monitoring, positional control feedback, and an integrated 

emergency stop circuit.  

 

 

2.2 Challenges 
 

The redesign of the existing SIBP presents some difficult challenges with the software 

and hardware. The hardware redesign requires the bending mechanism to maintain or 

improve the bending clearance. Additional clearance around the bending hardware has 

increased the flexibility of the contours for the rods. Structural integrity was also a 

concern. The previous prototype maintained sufficient structural integrity due to the 

construction of the bending mechanism. Modifications to this arrangement were desired. 

However, the redesigned hardware resulted in a reduction in the structural integrity of the 

bending mechanism. Integrating a local feedback device to determine the final bend angle 

was difficult. Numerous options were available. However, cost and simplicity were the 

deciding factors. The implementation of a new control algorithm using National 

Instruments LabVIEW software was difficult. LabVIEW uses a unique execution 

sequence that complicates the structure of the control algorithm. LabVIEW also 

introduced a unique difficulty in the execution of a software based emergency stop 

circuit.  

 

 

2.3 Design Concepts 
 

The design concepts used for the new SIBP were intended to simplify the operation of the 

prototype, to make the prototype more user friendly, and to implement a hardware and 

software safety circuit. Improvements were based on the lack of local and global 

feedback of the mechanism, lack of prototype safety systems, and the improved bending 

process.  

 

The mechanical design concepts were to maintain the structural integrity of the bending 

mechanism, reduce damage to the instrumentation rod during the bending process, and to 

create a smooth bending process. The structural integrity of the new bending mechanism 

along with some of the bending clearance was reduced from the original design. The 

reduction in structural integrity and clearance of the new bending hardware is offset by 

reduced rod damage from the previous design. The previous design bent the 

instrumentation rod around the drive shaft of the bending mechanism, which introduced 

additional friction on the rod and in some cases pulled the rod forward during the bending 

process. This configuration also led to small blemishes and defects in the rod that 

introduced notch sensitivities. Notch sensitivities are a major concern of spinal rod 

instrumentation because they increase the potential for rod failures. The new design 

bends the rod around a grooved fulcrum module to limit the amount of damage to the rod. 

The grooved fulcrum module was patterned after a die used for bending pipes. This 

groove not only helps maintain the position of the rod during the bending process, it also 

helps distribute the stresses in the rod at the contact point. The groove is contoured to 

match the geometry of the rod. The grooved fulcrum module also maintains the rod in 
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one plane during the bending process. This is a significant advantage over current manual 

rod shaping methods. The structural integrity and clearance of the bending mechanism is 

reduced due to the additional components that were added to the new design.  

 

The electrical concepts were to include a method to measure the springback of the rod 

after each bend and to use this information to iterate the bending process until the desired 

bend angle was achieved. This was accomplished by the addition of an incremental 

optical encoder that was mounted to the bending mechanism. The entire wiring scheme 

for the electrical hardware was redesigned to account for the amperage load of the wiring 

and to include shielded communication cables where needed. 

 

The new control algorithm was needed to increase the flexibility of the motion control for 

the SIBP. This also allowed for simple integration of the feedback hardware. The concept 

was to have a user friendly application that guided the user through the manufacturing 

process. The algorithm uses a text file that contains 3 columns of data that contain X, Y, 

and Z coordinates of the desired rod contour. The algorithm then converts these 

coordinates into feeding, rotating, and bending commands to operate the SIBP. This 

algorithm also uses the achieved values of each iteration to recalculate the remaining 

position points to meet the desired original rod shape. 

 

 

2.4  Design and Analysis Tools 
 

The tools that were used for the SIBP redesign were National Instruments LabVIEW and 

NI Motion software, Baldor’s Mint Servo Configuration software, SolidWorks solid 

modeling software, AutoCad drafting software, Cosmos Lite Finite Element software, 

and Microsoft Excel. The National Instruments Software was used to develop the motion 

control schemes and the control application. The Baldor software was used to setup and 

configure the servo motor drive parameters. SolidWorks was used to develop a solid 

model and manufacturing drawings of the bending mechanism. AutoCad was used to 

generate electrical schematics of the SIBP. Cosmos Lite was embedded in SolidWorks 

and was used to perform a simple finite element analysis on the fulcrum bar. Lastly, 

Microsoft Excel was used to perform statistical analysis of the test data. 
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Chapter 3 
 

 

Hardware 
 

 

 

3.1 Overview 
 

The SIBP hardware consists of a collection of motors, gearboxes, sensors, and other 

electromechanical components. The majority of the components used were in the original 

prototype that was developed by the group of undergraduate students that started this 

project. Key components were added or redesigned to improve the operation and 

accuracy of the prototype. The bending mechanism was completely redesigned to 

improve the smoothness of the bending process and to eliminate the potential of rod 

damage. A feedback mechanism was incorporated into the bending mechanism to allow 

for feedback measurement of rod spring back. Upgrades and additions to the electrical 

components were made to reduce the potential for interference in the control equipment 

and to improve system monitoring. The following sections describe the additions and 

modifications to the original prototype and illustrate the function of the SIBP hardware. 

 

There are five major components to the SIBP. They are the feeding, rotating, and bending 

mechanisms, the electrical hardware and the frame. Each of these components plays a 

significant role in the operation of the SIBP. The commands for the hardware are 

generated by the control application. The components, design concepts, general 

operation, and function are described in the following sections. The control application 

and manufacturing process flow is in Chapter 4. 

 

 

3.2 Feeding Mechanism 
 

The purpose of the feeding mechanism is to feed the rod through the SIBP. The control 

application determines the amount of feed required and then instructs the feeding 

mechanism to progress forward by the calculated amount. The feeding mechanism 

consists of four main components. The components are listed in Table 3.1 and shown in 

Figure 3.1. Complete specifications and part numbers for the components can be found in 

the drawing bill of materials located in Appendix B. The limit switches of the feeding 

mechanism were original contributions of this thesis. 
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Table 3.1: Feeding Mechanism Components. 

 

Item Component Quantity 

1 Linear Actuator 1 

2 Step Motor 1 

3 Limit Switches 2 

4 Support Bracket 4 

 

 

 

 

 

 
 

 

 

Figure 3.1: Feeding Mechanism Components. 

 

 

3.2.1 Linear Actuator and Step Motor 
 

The linear actuator and step motor are the major components of the feeding mechanism. 

They provide the electromechanical motion that feeds the rod through the SIBP. The 

control application operates the feeding mechanism by sending a signal to a Pacific 

Scientific NEMA 34 Hybrid Step Motor via an Industrial Devices Corporation (IDC) 

NextStep Microstepping step motor drive. The step motor drive receives commands from 

a National Instruments (NI) PCI-7344 Motion controller through a NI UMI-7764 

Universal Motion Interface (UMI). The step motor drive takes a 5VDC / 5-15ma sinusoid 

pulse and amplifies it to a 160VDC / 1 amp waveform before passing it on to the step 

motor. This signal from the step motor drive consists of a series of sinusoid pulses, which 

translates the step motor in rotational segments. For each pulse that the step motor 

receives, it rotates one segment. The IDC step motor drive has the option of changing the 

resolution of the step motor from 5000 pulses per revolution to 50000 pulses per 

revolution. For this application, the resolution of the step motor drive was set to 5000 

pulses per revolution.  

 

The step motor is connected to the linear actuator by an inline direct shaft connection and 

NEMA 34 frame mounting bracket. This allows for the rotation of the step motor to be 

directly transmitted to the linear actuator. The linear actuator is an IDC R2A 42 inch 

3 – On 

rear side 1 

3 – On 

rear side 

2 4 
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(1066.8 mm) Rodless Actuator. The function of the linear actuator is to convert the 

rotational input to linear motion. The linear actuator contains an internal acme screw with 

an attached drive nut. As the acme screw is turned, the drive nut is translated along a 

transverse axis. The linear actuator that is used has a pitch of 0.2 inches (5.08 mm). Thus 

for every full rotation of the screw the drive nut translates 0.2 inches (5.08 mm). The 

linear displacement accuracy of the feeding mechanism can be calculated using the pitch 

of the acme screw in the linear actuator and the resolution of the step motor drive screw. 

The linear displacement accuracy was calculated to be 4 x10
-5

 inches (1.016µm) since the 

minimum input to the step motor drive is one pulse. The linear displacement accuracy 

was calculated using Equation 3.1. 

   

pulse
m

pulse
inx

rev
pulses

rev
in

µ
016.1.104

5000

.2.0
5 == −     Eq. 3.1 

 

The drive nut is coupled to the carriage on the top of the linear actuator by a mounting 

plate. The carriage provides a mounting surface for other components that need to be 

translated by the linear actuator. The carriage has a simple mounting pattern that allows 

for easy attachment of other items.  

 

 

3.2.2 Limit Switches 
 

The feeding mechanism has two limit switches to control the maximum forward and rear 

position of the carriage. These switches not only protect the linear actuator from over 

travel conditions, but they also protect the rotating mechanism from damage. The two 

limit switches are IDC RPS-1 normally open magnetic reed switches. The two limit 

switches are mounted in pre-machined mounting slots located on the rear side of the 

linear actuator. The outputs of the limit switches are wired into the NI UMI-7764 (See 

electrical drawings in Appendix B). The limit switches are activated when a magnet that 

is mounted to the internal section of the carriage passes the limit switch. When the limit 

switches are active, they send the control system a fault signal that stops the current 

iteration of the control program and the entire bending prototype.  

 

 

3.2.3 Support Brackets 
 

The support brackets simply attach the linear actuator to the bending machine frame and 

provide some vertical alignment of the linear actuator with the bending mechanism. 

There are 4 elements to the support structure. Each element connects to the machine 

frame by ¼-20 machine screws and to the linear actuator by a dovetailed slot. Each 

element is shimmed for leveling and alignment purposes. 

 

 

3.3 Rotating Mechanism 
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The purpose of the rotating mechanism is to provide a method to rotate the rod during the 

bending process. The amount of rotation is predetermined by the control application. The 

rotating mechanism consists of four main components. The components are listed in 

Table 3.2 and shown in Figure 3.2. The keyless chuck was an original contribution of this 

thesis. 

 

Table 3.2: Rotating Mechanism Components. 

