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Abstract:  

Neurosurgeons at the University of Arizona Medical Center are interested in observing how 
various spine fixation surgeries can affect patient outcomes and quality of life. To this end, a 
system has been built which can test the biomechanical properties of cadaver spines before and 
after surgical intervention. The system can apply user-specified parameters to perform 
physiological-like loading on the spine using closed-loop motor control. The machine will use 
strain sensors mounted on a custom-built load cell to measure force and/or torque on the spine. 
The data is then presented to the user in a visual format and numerical format for further 
analysis. Repeated loading is supported in our device, so that surgeons can observe the 
longterm effects of their procedures on spine flexibility and stability. Ultimately this device will 
improve the lives of patients by creating a customized, quantitative approach to assessing 
spinal surgical outcomes. This document describes in detail the engineering process, including 
design, building, and testing, of the spine biomechanics simulator and tester machine.   
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1. Introduction 

1.1 Scope of the document 

The objective of this document is to present the requirements and design details of a Texas 

Instruments (TI) sponsored project to build a surgical spine simulator and tester. The 

machine will measure the biomechanical properties of cadaver and inorganic spine models, 

focusing on the spine’s range of motion under conditions simulating normal physiological 

forces. The machine will incorporate and showcase TI parts in its electrical subsystems, 

including in motor control and sensor signal readout. When complete, neurosurgical 

residents at the University of Arizona Medical Center will be able to objectively assess and 

compare the effects of surgical interventions like fixation devices or vertebrae fusion on 

spine mobility and forces on the spine under simulated physiological conditions. This can 

help improve patient outcomes, as surgeons will be better able to predict how a procedure 

will affect the patient’s quality of life post-surgery. 

1.2 Background Information and Problem statement 

Spinal surgical procedures can be used to stabilize the spine, repair damaged bones and 

tissue, and correct for damages to the vertebral column caused by injury or disease. 

Current surgical techniques include rod-screw constructs, spinal fusion, and the 

implantation of artificial disks. These procedures are ultimately intended to improve the 

patient’s condition, but can result in the patient being left with a limited range of movement 

and reduced load-bearing ability. 

Surgeons will typically follow well established techniques and rely on their own experience 

to account for the patient’s medical history make the final decision on which surgical 

techniques to use for any given patient. Nevertheless, whether the current conventional 

techniques of surgery are the best or optimal can still be investigated. New residents need 

to be trained and tested on the best surgical techniques to provide patient satisfaction and 

quality of life. Additionally, the utility of novel or personalized surgical treatments can be 

measured against existing techniques to add to the body of knowledge of spinal surgical 

procedures. There is a need for an objective measure of patients’ surgical outcomes and 

post-surgical quality of life based on the mobility of their modified spine. 

To quantitatively assess the effects of surgery on a spine, a system must be developed that 

is able to apply physiological-like loads on parts of the spinal column and record 

deformation and resultant forces on this test spine. There are currently several instruments 

in research labs around the world which fulfill the requirements of such a system. However, 

these products are generally custom-built and very expensive, ranging from tens of 

thousands to hundreds of thousands of dollars. This system will attempt to provide similar 

capabilities as the systems currently available, with the tradeoff of reduced functionality for 

a much more cost-effective system. 
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1.3 Scope of project 

This scope of this project is to design and implement a system which can accommodate up 

to a full-length spine and apply a range of physiological forces in at least one direction of 

movement on the spine. The system must also effectively measure the applied force as it 

relates to the degree of flexibility of the spine, under normal physiological loading 

conditions. This requires a durable frame to hold the spine and some form of motor control 

to apply loads on the spine and record displacement. It also requires the use of strain 

sensors to measure the load on the spine. A graphical user interface (GUI) will allow the 

user to control the motor and force sensor subsystems. Once the system is built, it will be 

able to apply the user-specified parameters to perform physiological-like loading on the 

spine, record the spine’s range of motion, and present the data in a user-friendly format.  

As a continuation project, all work completed by the 2013 senior design team, the majority 

of which is frame and load cell construction, will be credited accordingly. 

1.4 System Functionality 

A system for investigating the biomechanical properties of the spine before and after 

surgical intervention is desired. In particular, the system will examine the movement of the 

spine and forces on the spine in response to the application of simulated physiological 

loads. It will assess the effects of surgical interventions like fixation devices or vertebrae 

fusion on spine mobility and forces on the spine under simulated physiological conditions. 