 

Item Component Quantity 

1 Step Motor 1 

2 Gear Reducer 1 

3 Keyless Chuck 1 

4 Mounting Bracket 1 

 

 

 

 

 
 

 

 

 

Figure 3.2: Rotating Mechanism Components. 

 

 

3.3.1 Step Motor and Gear Reducer 
 

The rotating mechanism utilizes a drive system nearly identical to the feeding 

mechanism. The same IDC NextStep Microstepping step motor drive was used along 

with a similar Pacific Scientific step motor. The difference between the step motors was 

that the rotating mechanism step motor is a standard torque model. Whereas, the feeding 

1 2 

4 
3 
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mechanism step motor was a high torque model. The difference in the drive system of the 

rotating mechanism was that the step motor is directly coupled to a GAM 10:1 gear 

reducer. The gear reducer was added to ensure that the step motor could handle any 

additional rotational inertia generated by the rod during the rotating process. The rotating 

mechanism step motor operates in the same manner as the step motor system in the 

feeding mechanism. The accuracy of the rotating mechanism is different than the feeding 

mechanism due to the gear reducer. The 10:1 gear reducer ratio increases the rotational 

accuracy by a factor of 10. The rotational accuracy of the rotating mechanism was 

calculated to be 0.0072 degrees (25.92 sec) as shown in Equation 3.2. This calculation 

assumes that any backlash in the gear reducer is negligible. 

 

pulsepulse

rev
pulses

rev sec92.25
deg

0072.0
10

1

5000

deg
360

==×   Eq. 3.2 

 

 

3.3.2 Keyless Chuck 
 

The output shaft of the gear reducer was threaded with a ½-20 thread to accept a Jacobs 

Handtite keyless chuck. A chuck was added to ensure that the rod would be perfectly 

centered in the rotating mechanism and remain securely inside the rotating mechanism 

during the bending process. An added benefit to using a keyless chuck was to easily 

insert and retain a rod by simply turning the chuck by hand, rather than using a hand tool 

to secure the rod in a slotted coupling as previously used. 

 

 

3.3.3 Mounting Bracket 
 

The mounting bracket of the rotating mechanism supports the step motor and gear 

reducer. The bracket is made from 1020 steel and is mounted to the linear actuator 

carriage of the feeding mechanism. Thus, the entire rotating mechanism translates as the 

rod is fed through the SIBP.  

 

 

3.4 Bending Mechanism 
 

The bending mechanism is mounted on the opposite end of the machine from the control 

panel. The bending mechanism is the portion of the machine that actually bends the rod 

to the desired contour. The main concept of the bending mechanism is to use a round 

metal bar to bend the given rod around a stationary fulcrum point. The bending 

mechanism of the SIBP consists of three primary components. Each of these primary 

components has a series of subcomponents. The primary components are listed in Table 

3.3 and are shown in Figure 3.3. The servomotor, motor coupling system, and right angle 

gear reducer are not original contributions to this thesis. 

 



 13 

Table 3.3: Bending Mechanism Components. 

 

Item Component Quantity 

1 Drive Assembly 1 

2 Bending Assembly 1 

3 Feedback Assembly 1 

 

 

 
 

 

Figure 3.3: Bending Mechanism Components. 

 

 

3.4.1 Drive Assembly 
 

The drive assembly provides power to the bending assembly for the bending process. The 

power for the drive assembly is provided by a Baldor brushless servomotor. The five 

components of the drive assembly are listed in Table 3.4 and shown in Figure 3.4. 

 

Table 3.4: Drive Assembly Components. 

 

Item Component Quantity 

1 Servo Motor 1 

2 Motor Coupling System 1 

3 Right Angle Gear Reducer 1 

4 Drive Shaft 1 

5 Drive Shaft Bushing 1 

 

 

1 2 

3 
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Figure 3.4: Drive Assembly Components. 

 

The configuration of the bending assembly and material properties of a titanium 

instrumentation rod were the factors that determined the amount of torque required to 

bend an instrumentation rod. It was determined that a drive assembly with 1336 in-lbs 

(151 N-m) of torque would be required to bend the instrumentation rod. The torque 

requirement was calculated using Equation 3.3. Figure 3.5 shows the free body diagram 

of the bending system and the coordinate system used in the torque requirement 

calculation. Common diameters for spinal instrumentation rods can range between 8.5 

mm (0.335 in) and 10 mm (0.394 in). For this study a diameter of 8.5 mm (0.335 in) was 

chosen. This value and certain dimensions from the bending assembly were used in the 

required torque calculation. The friction force on the rod and all masses were neglected. 

The yield stress of Ti-6Al-4V Titanium is 110,000 psi (758 MPa). In order to bend the 

rod, the bending assembly would need to exhibit a stress on the rod greater than the yield 

stress of titanium TI-6AL-4V. The torque applied by the bending assembly can be 

resolved into force F by Equation 3.6. Force F can then be resolved into its component Fy 

by Equation 3.5. Fy results in an applied bending moment on the rod that is described by 

Equation 3.9. The stress in the rod due to the bending moment is given by Equation 3.7, 

where c is half of the rod diameter. By manipulating the equations listed below you can 

formulate Equation 3.3, which is an expression of the required torque to achieve a given 

value of stress. By substituting the yield stress of titanium into Equation 3.3 the required 

torque value is 1336 in-lbs (151 N-m). 

 

1 

2 

3 

4 5 
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Figure 3.5: Bending System Free Body Diagram. 
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A Baldor brushless servomotor was chosen for this application due to its torque output 

and position control features. This particular servomotor has a peak torque of 36 Nm or 

320 in-lbs. The servomotor transmits power to a Browning right angle gear reducer 

through a motor coupling system. The motor coupling system consists of a Lovejoy L095 
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28mm (1.10 in) hub and a set of aluminum spacer brackets. The right angle gear reducer 

serves dual purposes. It translates the axis of torque 90 degrees and also provides a torque 

increase from the motor. The Browning gear reducer has a ratio of 30:1 and increases the 

torque up to 9600 in-lbs (1085 N-m). Using a right angle high ratio gear reducer aids by 

reducing the required footprint of the machine and also allowing for a smaller and less 

expensive servo motor to be used. The gear reducer transmits power to the remainder of 

the bending mechanism through a drive shaft. The drive shaft is mounted in the gear 

reducer with an adapter bushing. The drive shaft is mounted into the bushing by a 1/8 

inch (3.175 mm) keyway. The bushing is mounted in the gear reducer by a 1/2 inch (12.7 

mm) keyway and 2 set screws.  

 

The Baldor servomotor receives its commands from a Baldor FlexDrive II servomotor 

drive. The servomotor drive acts as an amplifier to power the servomotor. The 

servomotor drive receives a current signal from the NI PCI 7344 motion controller. The 

signal is then converted to a torque command and is sent to the servomotor. The 

servomotor has a built in resolver that allows for the control of the servomotor to have an 

internal feedback loop between the servomotor and the servomotor drive.   

 

 

3.4.2 Bending Assembly 
 

The bending assembly is the portion of the hardware that actually performs the bend of 

the rod. The bending assembly consists of multiple components that can be seen in the 

assembly drawing in Figures 3.6. A complete set of drawings for the bending assembly 

can be found in Appendix B. To simplify the discussion of the bending assembly, Figure 

3.7 designates the inner and outer bending assembly locations. 
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Figure 3.6: Bending Assembly Drawing. 

 

The drive shaft of the bending assembly is the same drive shaft that was discussed in the 

drive assembly section. The outer end of the drive shaft is supported by the inside drive 

shaft support. The inside drive shaft support is an aluminum beam that provides vertical 

and lateral support to the drive shaft. The inside drive shaft support contains a bronze 

bearing in which the drive shaft is seated. The bearing allows for smooth rotation of the 

drive shaft. The outer end of the drive shaft is connected to the inside bending bar support 

by a socket head shoulder screw. This can be seen in Figure 3.6. This connection is where 

the power is transmitted from the drive shaft to the other sections of the bending 

assembly.  

 

The inside bending bar support also holds one end of the bending bar. The bending bar is 

the component that transmits the torque from the drive shaft to the rod. The bending bar 

is made of 4140 steel and has a sleeve of the same material that surrounds it. The purpose 

of the sleeve is to allow the rod to ride along a rotating surface while it is being bent. This 

reduces any adverse effects on the rod due to friction and reduces the likelihood of 

surface damage to the rod. The outside end of the bending bar is mounted in the outside 

bending bar support. The bending bar is secured into both of the bending bar supports by 

two interference fit 1020 steel pins. The outside bending bar support is mounted to the 

outside drive shaft support. The outside bending bar support contains a bronze bearing 

that seats the outside drive shaft. The outside drive shaft is mounted inside the outside 

drive shaft support. The outside drive shaft is secured in the outside drive shaft support 

by a 1/4-20 socket head setscrew. 
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Figure 3.7: Inside and Outside Bending Assembly. 

 

The remaining components of the bending assembly are not directly connected to the 

drive mechanism. These components are called the fulcrum assembly. The fulcrum 

assembly can be seen in Figure 3.8. 
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Figure 3.8: Fulcrum Assembly Drawing. 

 

The bending plate is mounted on the end of the structural frame with a series of slotted T-

bolts. The bending plate is also supported on the rear side by the bending plate support 

brackets. The bending plate support brackets are also mounted to the base frame. The 

bending plate support brackets were added to reduce flexing of the structural frame that 

was encountered during the bending process. The fulcrum module mounts into the plate 

through a tapered recess in the bending plate. The tapered recess in the bending plate 

mates with the rear half of the fulcrum module. Once the fulcrum module is seated in 

place, it is secured with a 1”-12 lock nut. The fulcrum module serves as the support 

structure for the fulcrum bar and also guides the incoming rod into the bending assembly.  

 

The fulcrum bar is the component that the bar is bent around. It is a round bar with a 

grooved radius in the center. The grooved radius acts as a die for the rod to bend around. 

The size of the groove was chosen to have a 0.1875 inch (4.76 mm) radius. This is 

slightly larger than the radius of the 8.5 mm (0.335 in) rod and will allow for the rod to 

seat into the fulcrum bar. The fulcrum bar is made of 4140 steel for added strength. The 

fulcrum bar is secured into the fulcrum module by two #5-40 socket head set screws. 

Two main factors were used in the fulcrum bar design. One was mechanical integrity of 

the fulcrum bar and the other was the limitation of damage to the rod itself.  

 

Cracking of the rod during bending was a major concern. The driving factor for cracking 

is the radius of the fulcrum bar. In order to avoid cracking, the minimum bending radius 
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was calculated using Equation 3.10 (Kalpakjian, 2000) where t is the thickness of the rod 

and ra is the reduction in area in percent. 
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Using values of 8.5mm (0.335 in) for t and 25% for the reduction in area of titanium, the 

minimum bending radius is 8.5mm (0.335 in). This yields a fulcrum bar diameter of 

17mm to avoid cracking of the rod during bending. This converts to 0.669 inches. A 

fulcrum diameter of 0.6875 (17.5 mm) inches was chosen for manufacturing purposes.  

 

Once the minimum bending radius was known, the fulcrum bar was checked for 

mechanical integrity. The maximum stress that the fulcrum bar will be exposed to is the 

maximum torque needed to yield the titanium rod. Once this torque is reached the rod 

will yield and the fulcrum bar will not see an increased torque. Equation 3.11 is used to 

calculate the maximum stress applied to the fulcrum bar. Here, K is a stress concentration 

factor for the groove. 

 

I

Mc
Km =σ          Eq. 3.11 

 

A stress concentration factor of 1.45 was used for the calculation and M & I were 

calculated using Equations 3.9 and 3.8 respectively (Beer, 1992). The value of D for this 

calculation was 0.75 inches, which is half of the fulcrum bar length. The resulting 

maximum stress is 21135.6 psi (146 MPa). Since the annealed yield strength of 4140 

steel is 62000 psi (428 MPa) there is a 2.9 safety factor on the stress of the fulcrum bar. 

 

As seen in Figure 3.7, the inside and outside drive shaft supports are mounted to a series 

of 80/20 series 10 aluminum extrusion segments. The purpose of these segments is to 

allow for slight adjustments in the X & Y direction as indicated by Figure 3.7. The 

remaining items of the bending assembly are a series of aluminum, steel, bronze, and 

electrical components that work together to support, locate, and send feedback signals 

back to the NI UMI-7764 interface. Please refer to Figure 3.7 for a visualization of these 

items. 

 

 

3.4.3 Feedback Assembly 
 

The feedback assembly measures the amount of springback in the rod after the bending 

process is complete. The components of the feedback assembly can be seen in Figure 3.9. 

Complete drawings of the feedback assembly are located in Appendix B. 
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Figure 3.9: Feedback Assembly Drawing. 

 

The first component of the feedback mechanism is the encoder shaft. This is mounted 

inside the outside drive shaft. The outside drive shaft has a recessed hole with a bronze 

bearing for the encoder shaft to seat in. The encoder shaft is also supported on the 

opposite end by a bronze bearing that is mounted in the encoder bracket. The encoder 

bracket is mounted on the lower side to the outside leg of the outside drive shaft support. 

The encoder shaft and encoder bracket also supports the feedback encoder. The feedback 

encoder is secured to the outer edge of the encoder bracket and the internal components 

are secured to the encoder shaft. The feedback encoder is a US Digital E4 optical encoder 

with 300 cycles per revolution. The feedback encoder determines the angle of the rod 

during the bending process and transmits it to the control program. Thus, the control 

software can determine the pre and post angle of the rod to determine the amount of 

springback that occurred after the bending process. The encoder shaft has a through hole 

that holds the feedback outside support. The feedback outside support is held in place by 

a #5-40 socket head setscrew. The feedback outside support is connected to a torsion 

spring that is mounted to the outside drive shaft support and around the encoder shaft. A 

torsion spring supplies a small torque on the feedback shaft to ensure that the feedback 

shaft always maintains contact with the rod. The feedback shaft is mounted inside of the 

feedback outside support and secured into place with a #5-40 setscrew. The opposite end 

of the feedback shaft is mounted in the feedback inside support with an identical 

setscrew. The feedback inside support is mounted on the drive shaft of the bending 
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assembly. The feedback inside support has an internal bronze bearing that sets on the 

bending assembly drive shaft. 

 

 

3.5 Frame 
 

The purpose of the SIBP frame is to support the feeding, rotating, and bending 

mechanisms and also to provide a means of enclosure for the SIBP. There are three 

primary components of the SIBP frame. They are listed in Table 3.5 and shown in Figure 

3.10. Portions of the base frame and the complete base frame supports are original 

contributions of this thesis 

 

Table 3.5: Frame Components 

 

Item Component Quantity 

1 Base Frame 1 

2 Base Frame Supports 2 

3 Structural Frame 1 

 

 

 
 

 

Figure 3.10: Frame Components. 

 

The structural frame is mounted onto the base frame. The base frame supports are a set of 

metal struts that are mounted to the bottom of the base frame. These struts were added to 

limit flexing in the base frame. The base frame is a 72 inch by 28 inch (711 mm) by 2 

inch (50.8 mm) engineered wood panel. The structural frame is a network of 80/20 series 

1 

3 

2 
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10 T-slotted aluminum extrusion elements. The structural frame is held together by 80/20 

anchor fasteners and slotted T-bolts. These are common connecting components used for 

aluminum extrusion framing. The structural frame is connected to the base frame and 

support struts with a series of ¼-20 machine screws and nuts. One end of the structural 

frame is used to mount the bending support plate and fulcrum module of the bending 

mechanism. 

 

 

3.6 Electrical System 
 

The electrical system of the SIBP both supplies electrical power for the operation of the 

SIBP and also provides a means to send and receive control signals. Drawings of the 

electrical system can be seen in Appendix B. The components of the electrical system are 

listed in Table 3.6 and can be seen in Figures 3.11 & 3.12. The circuit breakers, step 

motor drives, and servo motor drives were not original contribution to this thesis. 

 

Table 3.6: Electrical System Components 

 

Item Component Quantity 

1 Circuit Breakers 2 

2 E-Stop Circuit 1 

3 NI UMI-7764 1 

4 Status Indicators 2 

5 Main Bus Wiring Set 

6 Control Wiring Set 

7 Feedback Wiring Set 

8 Control Relay Circuit 1 

9 5VDC Power Supply 1 

10 Step Motor Drive 2 

11 Servo Motor Drive 1 

12 12VDC Power Supply 1 
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Figure 3.11: Electrical System Components 1. 

 

 

 

 

 

 
 

 

 

 

 

Figure 3.12: Electrical System Components 2. 
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3.6.1 SIBP Power Supply and Bus Wiring 
 

The SIBP is powered by 120VAC supply from any standard electrical outlet. The supply 

power is fed into a small circuit panel that houses two 15 ampere circuit breakers. The 

first 15 ampere circuit breaker supplies power to the servo motor drive. This is the only 

item on this circuit. The second 15 ampere breaker supplies power to the remaining 

electrical equipment which includes the two step motor drives, control relay system, 12 

VDC, and 5 VDC power supply. 

 

The wiring scheme for the prototype was designed to follow the wire ampacity ratings in 

IEEE 835. The main bus wiring was sized at 10 AWG to properly handle the rated 

current of the prototype. The maximum amperage that the system could handle is 30 

amperes. The bus wiring for each individual circuit was sized at 12 AWG with the 

maximum circuit current being 15 amperes. The control wiring was sized at 18 AWG to 

handle the largest possible amperage that could be produced by the control and feedback 

system. The majority of the control and feedback system utilizes a 5 VDC 500 ma max 

circuit. The wiring lengths were minimized to reduce the amount of resistance in the 

wire. Shielded cable was used for all control wiring to reduce any noise that may be 

introduced into the system. The cable shielding was grounded on the receiving end. All of 

the motor drives, motors and control interfaces were grounded to ensure that no exterior 

signals were introduced.  

 

 

3.6.2 Emergency Stop Circuit 
 

The emergency stop circuit was added to allow the user a method to stop the machine in 

the event of an emergency. The emergency stop is located on the control panel. A 

diagram of the control panel is shown in Appendix B. When the emergency stop is 

pressed the control relay is de-activated, which disconnects power from the 5 VDC power 

supply for the NI UMI-7764. When the supply power is removed from the NI UMI-7764 

each of the step motor drives lose their enable signal, which disables the output of the 

drive. The control relay also supplies the 0 VDC reference for the servo motor drive 

enable. This is also removed when the emergency stop is pressed, disabling the servo 

motor drive. The system can be made operational again once the emergency stop is 

pulled out into its normal position. Situations may occur where the step and servo motor 

drives may need to have their main power cycled to reset themselves. This condition also 

exists for the National Instruments PCI 7344 Motion Controller. The motion controller 

can be reset using the National Instruments Measurement and Automation Explorer 

software. 

 

 

3.6.3 Control Panel 
 

The control panel also includes a connection point for the National Instruments PCI 7344 

to connect to the NI UMI 7764 interface and two status lights. The two status lights 
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display the current status of the machine. The green status light notifies the user that the 

machine is enabled and ready to operate. The red status light alerts the user that the 

machine is not enabled and cannot be operated. In addition to these indicators, the two 

step motor drives and the servo motor drive have numeric displays that can indicate the 

status of each individual drive.  

 

The NI UMI 7764 interface is a compact interface for the PCI 7344 Motion Control Card. 

The UMI 7764 has a series of terminals that correspond to specific inputs and outputs the 

PCI 7344. These terminals serve as the connection points between the PCI 7734 and the 

control wiring for the SIBP. The UMI 7764 is power by an external 5VDC power supply. 
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Chapter 4 
 

 

Software 
 

 

 

4.1 Overview 
 

The SIBP would not be capable of function without a control application to allow the 

user to interface with the SIBP. The control application allows the user to input a 

predetermined set of X, Y, and Z coordinates that will be used to manufacture the rod. 

The control application uses a series of routines to configure the SIBP and to execute the 

manufacturing process. The software that was chosen to construct the control application 

was National Instruments LabVIEW. The 5 main objectives of the control application 

were: 

 

1. Implement a control program to perform open loop control for the feeding and 

rotating functions of the machine.  