The proposed system will accommodate a full spine or spinal segment for testing of its 

biomechanical properties. This spine can either be an inorganic spine model or an actual 

organic cadaver spine. A durable frame will house the spine, mechanical equipment, 

motors, and electronic subsystems. A stage attached to the frame will firmly hold and 

support the bottom of the spine, while the top of the spine will the fixed to the frame with a 

holding “cup”. Motors and mechanical motor-coupling mechanisms will attach to the stage 

and holding cup to apply various forces to the spine. 

The system will interface with a user through a graphical user interface (GUI) on a 

computer. This GUI will accept several input parameters, such as speed and microstepping 

resolution, and send the appropriate commands to the system. These inputs will be sent to 

a microprocessor, which interfaces with the motor driver. The motor driver controls the 

motor and applies the desired movement to the spine.  

The system will also incorporate strain gauges to read and output the forces on the spine in 

response to the applied physiological loads. The strain gauges will be mounted on a load 

cell attached to the spine, and arranged in a full Wheatstone bridge configuration to provide 

high-sensitivity readings. The strain gauge bridge sensor signal outputs will be conditioned 

and digitized with an Analog to Digital Converter (ADC), which outputs the strain gauge data 

to a microprocessor and back to a GUI. 
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The raw data will be stored and processed for display in a simple visual format. The final 

data will appear as force vs time curves. From these curves, the user can easily compare 

how pre-op and post-op spines respond to various physiological-like loading conditions. 

1.5 Description of customer 

Texas Instruments is sponsoring the project as a part of its commitment to enhancing the 

quality of STEM (Science, Technology, Engineering, and Mathematics) education. As a 

condition of sponsorship, TI is requiring the use of its products and logo to be featured in 

the final project. The end users of the system will be spinal neurosurgical residents at the 

University of Arizona Medical Center, who may use the system for instructional, research, 

and/or demonstrational purposes.  

1.6 Changes since Critical Design Review 

With limitations in time and other resources, several changes have been made to the design 

since the Critical Design Review (CDR). While multiple degrees of freedom of motion were 

certainly desired, the scope of the project has been narrowed to focus on just the vertical 

direction. This means that with the final design, the spine will undergo only tension and 

compression loading. This was the critical motion to accomplish first, because it also allows 

the user to set the stage position for varying lengths of spine segments.  

Another key change since the CDR is that the machine will not have a closed loop electrical 

system, in which the strain sensor feedback would determine motor movement. In the final 

design, the GUIs for motor control and load cell readout are independently controlled, but 

can be run simultaneously on the same computer. However, the loop between force output 

and motor control input will not be closed. Additionally, there will be no encoders in the final 

system to provide position feedback information.  

 

2. System Requirements 

The Surgical Spine Simulator system can be described by five different types of system 

requirements. These include: 

 

 Functional Requirements: These describe what the system should be able to do 

 Technological Requirements: These specify what devices and technologies are to be 

used in the system 

 Performance Requirements: These detail how well the product must perform, using 

specific metrics 

 Utilization of Resource Requirements: These detail the constraints the project and 

team are operating under 



7 
 

 Trade-Off Requirements: These lay out the trade-offs and the resulting priorities of 

the system design 

 

Number Type Description Priority 

101 Functional The system should be able to accommodate for 

bending of the spine about the X-axis. 

Desired 

102 Functional The system should be able to accommodate for 

bending of the spine about the Y-axis 

Desired 

103 Functional The system shall be able to accommodate for 

tension/compression of the spine about the Z-axis 

Must 

104 Functional The system should be able to accommodate for 

lateral rotation of the spine 

Desired 

105 Functional The system shall be able to house the entire spine Must 

106 Functional The system should be able to house cervical, thoracic 

and lumbar sections of the spine independently or in 

linear combination 

Must 

107 Functional The system should be able to measure the resulting 

torque about the X,Y and Z axises 

Desired 

108 Functional The system should be able to optically track the spine 

movement to a precision of 0.5 degrees 

Desired 

201 Technological The system shall incorporate a DC brushless stepper 

motor to drive linear motion 

Must 

202 Technological The system shall utilize a microcontroller and motor 

driver to drive the motors 

Must 

203 Technological The system shall utilize a GUI for user-controlled 

spine movement 

Must 

204 Technological The system shall utilize strain gauges to measure the 

applied loads 

Must 

205 Technological The system shall utilize a TI component for strain 

gauge data collection 

Must 
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206 Technological The system may incorporate a hydraulic system for 