2. Implement a control program to perform open and closed loop control for the 

bending function of the machine.  

3. Develop the closed loop feedback system for the bending mechanism. 

4. Integrate the feeding, rotating, bending, and feedback function into one user-

friendly program. 

5. Implement a software based emergency stop sequence to stop the execution of the 

prototype at any point during its operation. 

 

Each of the objectives along with an overview of LabVIEW and a discussion concerning 

the execution flow of the control application will be included in the following sections. 

 

 

4.2 National Instruments LabVIEW 

 
The version of National Instruments’ LabVIEW software that is used in this application 

is LabVIEW 7 Express. LabVIEW is a graphical programming language that allows for a 

visual programming interface for use in the laboratory environment. LabVIEW has been 

expanded for use not only in data acquisition and signal generation but also for motion 

control, vision systems, and other functions (Bishop, 2004). The primary functions of 

LabVIEW used in this study are motion control and data acquisition. The graphical user 

interface in LabVIEW utilizes a series of controls, indicators, functions and virtual 

instruments (VI’s). The application file that LabVIEW creates is a VI itself. You can 

embed multiple VI’s into the parent VI. These embedded VI’s are called sub-VI’s that are 

equivalent to the generic subroutine programming concept. The LabVIEW user interface 

requires that the series of controls, indicators, functions, and VI’s be wired together to 
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create a mock wiring diagram. This relates the VI to the ladder logic and electrical wiring 

diagram concept. This diagram is called the “Block Diagram” in LabVIEW. LabVIEW 

executes the block diagram by using a data flow methodology. The data flow 

methodology dictates that each command, function, or VI executes as soon as it has all of 

its necessary data inputs. If elements of the block diagram receive their inputs 

simultaneously, the block diagram is executed by following the typical left-to-right top-

to-bottom ladder logic flow.  

 

In addition to the standard version of LabVIEW 7 Express, National Instrument’s 

FlexMotion software, PCI-7344 motional control card, and the UMI-7764 universal 

motion interface are used to communicate the control application to the SIBP. 

 

 

4.3 Feeding & Rotating Open Loop Control 
 

The feeding and rotating mechanisms of the SIBP are very similar in operation. As 

previously discussed, the feeding and rotating mechanisms are driven by step motors 

powered by microstepping step motor drives. The control scheme for these two 

operations is very similar. The main deviation is how many pulses are generated per the 

amount of desired movement. This difference is governed by the mechanical 

configurations of the feeding and rotating mechanisms themselves as discussed in 

Chapter 3. The basis of open loop control is to control an object without the use of 

feedback. In this situation the control application sends a command to the step motor to 

move a given distance, and it is assumed that the motor reached the given distance. It was 

determined that this was acceptable for the feeding and rotating functions due to the 

accuracy of the step motors that was discussed previously. Certain portions of the feeding 

and rotating control applications were generated automatically from National Instruments 

motion assistant software.  

 

Figure 4.1 shows the top level of the feeding control VI. For simplicity, all of the levels 

of the VI are not shown. The feeding and rotating control VI’s are very similar. They 

both begin with a series of commands that set the board ID and axis number of the NI 

PCI-7344. Then the motion profile parameters are configured. The motion profile 

parameters for the feeding and rotating control VI are the same with the acceleration, 

deceleration and velocity being 100,000 steps/sec
2
, 100,000 steps/sec

2
, 10,000 steps/sec 

respectively. Next the VI sets the position control to either absolute or relative. The 

feeding VI is set for absolute position control and the rotating VI is set to relative position 

control. The last dynamic input to the feeding and rotating VI’s is the input of how far to 

move. Each of the respective VI’s has a different calculation for movement that is 

governed by the mechanical configuration of the mechanism. The VI’s are configured to 

accept feeding commands in inches and rotating commands in degrees. As seen in Figure 

4.1 the feeding control VI multiples the input by 5 and then by 5000 with a resultant 

value of steps. The multiplication of 5 is to account for pitch of the acme screw in the 

linear actuator. The value of 5000 accounts for the resolution of the microstepping step 

motor drive. The rotating control VI can be seen in Appendix C. 
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Figure 4.1: Feeding Control VI. 

 

 

4.4 Open & Closed Loop Bending Control 
 

The bending application of the SIBP is more complex than feeding and rotating control 

applications. The sections below discuss the differences in the two control schemes. 

 

 

4.4.1 Open Loop Bending Control 
 

The open loop bending control application has similar configuration parameters and 

identical motion profile parameters as the other control applications. These can be seen in 

Figure 4.2. The open loop bending control is setup in a two-iteration loop. The 

application first bends to the desired angle and then it returns itself back to where it 

started before the bend. This is made possible by operating the bending application in 

absolute position mode. The bending application is configured to accept a bend angle in 

degrees. It then performs a calculation based on the 14-bit resolution of the servo motor 

drive and the gear ratio of the gearbox to determine the proper value to send to the NI 

PCI-7344. The global stop section of the VI is tied into the software e-stop of the master 

control application. The software e-stop will be discussed in a separate section. The open 

loop control application does have an integral feedback loop between the servomotor and 

servo drive. The feedback is received from the integral resolver of the servomotor. The 

signal from the resolver is sent from the servomotor to the servo motor drive and then 

onto the NI PCI-7344 via the NI UMI-7644 interface.  
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Figure 4.2: Open Loop Bending Control VI. 

 

 

4.4.2 Closed Loop Bending Control 
 

The closed loop bending application utilizes the open loop bending application to 

perform the bending process. The remainder of the closed loop application uses an 

external feedback encoder and subsequent calculations to determine the final angle of the 

rod after bending has occurred.  

 

The closed loop bending application reads in the desired bend angle and then calculates 

the next bend command to send to the servomotor drive. This calculation takes into 

account the geometry of the bending mechanism and the starting position of the bending 

bar. The bend command is then fed into a while loop. This while loop continues the 

bending process until the rod is at or has passed the desired angle or the user-defined 

number of iterations has been completed. The default number of bending iterations is five 

but can be increased if desired. After each bend iteration, the closed loop bending 

application reads the final position of the rod. If the desired position has not been 

achieved the loop continues. For each subsequent iteration, the application adds the 

difference between the desired angle and the achieved angle to the next bend angle 

command. After the bending process is complete the bending control application reads 

the final rod angle into the main control application. 
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Figure 4.3: Closed Loop Bending Control VI. 

 

 

4.5 Integrated Control Application 
 

The integrated control application links all of the individual control VI’s together into a 

maser control VI that operates the SIBP.  

 

 

4.5.1 Control Application Flow 
 

The control application has a flow structure that simplifies and expedites the 

instrumentation manufacturing process. When you start the control VI, you are presented 

with a dialog screen that explains the VI’s operation. Once this dialog is accepted the user 

will be prompted to insert the raw instrumentation for manufacture. A pop-up sub-VI will 

execute that contains dialog explaining how to load the raw instrumentation and will 

guide the user through the setup process. This setup process includes using the sub-VI to 

manually jog the feed, rotate, and bend mechanisms. Once the setup process is complete 

the user will be prompted to select the input text file. After the input file has been loaded 

the manufacturing process starts. The user interface for the VI shows the user the values 

of the input file. Then as the application executes the user is able to observe the input 

values for each control point and the corresponding achieved values. Once the application 

is complete an output text file is generated that contains the final achieved feed, rotate, 

and bend values along with the X, Y, and Z values of the instrumentation. 

 

 

4.5.2 Setup Application 
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The setup application allows the user to manually jog the feed, rotate, and bend 

mechanisms in order to load the instrumentation rod into the machine. The setup 

application will automatically start as part of the main control application. A pop-up 

dialog will appear as soon as the setup application begins. This instructs the user on what 

the setup application does and how to use it. Once the dialog box is passed the user will 

see the user interface. Figure 4.4 shows a picture of the setup application user interface. 

The user interface allows the user to adjust the velocity of each of the three mechanisms. 

Once the velocity parameter is configured the user can operate each individual motor by 

pressing the corresponding button with a mouse button. Depressing the left mouse button 

moves the motor forward and depressing the right mouse button moves the motor reverse. 

The motor will stop moving once the individual mouse button is released. The stop 

button is used to end the setup application or to stop motion at any time during the setup 

process. Portions of the setup application were modeled after internal LabVIEW motion 

examples. 

 

 
 

Figure 4.4: Setup Application Interface. 

 

The block diagram for the setup application is shown in Figure 4.5. The execution of the 

setup application is managed by a series of event structures nested in a while loop. Each 

motor has two event structures that monitor when the mouse button is pressed down and 

when it is released. Based on the given condition, the event structure changes the value of 

the velocity from positive to negative depending on which mouse button is pressed. The 

while loop operates until the stop button is pressed or the motion controller receives an 

error signal. For safety reasons an additional event structure was added to monitor the 

state of the stop button. If the stop button is pressed, an event will execute that kills all of 

the motion axes on the motion controller. This is included to ensure that the setup 
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application won’t stop execution while allowing a motor to continue moving. Details of 

how this scenario could occur are discussed later in this chapter. 

 

 
 

Figure 4.5: Setup Application Block Diagram. 

 

The setup process is a quick and simple routine. The user will first jog the feeding 

mechanism to the desired location and then load the rod into the keyless chuck on the 

rotating mechanism. Then the user will adjust the bending bar to where it is located 

directly below the fulcrum bar. This is the default starting location for the bending 

mechanism and the home location that is used for bend angle calculations in the bending 

control application. Then the feeding mechanism will be jogged forward until the rod 

protrudes past the fulcrum bar by 1.5 inches (38.1 mm). This allows for initial contact by 

the bending bar. After the setup application is complete the user will press the stop button 

and will be directed back into the main control application. 

 

 

4.5.3 Input 
 

The input into the control application is a standard text file that contains a 3-column 

matrix. The matrix can have an unlimited number of rows for input. Each column 

represents the desired X, Y, and Z coordinates of the desired rod contour. This text file is 

read into a series of VI’s provided by Dr. Harry Dankowicz. The toangles VI reads the 

text file and converts the X, Y, and Z coordinates to tspan, torsion, and curvature values 

for each control point on the instrumentation. The tspan, torsion, and curvature values 

correspond to feed, rotate, and bend commands for the manufacturing process. The 

toangles VI also translates the coordinates to start at the origin and make the first bend in 

the negative Y direction. In order to ensure that the coordinates were loaded and 

translated properly the main control application utilizes an additional VI provided by Dr. 

Dankowicz that converts the feed, rotate, and bend commands back into X, Y, and Z 

coordinates. This VI is called topoints. The main control application processes the text 
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file through toangles, then through topoints, and then back through toangles again. The 

block diagrams of the toangles and topoints VI’s are shown in Appendix C. 

The toangles and topoints VI’s use a series of mathematical equations to convert between 

X, Y, and Z coordinates to feed, rotate, and bend commands. These commands are 

calculated using a spherical coordinate system. The feed is calculated as the three 

dimensional distance between each control point. The corresponding spherical coordinate 

value for the feed command is ρ. The value for ρ can be calculated using Equation 4.1, 

where ∆x, ∆y, ∆z are the differences of the X, Y, and Z values of the previous and current 

control point. 

 
222

zyx ∆+∆+∆=ρ         Eq. 4.1 

 

The rotate command is equivalent to θ in spherical coordinates and can be calculated 

using Equation 4.2.The bend command is equivalent to the φ value in spherical 

coordinates. φ can be calculated using Equation 4.3.  
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cos          Eq. 4.3 

 

Once the feed, rotate, and bend commands have been completed the achieved values can 

be used as ρ, θ, and φ to calculate the achieved X, Y, and Z points using the previous 

equations along with Equation 4.4. 

 

θφρ sinsin=∆y          Eq. 4.4 

 

Each row of the input text file represents a manufacturing control point. In order to 

manufacture the instrumentation, you must perform a feed, rotate, and bend command at 

each of these control points. The commands must follow the order of feed, rotate, and 

bend in order to minimize the amount of interference of the instrumentation and the 

surrounding bending mechanism. 

 

 

4.6 Manufacturing Flow 
 

The simplified manufacturing flow of the SIBP is feed, rotate, and bend. In order to 

accommodate these simple functions a collection of the pre-mentioned applications are 

used and structured to ensure that the rod is manufactured properly. Figure 4.6 shows a 

generic overview of the control scheme for the SIBP. Diagrams of the main control 

application are included in Appendix C.  
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Figure 4.6: SIBP Manufacture Control Flow Overview. 

 

The first section of the main control application is executed in a flat sequence structure to 

ensure the proper flow of events. The main control application starts with a brief pop-up 

dialog that describes the application. Afterwards the setup application is started. Once the 

user completes the setup application the main control application initializes the motion 

control card and resets the position of the three motor axes and the feedback encoder axis. 

Now the desired X, Y, and Z control points are loaded into the application using the 

method described previously. The control application imports the manufacturing input 

matrix into a for loop. The number of iterations in the for loop is dictated by the number 

of manufacturing control points in the manufacturing input matrix. The for loop then 

executes a flat sequence structure. The flat sequence structure ensures that certain sub-

VI’s execute is a specific order rather than following the data flow methodology. The flat 

sequence structure has three distinct frames. Each frame contains the feed, rotate, and 

bend control applications in that order.  

 

Each frame in the flat sequence structure outputs a value for the achieved position. These 

values are then passed into an array. The array of achieved values is then converted to 

corresponding X, Y, and Z coordinates using the topoints VI. These values are inserted 

into the array that contained the X, Y, and Z coordinates for the current manufacturing 

iteration effectively replacing the original values with the achieved values. This array is 

then sent back through the toangles VI to yield a corrected set of feed, rotate, and bend 

commands. The corrected array is then sent back to the beginning of the for loop as an 
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input into the sequence structure for the next iteration. This series of conversions results 

in a main control application with global feedback control. Each time the topoints VI 

sends data back to the toangles VI the commands for the remaining manufacturing 

control points are modified to account for any errors in previous manufacturing control 

points. This ensures that each manufacturing control point matches its corresponding X, 

Y, and Z nodes. Dr. Dankowicz offered suggestions that contributed to the final global 

feedback control scheme. The main control application also contains an event structure 

that monitors the software based emergency stop that is discussed later. 

 

 

4.7 Software Based Emergency Stop 
 

Due to the data flow methodology that is used in LabVIEW, the structured nature of the 

control application, the nested loops, and sub-VI’s, the implementation of software safety 

functions was not simple or intuitive. Due to the way National Instruments FlexMotion 

software executes, it is very difficult to stop motion during the execution of a complex 

VI. Problems occur when you try to stop the main control application while an axis is in 

motion. The motion control functions continue to operate until they believe that the move 

is complete. Thus, you can stop the control application and the motors continue to move.  

 

The software solution to this problem was achieved by the use of the stop motion sub-VI, 

the stop VI sub-VI, and a global variable. An event structure was used to monitor a 

boolean control on the user interface. When the control is pressed the event structure 

executes. The event structure first executes the stop motion sub-VI, which stops motion 

on all axes on the motion control card. Then after a time delay the stop VI sub-VI 

executes, which stops the control application. Finally, the event structure changes the 

value of a global variable to false, which stops any nested loops that may be executing. 
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Chapter 5 
 

 

Results 
 

 

 

5.1 Testing Methods 
 

In order to quantify the performance of the SIBP two testing variations were used. The 

first variation was to quantify the bending accuracy of the SIBP. This test will show the 

local accuracy capability of the SIBP. The local accuracy test consisted of the SIBP 

performing five bends at a series of angles. The angles were in 15 degree increments 

from 15 degrees to 90 degrees. All of the bends were performed in the same plane. The 

resulting bends were measured to determine the angle achieved by the SIBP. In order to 

gauge the benefit of the accuracy of the SIBP, the same test was performed by Dr. Jeffrey 

Shilt of Wake Forest University Baptist Medical Center. Dr. Shilt was also one of the 

surgeons who contributed to the concept of the SIBP. Ideally samples from a group of 

surgeons would be used, but a group was unavailable for this study. The second test 

variation was to manufacture 5 complete rods to determine the global feedback function 

of the machine and to also determine the time required to complete the rods.  

 

 

5.2 Test Results 
 

The test results were collected and then analyzed using Microsoft Excel. Standard 

statistical comparisons were made between the performance of the SIBP and Dr. Shilt. 

The achieved bend angle was measured by the feedback mechanism of the SIBP. In order 

to calibrate the automated measurement each of the achieved bend angles were also 

measured manually. The manual measurement of the angles was performed by projecting 

the outline of the rod onto paper and then measuring the resulting outline. It is understood 

that the manual measurements of the achieved bend angles is not the optimum method for 

verification. Since both samples were measured by the same person it is assumed that 

there was no measurement bias and that any error in the measurements were random. The 

global feedback results show how the SIBP adjusts to any local errors that are found in 

the manufacturing process. Comparative tests of multi-plane rods was not performed due 

to the inability to properly measure the 3-D contour of the rod. 

 

 

5.2.1 Local Accuracy Test Results 
 

The local accuracy test results of the SIBP are shown in Table 5.1. In order to determine 

the bending accuracy of the machine the bending control application was modified to 

allow for an unlimited number of bending iterations. Five bends were made at 15 degree 
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increments from 15 degrees to 90 degrees. The data that was collected included the 

desired bend angle, the number of iterations required to meet the desired bend angle, the 

bend angle commands sent to the bending mechanism, and the achieved angle for each 

iteration. The entire data set can be found in Appendix A. 

 

Table 5.1: SIBP Local Accuracy Test Results. 

 

Bend Angle (Deg) 15 30 45 60 75 90 

Average # of Iterations 4.6 4 4 4.4 4.2 3.8 

Max Achieved Angle (Deg) 15.6 30.3 45.3 60.3 75 90.3 

Min Achieved Angle (Deg) 14.7 30 45 60 75 90 

Average Achieved Angle (Deg) 15.18 30.24 45.06 60.12 75 90.24 

Standard Deviation (Deg) 0.342 0.134 0.134 0.164 0.000 0.134 

 

Table 5.2 shows the results of the local accuracy bends from Dr. Shilt. The achieved 

angles for Dr. Shilt were measured manually using the same method that was used to 

verify the accuracy of the SIBP angle measurement. 

 

Table 5.2: Dr. Shilt’s Local Accuracy Test Results. 

 

Bend Angle (Deg) 15 30 45 60 75 90 

Max Achieved Angle (Deg) 20.30 34.20 50.10 59.00 77.40 92.50 

Min Achieved Angle (Deg) 14.70 29.80 37.80 50.90 71.50 86.10 

Average Achieved Angle (Deg) 17.31 32.00 44.32 54.98 73.90 89.80 

Standard Deviation (Deg) 2.10 1.62 5.10 3.59 2.72 2.60 

 

 

5.2.2 Global Accuracy Test Results 
 

The global accuracy test results are shown in Table 5.3. The global accuracy tests were to 

bend 5 complete rods to evaluate the function of the global feedback hardware and 

software. The original control points were chosen at random. The global test results also 

include the time to complete the rod. This information is included for reference only 

since no time comparison data was taken from Dr. Shilt. It should also be noted that the 

time for completion of the rod is a relative value since the SIBP has a wide range of 

operating speeds. The operating speed can be adjusted by a slight modification to the 

control application. The complete data set showing the associated feed, rotate and bend 

commands are shown in Appendix A. 
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Table 5.3: Global Accuracy Test Results. 