moving parts 

Desired 

301 Performance System needs to perform 100,000 repetitions Desired 

302 Performance Load cell needs to be able to tolerate and gauge 600 

N-m 

Must 

303 Performance Load cell needs an accuracy of +/- 50N for 

compressive forces 

Must 

304 Performance Compression/Tension loading must be accomplished 

in increments of 50N, up to at least 400N 

Must 

401 Utilization The system shall be within the $3500 budget Must 

402 Utilization The system shall be completed by May 6, 2014 Must 

403 Utilization The system shall disassemble Must 

404 Utilization The system should fit through a doorway Must 

405 Utilization The system shall be electrically safe Must 

501 Trade-Off Overall system functionality and synergy between 

subsystems over the quality of individual subsystems 

Must 

502 Trade-Off The team will prioritize complete closed-loop motor 

control for one degree of freedom motion over aiming 

for multi-directional movements 

Must 

 

3. Brief Summary of PDR Results 

At the PDR stage of the project, two key subsystem options were compared: the motor and 

the linear displacement mechanism. Two types of motors were considered: a direct current 

(DC) brushless motor, and a stepper motor. DC motors are great for applications where 

something needs to be run continuously in one direction. Some compelling reasons to use 

brushless DC motors was because they were provided to the team free of charge, came 

with optical encoders for position feedback, and has a high rpm, which is advantageous to 

use in conjunction with a gearbox/speed reducer. A disadvantage of the DC brushless 

motor is that it is harder to precisely control its position, especially at smaller increments. 

The stepper motor is a better choice for this application because it provides precise position 

control with the use of discrete “steps”. Stepper motors also have the advantage of a higher 
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holding torque, which can be helpful in a system that applies loads approaching 1.5kN to a 

spine segment.  

Rotational motion from the motor must be translated to linear motion that can actually 

displace the spine. The first option under consideration was a motor connected orthogonal 

to a lead screw, using a special gearbox. As the motor rotates the gearbox, the lead screw 

turns, causing a linear slider to move the stage upwards. It is compelling to use this system, 

because it was designed by the previous year’s team and would be available to free of 

charge. However, with the lead screw system, there are mechanical losses because of the 

numerous couplers between components like the motor shaft, gearbox shafts, and lead 

screw. This can cause some inefficiencies, resulting in loss of the motor’s power output. An 

alternative solution is to attach the motor directly to a compatible linear actuator, in an in-

line configuration. Using compatible motors and actuators, we can eliminate some of the 

problems associated with coupling the systems. As the motor spins, the linear actuator 

translates the rotational motion to linear motion to lift the stage. This second design option, 

although more expensive, is simpler and more efficient. 

 

4. Top-level Design of Final Design Concept 

4.1 Key Terminology 
Stepper Motor – electrical motor that spins in specific incremental steps  

Linear Actuator – mechanical part that generates linear motion 

Microcontroller – programmable processor designed for embedded applications; collects 

data and communicates with computer 

Motor Driver – integrated circuit component that controls electric motors and translates 

microcontroller information to the motor 

Load cell – a device that measures applied loads 

Strain gauge – a variable resistor that measures strain when elastically deformed 

Full-Wheatstone Bridge – 4 strain gauges arranged in a Wheatstone bridge configuration to 

provide a more sensitive measurement of strain and remove variables like temperature and 

most external noise 

ADC – Analog-to-Digital Converter, converts continuous analog signals to discrete digital 

signals 

GUI – Graphical User Interface, typically how the user interacts with the machine 

Stage – platform that holds the spines 

Upper Guide Rail System – two metal rods which guide the stage smoothly as it moves up 

and down 

4.2 Overview of Total System 

In its most basic form, the surgical spine simulator linearly displaces a cadaveric spine to 

generate compression and tension forces. A linear actuator lifts the stage into the correct 
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position to adjust to the length of the spine being tested. Below the stage is a load cell that 

measures force using strain gauges. The analog strain gauge readout is converted to a 

digital signal via the ADC. The ADC sends the digital signal to a microcontroller, then a GUI, 

where. The GUI is also where the user will set parameters for the protocol to control the 

spine movements via the motor. Motor protocols are sent to the microcontroller, which then 

pass the information to the driver, and then the motor spins at various speeds. The motor is 

fixated to a gearbox, which increases power. Mechanics inside the linear actuator convert 

this rotational motion to linear motion. A shaft inside the actuator arises out and pushes up 

on the stage holding the load cell. The load cell senses the forces that the spine exerts 

downward and presents this to the operator using a graph of force versus time. 