 

 

Original Control    

Points (in) 

Converted Control 

Points (in) 

Achieved Control 

Points (in) 

Time 

(min) 

Rod X Y Z X Y Z X Y Z 3.4 

1 0 0 0 0 0 0 0 0 0   

 2 1 0 2.24 0 0 2.24 0 0   

 4 -3 0 2.24 4.47 0 2.21 4.47 0   

 6 4 0 7.16 -0.89 0 7.11 -0.91 0   

 8 0 0 7.16 3.58 0 7.13 3.56 0   

 10 2 0 9.84 2.68 0 9.81 2.67 0   

                      

Rod X Y Z X Y Z X Y Z 6.80 

2 1.5 -2 3 0 0 0 0 0 0   

 4 1 1 4.39 0 0 4.39 0 0   

 7 4 0 8.60 1.10 0 8.61 1.09 0   

 8.5 2.5 -2 9.34 0.09 2.63 9.33 0.07 2.63   

 11 0 2 7.24 4.51 4.74 7.24 4.50 4.75   

 14 -1 -1 9.63 3.53 8.25 9.62 3.49 8.26   

                      

Rod X Y Z X Y Z X Y Z 7.40 

3 3 3.1 0 0 0 0 0 0 0   

 5.2 1.7 1.8 3.17 0 0 3.17 0 0   

 8.4 2.9 -0.6 3.50 4.16 0 3.51 4.16 0   

 12 0.5 2.4 8.76 4.09 -0.06 8.77 4.07 -0.06   

 15.8 -0.7 4 12.84 5.43 0.14 12.86 5.37 0.01   

 18.6 -2.4 1.9 14.34 8.18 -2.16 14.37 8.12 -2.16   

                      

Rod X Y Z X Y Z X Y Z 8.10 

4 0 0.2 -0.4 0 0 0 0 0 0   

 -3.7 4.2 -3.1 6.08 0 0 6.08 0 0   

 -5.2 -0.9 0 2.26 4.83 0 2.55 5.04 0   

 0.2 3.3 1.7 0.99 -1.21 3.41 0.82 -0.86 3.45   

 2.4 4.8 2.5 0.28 -3.52 4.78 -0.06 -3.10 4.83   

 4.7 1.4 5.2 -4.56 -2.74 5.16 -4.83 -1.95 5.17   

                      

Rod X Y Z X Y Z X Y Z 5.90 

5 2 -3.4 0 0 0 0 0 0 0   

 5.4 -2.1 0.9 3.75 0 0 3.75 0 0   

 6.9 0 2.4 6.20 1.71 0 6.19 1.72 0   

 10 2.1 -1.4 8.82 -0.09 -4.28 8.81 -0.08 -4.29   

 14.7 3.4 0 13.87 -0.37 -3.86 13.85 -0.34 -3.85   

 17.3 0 3.9 15.99 -1.88 1.31 15.93 -1.82 1.35   
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In order to visualize the before and after results of the SIBP global accuracy results 3-D 

models were developed of the desired rod shape using the converted control points and 

the achieved control points. Figures 5.1 – 5.5 show overlays of the 3-D models. The 

desired rod shape is modeled in red and the achieved rod shape is modeled in grey. 

 

 
 

Figure 5.1: Global Accuracy Test Rod 1 Overlay. 
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Figure 5.2: Global Accuracy Test Rod 2 Overlay. 
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Figure 5.3: Global Accuracy Test Rod 3 Overlay. 
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Figure 5.4: Global Accuracy Test Rod 4 Overlay. 
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Figure 5.5: Global Accuracy Test Rod 5 Overlay. 

 

 

5.3 Data Analysis 
 

The collected data was analyzed using simple statistics to determine a comparison 

between the local accuracy of the SIBP and Dr. Shilt and the global accuracy 

performance of the SIBP. Selected data sets are shown below. The complete data sets can 

be found in Appendix A. 

 

 

5.3.1 Local Accuracy Comparison 
 

In order to compare the local accuracy of the SIBP and Dr. Shilt, the absolute values of 

the target angle minus the achieved angle will be compared. Table 5.4 shows the 

descriptive statistics of the angle difference data from the SIBP and Dr. Shilt. The 

complete data set in Appendix A shows that the SIBP shows a tendency to over bend the 

target angle while Dr. Shilt shows a tendency to under bend the target angle. The over 

bending of the SIBP is due to the control software that instructs the SIBP to iterate the 

bending process until the achieved angle is either equal to or greater than the desired 

angle. This can be modified to allow a range above and below the desired angle to signal 

that the bending process is complete. Overall the SIBP shows a more desirable mean 

angle difference value than Dr. Shilt while having a much lower standard deviation. One 
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benefit of the SIBP over Dr. Shilt that is not shown in the test results is that all of the 

bends made by the SIBP are in one plane while Dr. Shilt’s bends were not. 

 

Table 5.4: Local Accuracy Descriptive Statistics. 

 

SIBP   Shilt   

    

Mean 0.16 Mean 2.970968 

Standard Error 0.031294 Standard Error 0.413617 

Median 0.15 Median 2.6 

Mode 0 Mode 2.5 

Standard Deviation 0.171404 Standard Deviation 2.302925 

Sample Variance 0.029379 Sample Variance 5.303462 

Kurtosis -0.74787 Kurtosis 1.094676 

Skewness 0.456051 Skewness 1.092541 

Range 0.6 Range 9.1 

Minimum 0 Minimum 0 

Maximum 0.6 Maximum 9.1 

Sum 4.8 Sum 92.1 

Count 30 Count 31 

Confidence Level(95.0%) 0.064003 Confidence Level(95.0%) 0.844719 

 

A two sample t-test of the mean of the SIBP and Dr. Shilt was performed to determine if 

the data suggests there is a significant difference between the two sample means. Table 

5.5 shows the results of this test. It can be said that the mean angle difference of the SIBP 

is not equal to the mean angle difference of Dr. Shilt. The significance of the t-test is 1.63 

x10
-07

 for a confidence level of 95%.  

 

Table 5.5: Local Accuracy Two Sample T-Test. 

 

t-Test: Two-Sample Assuming Unequal Variances 

   

  SIBP Shilt 

Mean 0.16 2.970968 

Variance 0.029379 5.303462 

Observations 30 31 

Hypothesized Mean Difference 0  

df 30  

t Stat -6.77669  

P(T<=t) one-tail 8.14E-08  

t Critical one-tail 1.69726  

P(T<=t) two-tail 1.63E-07  

t Critical two-tail 2.04227   
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For each of the SIBP local accuracy test points, the number of iterations was 

approximately 4. This is due to the springback of the rod after the bending process. By 

reviewing the complete SIBP local accuracy data set in Appendix A, it can be seen that 

the amount of springback increases with the desired angle. For the 15 degree test point, 

the first bend attempt is approximately 20 degrees away from the target angle while at 90 

degrees the first bend attempt is approximately 42 degrees away from the target angle. 

This information can be used to modify the closed loop bending control software to 

reduce the number of required bending iterations by adding an offset to the first bend 

command to accommodate the rod springback. This offset can be continuously improved 

with additional data sets to adjust the offset. 

 

 

5.3.2 Global Accuracy Data Analysis 
 

The global accuracy function of the SIBP performed as expected. The feedback 

mechanism accurately measured the completed bend angle of the rod. As mentioned 

previously, it is assumed that the feed and rotate commands are performed at an accuracy 

greater than can be measured. Thus, the achieved values are considered to be the 

command values. The feedback software correctly modified the subsequent 

manufacturing commands based on the achieved values. Table 5.6 shows the absolute 

value of the difference between the converted control points and the achieved values for 

each of the 5 rods. It can be seen from Table 5.6 that the global feedback routine main 

control application is functional. The control point difference does not show an 

incremental increase for each subsequent control point. In some cases there seems to be 

an incremental error in the achieved control point. By looking at the entire set of achieved 

control points the difference between the target and achieved control point is maintained 

or reduced along one of three axes. This is further illustrated in Figures 5.1-5.5 where the 

correction of the global feedback routine is in the overlays of the desired and achieved 

rods. The descriptive statistics of the control point difference values are shown in Table 

5.7.   
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Table 5.6: Control Point Difference. 

 

 Control Point Difference (in) 

Rod X Y Z 

1 0.000 0.000 0.000 

 0.000 0.000 0.000 

 0.023 0.000 0.000 

 0.043 0.018 0.000 

 0.028 0.018 0.000 

 0.027 0.016 0.000 

        

Rod X Y Z 

2 0.000 0.000 0.000 

 0.000 0.000 0.000 

 0.004 0.014 0.000 

 0.012 0.020 0.002 

 0.003 0.013 0.002 

 0.013 0.035 0.006 

        

Rod X Y Z 

3 0.000 0.000 0.000 

 0.000 0.000 0.000 

 0.014 0.002 0.000 

 0.014 0.024 0.000 

 0.022 0.051 0.129 

 0.033 0.060 0.006 

        

Rod X Y Z 

4 0.000 0.000 0.000 

 0.000 0.000 0.000 

 0.289 0.215 0.000 

 0.165 0.352 0.039 

 0.342 0.422 0.053 

 0.271 0.788 0.008 

        

Rod X Y Z 

5 0.000 0.000 0.000 

 0.000 0.000 0.000 

 0.009 0.013 0.000 

 0.019 0.010 0.004 

 0.019 0.035 0.010 

 0.057 0.057 0.032 
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Table 5.7: Control Point Difference Descriptive Statistics. 

 

Control Point Difference (in) 

  

Mean 0.043337393 

Standard Error 0.012109404 

Median 0.00448 

Mode 0 

Standard Deviation 0.11423989 

Sample Variance 0.013050753 

Kurtosis 22.02528279 

Skewness 4.305165309 

Range 0.78753 

Minimum 0 

Maximum 0.78753 

Sum 3.857028 

Count 89 

Confidence Level(95.0%) 0.024064915 

 

The global accuracy results may have been skewed by rod number 4. Rod 4 encountered 

interference with the last bend of the process, which led to an increased error in the 

achieved control points. In order to take this outlier into account, a statistical comparison 

of the other rods was performed. Table 5.8 shows the data from this comparison. The 

descriptive statistics of the global accuracy test results excluding rod 4 are more 

desirable. The mean control point difference is reduced to 0.013 inches (0.330 mm) with 

a standard deviation of 0.021 inches (0.533 mm). 

 

Table 5.8: Control Point Difference Descriptive Statistics Without Rod 4. 

 

Control Point Difference (in) 

  

Mean 0.012700736 

Standard Error 0.002456301 

Median 0.00235 

Mode 0 

Standard Deviation 0.020842403 

Sample Variance 0.000434406 

Kurtosis 13.13953889 

Skewness 3.054253229 

Range 0.128984 

Minimum 0 

Maximum 0.128984 

Sum 0.914453 

Count 72 

Confidence Level(95.0%) 0.004897727 
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Chapter 6 
 

 

Conclusion 
 

 

 

6.1 Conclusion 
 

The final conclusions of this work show that a fully functional prototype was completed 

based on the previous work at Virginia Tech. The new prototype achieved the desired 

accomplishments of being able to generate an accurate simple shaped 3D rod that could 

be used for scoliosis correction. The data from the testing of the SIBP shows that it can 

achieve desired shapes more accurately than an experienced surgeon, while implementing 

a global feedback sequence that corrects for any small errors in the shaping process. The 

SIBP is simple to use and can be adapted for use with multiple rod diameters. 

 

The prototype does have limitations with interference around some of the supporting 

hardware and bending mechanism. This adds limitations on the complexity of 3D 

contours the SIBP can manufacture. A preliminary solution to account for the hardware 

interference has been jointly developed with Dr. Dankowicz. The solution uses software 

that preprocesses the input commands and checks them versus the geometry of the SIBP 

to determine if interference will occur. The software for the solution was created by Dr. 

Dankowicz. The SIBP also has a limited life span due to the nature of the materials that 

were used in the prototype. Bearings, frame materials, and portions of the drive and 

bending mechanism will not endure long life situations. However, the SIBP is only a 

prototype and will be able to perform and demonstrate the feasibility and promise of the 

automated manufacture of spinal instrumentation concept. 

  

 

6.2 Future Opportunities 

 

Multiple opportunities exist for future studies on the concept of automating the 

manufacture of spinal instrumentation rods. Specifically for the SIBP, the structural 

frame could be improved and the bending drive mechanism could be modified to achieve 

a smaller footprint. An integral cutting tool could be included to allow the surgeon to trim 

the excess material from the rod. Including an onboard logic controller and micro pc 

would eliminate the need for an auxiliary computer to operate the SIBP. The setup 

process could be improved by adding an absolute encoder to the bending mechanism that 

would allow accurate position detection of the bending mechanism. In addition, the 

control application could be integrated into an application that allows the user to 

dynamically determine the desired contour of the spine. This software exists, but it has 

not been integrated at this time. In addition to spinal instrumentation, this concept could 

bridge into the automated manufacture of other surgical instrumentation. 
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Glossary 
 

 

Anterior -  Of or relating to the front surface of the body, especially of the position of one 

structure relative to another; ventral.  

Coronal -  Of, relating to, or having the direction of the coronal suture or of the plane 

dividing the body into front and back portions. 

Lamina -   Shingle-like plates of bone coming from the pedicles to arch over the nerves 

and join at the midline. 

 

Pedicle -    Projection of bone from the back of the vertebra that helps form the ring 

around the spinal canal. 

 

Posterior - Relating to the caudal end of the body in quadrupeds or the dorsal side in 

humans. 

 

Sagittal -   Of, relating to, situated in, or being the median plane of the body or any plane 

parallel to it 

 

Scoliosis - A condition of lateral curvature of the spine, which may have just one curve or 

primary and secondary compensatory curves and be fixed or mobile. 

 

Sublaminar - Area below the lamina of vertebrae. 
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Table A.1: 15 Degree Bend Local Accuracy Test Results. 

 

Material: Titanium 6-4 ELI Diameter: .3281 Inch  

Angle: 15 deg     

Rod Iteration Input to Bend Current Angle Angle Difference Final Angle 

1 1 49.0241 -4.5 19.5   

  2 68.5241 3.9 11.1   

  3 79.6241 12.6 2.4   

  4 82.0241 14.7 0.3 14.7 

      

2 1 49.0241 -4.5 19.5   

  2 68.5241 3 12   

  3 80.5241 12.6 2.4   

  4 82.9241 15 0 15 

      

3 1 49.0241 -4.8 19.8   

  2 68.8241 3.3 11.7   

  3 80.5241 12.9 2.1   

  4 82.6241 14.7 0.3   

  5 82.9241 15.3 -0.3 15.3 

      

4 1 49.0241 -4.2 19.2   

  2 68.2241 2.7 12.3   

  3 80.5241 12.6 2.4   

  4 82.9241 14.7 0.3   

  5 83.2241 15.6 -0.6 15.6 

      

5 1 49.0241 -4.5 19.5   

  2 68.5241 2.7 12.3   

  3 80.8241 12.6 2.4   

  4 83.2241 14.7 0.3   

  5 83.5241 15.3 -0.3 15.3 

Average Iteration 
  

Average Final 

Value (Deg) 
15.18 

 
4.6 

  

Average Angle 

Difference (Deg) 
0.18 

    

Standard 

Deviation (Deg) 
0.342053 
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Table A.2: 30 Degree Bend Local Accuracy Test Results. 

 

Material: Titanium 6-4 ELI Diameter: .3281 Inch  

Angle: 30 deg     

Rod Iteration Input to Bend Current Angle Angle Difference Final Angle 

1 1 64.0241 0.3 29.7   

  2 93.7241 24.3 5.7   

  3 99.4241 29.7 0.3   

  4 99.7241 30.3 -0.3 30.3 

      

2 1 64.0241 0 30   

  2 94.0241 24.3 5.7   

  3 99.7241 29.7 0.3   

  4 100.024 30.3 -0.3 30.3 

      

3 1 64.0241 0 30   

  2 94.0241 24 6   

  3 100.024 29.7 0.3   

  4 100.324 30.3 -0.3 30.3 

      

4 1 64.0241 0 30   

  2 94.0241 24.3 5.7   

  3 99.7241 29.7 0.3   

  4 100.024 30.3 -0.3 30.3 

      

5 1 64.0241 0 30   

  2 94.0241 24.3 5.7   

  3 99.7241 29.7 0.3   

  4 100.024 30 0 30 

      

Average Iteration   
Average Final Value 

(Deg) 
30.24 

 4   
Average Angle 

Difference (Deg) 
0.24 

    
Standard Deviation 

(Deg) 
0.134164 

 

 



 57 

Table A.3: 45 Degree Bend Local Accuracy Test Results. 

 

Material: Titanium 6-4 ELI Diameter: .3281 Inch  

      

Angle: 45 deg     

      

Rod Iteration Input to Bend Current Angle Angle Difference Final Angle 

1 1 79.0241 11.7 33.3   

  2 112.324 39.3 5.7   

  3 118.024 44.1 0.9   

  4 118.924 45.3 -0.3 45.3 

            

2 1 79.0241 12.9 32.1   

  2 111.124 39.9 5.1   

  3 116.224 44.4 0.6   

  4 116.824 45 0 45 

            

3 1 79.0241 13.2 31.8   

  2 110.824 39.6 5.4   

  3 116.224 44.4 0.6   

  4 116.824 45 0 45 

            

4 1 79.0241 12.3 32.7   

  2 111.724 39.6 5.4   

  3 117.124 44.4 0.6   

  4 117.724 45 0 45 

            

5 1 79.0241 12.6 32.4   

  2 111.424 39.9 5.1   

  3 116.524 44.4 0.6   

  4 117.124 45 0 45 

      

Average Iteration   
Average Final 

Value (Deg) 
45.06 

 4   
Average Angle 

Difference (Deg) 
0.06 

    
Standard Deviation 

(Deg) 
0.134164 
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Table A.4: 60 Degree Bend Local Accuracy Test Results. 

 

Material: Titanium 6-4 ELI Diameter: .3281 Inch  

      

Angle: 60 deg     

      

Rod Iteration Input to Bend Current Angle Angle Difference Final Angle 

1 1 94.0241 25.2 34.8   

  2 128.824 54.6 5.4   

  3 134.224 59.1 0.9   

  4 135.124 59.7 0.3   

  5 135.424 60.3 -0.3 60.3 

            

2 1 94.0241 24.9 35.1   

  2 129.124 54.9 5.1   

  3 134.224 59.1 0.9   

  4 135.124 60 0 60 

            

3 1 94.0241 24.6 35.4   

  2 129.124 54.3 5.7   

  3 135.124 59.4 0.6   

  4 135.724 59.7 0.3   

  5 136.024 60.3 -0.3 60.3 

            

4 1 94.0241 24.9 35.1   

  2 129.124 54.3 5.7   

  3 134.824 59.4 0.6   

  4 135.424 60 0 60 

            

5 1 94.0241 24.9 35.1   

  2 129.124 54.6 5.4   

  3 134.524 59.1 0.9   

  4 135.424 60 0 60 

      

Average Iteration   
Average Final 

Value (Deg) 
60.12 

 4.4   
Average Angle 

Difference (Deg) 
0.12 

    
Standard Deviation 

(Deg) 
0.164317 
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Table A.5: 75 Degree Bend Local Accuracy Test Results. 

 

Material: Titanium 6-4 ELI Diameter: .3281 Inch  

      

Angle: 75 deg     

      

Rod Iteration Input to Bend Current Angle Angle Difference Final Angle 

1 1 109.024 37.2 37.8   

  2 146.824 69.9 5.1   

  3 151.924 74.1 0.9   

  4 152.824 75 0 75 

            

2 1 109.024 36.9 38.1   

  2 147.124 69.9 5.1   

  3 152.224 74.4 0.6   

  4 152.824 74.4 0.6   

  5 153.424 75 0 75 

            

3 1 109.024 34.8 40.2   

  2 149.224 69.3 5.7   

  3 154.924 74.1 0.9   

  4 155.824 75 0 75 

            

4 1 109.024 37.2 37.8   

  2 146.824 69.9 5.1   

  3 151.924 74.1 0.9   

  4 152.824 75 0 75 

            

5 1 109.024 36.6 38.4   

  2 147.424 70.5 4.5   

  3 151.924 74.1 0.9   

  4 152.824 75 0 75 

      

Average Iteration   
Average Final Value 

(Deg) 
75 

 4.2   
Average Angle 

Difference (Deg) 
0 

    
Standard Deviation 

(Deg) 
0 
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Table A.6: 90 Degree Bend Local Accuracy Test Results. 

 

Material: Titanium 6-4 ELI Diameter: .3281 Inch  

      

Angle: 90 deg     

      

Rod Iteration Input to Bend Current Angle Angle Difference Final Angle 

1 1 124.024 47.7 42.3   

  2 166.324 84.3 5.7   

  3 172.024 89.1 0.9   

  4 172.924 90.3 -0.3 90.3 

            

2 1 124.024 48.3 41.7   

  2 165.724 85.5 4.5   

  3 170.224 89.1 0.9   

  4 171.124 90.3 -0.3 90.3 

            

3 1 124.024 48.3 41.7   

  2 165.724 84.9 5.1   

  3 170.824 89.7 0.3   

  4 171.124 90.3 -0.3 90.3 

            

4 1 124.024 48.9 41.1   

  2 165.124 84.3 5.7   

  3 170.824 90 0 90 

            

5 1 124.024 48.3 41.7   

  2 165.724 85.2 4.8   

  3 170.524 88.8 1.2   

  4 171.724 90.3 -0.3 90.3 

      

Average Iteration   
Average Final Value 

(Deg) 
90.24 

 3.8   
Average Angle 

Difference (Deg) 
0.24 

    
Standard Deviation 

(Deg) 
0.134164 
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Table A.7: Dr. Shilt’s Local Accuracy Test Results. 

 

Bend Angle (Deg) 15 30 45 60 75 90 

1 14.7 31 50.1 59 72 88.2 

2 20.3 33 37.8 57.2 71.5 92.5 

3 17.5 34 40.4 56.3 74.7 90.9 

4 15 32 45.7 50.9 77.4 86.1 

5 18.9 30 47.6 51.5   91.3 

6 16.2           

7 18.6           

       

Max 20.3 34 50.1 59 77.4 92.5 

Min 14.7 30 37.8 50.9 71.5 86.1 

Average Achieved Angle (Deg) 17.31 32 44.3 55 73.9 89.8 

Average Angle Difference (Deg) 2.31 2.00 -0.68 -5.02 -1.10 -0.20 

Standard Deviation (Deg) 2.10 1.6 5.1 3.59 2.72 2.6 
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Table A.8: Global Accuracy Test Data 1. 

 

Rod Original Control Points Converted Control Points Original Manufacture Commands Achieved Control Points 

1 X Y Z X Y Z Tspan Curvature Torsion X Y Z 

 0 0 0 0 0 0 0 0 0 0 0 0 

 2 1 0 2.24 0 0 2.24 90 -180 2.24 0 0 

 4 -3 0 2.24 4.47 0 6.71 137.49 -180 2.21 4.47 0 

 6 4 0 7.16 -0.89 0 13.99 137.49 -180 7.11 -0.91 0 

 8 0 0 7.16 3.58 0 18.46 108.44 0 7.13 3.56 0 

 10 2 0 9.84 2.68 0 21.29 0 0 9.81 2.67 0 

                          

Rod Original Control Points Converted Control Points Original Manufacture Commands Achieved Control Points 

2 X Y Z X Y Z Tspan Curvature Torsion X Y Z 

 1.5 -2 3 0 0 0 0 0 0 0 0 0 

 4 1 1 4.39 0 0 4.39 14.68 114.01 4.39 0 0 

 7 4 0 8.60 1.10 0 8.75 80.95 -80.27 8.61 1.09 0 

 8.5 2.5 -2 9.34 0.09 2.63 11.66 91.84 -161.00 9.33 0.07 2.63 

 11 0 2 7.24 4.51 4.74 17.00 94.93 0 7.24 4.50 4.75 

 14 -1 -1 9.63 3.53 8.25 21.36 0 0 9.62 3.49 8.26 

                          

Rod Original Control Points Converted Control Points Original Manufacture Commands Achieved Control Points 

3 X Y Z X Y Z Tspan Curvature Torsion X Y Z 

 3 3.1 0 0 0 0 0 0 0 0 0 0 

 5.2 1.7 1.8 3.17 0 0 3.17 85.49 -179.33 3.17 0 0 

 8.4 2.9 -0.6 3.50 4.16 0 7.34 86.24 -169.70 3.51 4.16 0 

 12 0.5 2.4 8.76 4.09 -0.06 12.61 19.13 -58.21 8.77 4.07 -0.06 

 15.8 -0.7 4 12.84 5.43 0.14 16.90 56.10 0 12.86 5.37 0.01 

 18.6 -2.4 1.9 14.34 8.18 -2.16 20.79 0 0 14.37 8.12 -2.16 
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Table A.9: Global Accuracy Test Data 2. 

 

Rod Original Control Points Converted Control Points Original Manufacture Commands Achieved Control Points 

4 X Y Z X Y Z Tspan Curvature Torsion X Y Z 

 0 0.2 -0.4 0 0 0 0 0 0 0 0 0 

 -3.7 4.2 -3.1 6.08 0 0 6.08 128.35 35.69 6.08 0 0 

 -5.2 -0.9 0 2.26 4.83 0 12.24 123.99 -166.59 2.55 5.04 0 

 0.2 3.3 1.7 0.99 -1.21 3.41 19.28 4.43 5.91 0.82 -0.86 3.45 

 2.4 4.8 2.5 0.28 -3.52 4.78 22.06 81.07 0 -0.06 -3.10 4.83 

 4.7 1.4 5.2 -4.56 -2.74 5.16 26.98 0 0 -4.83 -1.95 5.17 

                          

Rod Original Control Points Converted Control Points Original Manufacture Commands Achieved Control Points 

5 X Y Z X Y Z Tspan Curvature Torsion X Y Z 

 2 -3.4 0 0 0 0 0 0 0 0 0 0 

 5.4 -2.1 0.9 3.75 0 0 3.75 34.90 -124.82 3.75 0 0 

 6.9 0 2.4 6.20 1.71 0 6.73 77.82 -142.04 6.19 1.72 0 

 10 2.1 -1.4 8.82 -0.09 -4.28 12.07 63.73 35.71 8.81 -0.08 -4.29 

 14.7 3.4 0 13.87 -0.37 -3.86 17.14 63.17 0 13.85 -0.34 -3.85 

 17.3 0 3.9 15.99 -1.88 1.31 22.93 0 0 15.93 -1.82 1.35 
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Appendix B 
 

 

SIBP Drawings 
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Table B.1: SIBP Drawing List. 

 

SIBP Drawing List 

Drawing Name Drawing Number Number of Sheets 

Complete Assembly SC 001 1 

Bending Assembly SC 002 5 

Feedback Assembly SC 003 3 

Fulcrum Assembly SC 004 4 

Bending Plate Support 

Bracket Assembly 
SC 005 2 

Gear Box Bushing SC 006 1 

Electrical Layout SC 007 1 

Electrical Wiring SC 009 3 
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Figure B.1: Complete Assembly. 
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Figure B.2: Bending Assembly Sheet 1. 
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�
Figure B.3: Bending Assembly Sheet 2. 
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Figure B.4: Bending Assembly Sheet 3. 
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Figure B.5 Bending Assembly Sheet 4. 
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Figure B.6: Bending Assembly Sheet 5. 
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Figure B.7: Feedback Assembly Sheet 1. 
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Figure B.8: Feedback Assembly Sheet 2. 
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Figure B.9: Feedback Assembly Sheet 3. 
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Figure B.10: Feedback Assembly Sheet 4. 
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Figure B.11: Fulcrum Assembly Sheet 1. 
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Figure B.12: Fulcrum Assembly Sheet 2. 
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Figure B.13: Fulcrum Assembly Sheet 3. 
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B.14: Bending Plate Support Bracket Assembly Sheet 1. 
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Figure B.15: Bending Plate Support Bracket Assembly Sheet 2. 
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Figure B.16: Gearbox Bushing. 
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Figure B.17: Electrical Layout. 
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Figure B.18: Electrical Wiring Sheet 1. 
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Figure B.19: Electrical Wiring Sheet 2. 
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Figure B.20: Electrical Wiring Sheet 3.
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Appendix C 
 

 

SIBP Software 
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Table C.1: SIBP Control Software File List. 

 

File Name  Function Author 

Axis Jog Master.vi Setup Application  Pilson 

Bend Servo Control.vi Bending Motor Open Loop Control Pilson 

Bend With Feedback2.vi Bending Closed Loop Control Pilson 

Feed Stepper Control.vi Feed Motor Open Loop Control Pilson 

Global Stop.vi Global Stop Variable used for Software Safety Interlock Pilson 

Master Control1 Test Global.vi Master Control Application Pilson 

Rotate Stepper Control.vi Rotate Motor Open Loop Control Pilson 

Toangles.vi Converts 3-D Coordinates to Feed, Rotate, and Bend Commands Dankowicz 

Topoints.vi Converts Feed, Rotate, and Bend Commands to 3-D Coordinates for Global Feedback Dankowicz 

VA_Crossproduct.vi Support Application for Toangles.vi and Topoints.vi Dankowicz 

VA_Dotproduct.vi Support Application for Toangles.vi and Topoints.vi Dankowicz 

VA_Normalize.vi Support Application for Toangles.vi and Topoints.vi Dankowicz 

VA_Rotmatrix1.vi Support Application for Toangles.vi and Topoints.vi Dankowicz 

VA_Rotmatrix3.vi Support Application for Toangles.vi and Topoints.vi Dankowicz 

VA_Vectorlength.vi Support Application for Toangles.vi and Topoints.vi Dankowicz 
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Figure C.1: Setup Application Front Panel. 
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Figure C.2: Setup Application Block Diagram. 
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Figure C.3: Bending Open Loop Control Block Diagram. 
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Figure C.4: Bending Closed Loop Control Block Diagram. 
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Figure C.5: Feeding Open Loop Control Block Diagram. 
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Figure C.6: Rotating Open Loop Control Block Diagram. 
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Figure C.7: Main Control Application Front Panel. 
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Figure C.8: Main Control Application Block Diagram View 1. 
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Figure C.9: Main Control Application Block Diagram View 2. 
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Figure C.10: To Angles Block Diagram View 1. 
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Figure C.11: To Angles Block Diagram View 2. 
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Figure C.12: To Points Block Diagram View 1. 
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Figure C.13: To Points Block Diagram View 2. 
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Figure C.14: Cross Product Block Diagram. 
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Figure C.15: Dot Product Block Diagram. 
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Figure C.16: Normalize Block Diagram. 
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Figure C.17: Rotmatrix 1 Block Diagram. 
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Figure C.18: Rotmatrix 3 Block Diagram. 
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Figure C.19: Vector Length Block Diagram. 