 

4.3 System Architecture 

 
Figure 4.3.1 A high level overview of the components that will be utilized in the spine 

biomechanics tester system 

4.4 Subsystems and Components 

There are four overarching subsystems in our design: the mechanical subsystem, the 

actuating subsystem, the load cell subsystem, and the motor driver subsystem. The 

mechanical subsystem encompasses the sturdy frame, the linear guide rail system, cups to 

fixate the spine, and all other accessories and connectors. The actuating subsystem 

includes the stepper motor, gearbox, and the linear actuator. The load cell subsystem 
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consists of strain gauges mounted on aluminum L-beams, a custom PCB for an Analog to 

Digital Converter, a microcontroller board with USB dongle, and the Labview software 

reading in the load cell force data. Finally, the motor driver subsystem consists of an EVM 

board built around a DRV8829 motor driver and an MSP430 microcontroller. This system 

controls the motor given input from the motor driver GUI. This subsystem also provides an 

option to perform manual motor control to step the motor in smaller increments.  

 

5. Subsystem/Sub-assembly and Interface Design 

5.1 Mechanical Subsystem 

5.1.1 Major Frame Description 

The majority of the frame was constructed by the 2013 senior design team, and much of it 

was repurposed for the final machine. The external frame dimensions were modified to be 

29”x89”x54”. The frame, shown in Appendix B, consists of entirely of 2”x4” structural 

members composed of plain carbon steel which are all .25” thick. The beams are all welded 

together with the expectation of the top-most beam which is fixed with Gusset plates and ½” 

bolts. This is to allow for the top end of the frame to be easily adjust in order to 

accommodate for various lengths of the spine. The frame consists of 6 legs (F1G1, F1’G1’, 

F2G2, F2G2’, BE, B’E’) which support 4 transverse beams (F1F2, F1’F2’, F1F1’, F2F2’) to 

form a table-like structure. The table-like structure then supports two vertical beams (A’B’ 

and A’B’)  with the adjustable transverse beam (AA’) bolted at the top. On each vertical 

beam, there is a linear rod/guide rail which has linear ball bearings that run vertically along 

the rail. Two transverse beams (CC’ and DD’) are also welded between the center frame 

legs in order to provide support for a linear actuator.  

5.1.2 Function 

The carbon steel beam material was reliable and could be trusted to withstand high applied 

loads, which is required for spine biomechanics testing. The placement of the two 

transverse beams (CC’ and DD’), between the center legs, where chosen in order to allow 

for sturdy mounting of a linear actuator. The function of the six vertical legs is to provide 

support to the transverse beams, as well as the two vertical beams (A’B’ and A’B’) which 

are fixed onto the table. These two vertical beams provided mounting supports for the 

vertical linear rods, for the linear ball bearings, and for the adjustable top transverse beam 

(AA’). All heights and lengths were chosen in order to accommodate to proper expansion 

and retraction of the actuator and to also provide a durable frame. 

5.1.3 Materials and Manufactures 

The structural members making up the frame are composed of plain carbon steel that was 

purchased from Discount Steel by the previous team. The Gusset plates are composed of 
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ASTM A36 Steel and were recycled from the previous frame design, as well as all bolts. All 

welding tasks were outsourced to the Aerospace and Mechanical Engineering machine 

shop located on the University of Arizona campus. The majority of assembly, and all of the 

testing, was performed by the senior design team.  

5.2 Actuating Subsystem 

5.2.1 Description 

A NEMA23 stepper motor is mounted to a 10:1 speed reducer, or gearhead. The gearhead, 

which enables 10 times more torque to be applied by the motor, than what the motor was 

originally rated for, allows for the actuating subsystem to accommodate extremely large 

weights and forces. This specific motor was desirable due to its low weight of only 16.9oz 

and high holding torque of 64N-cm. This motor/gearbox combination is then mounted to a 

linear actuator.  

The linear actuator converts the rotational movement of the motor shaft to a linear motion 

using an internal linear screw. The resulting linear motion output from the actuator can be 

used to generate compressive and tensile forces on the spine. It is also possible to adjust 

the stage to accommodate spines of varying length, from 0-85 cm. 

5.2.2 Function 

The selected linear actuator accommodates for testing of various spine lengths. It is 

mounted vertically between the two center legs of the frame. The linear movement is 

coordinated through a series of assemblies all enclosed in a (material) casing. It is critical 

that the actuator be able to support the weight of the load cell as well as withstand the 

torque exerted from the motor. 

5.2.3 Materials and Manufacturers 

The linear actuator, stepper motor, and speed reducer were ordered through the distributor 

I.P Tech Industries. The linear actuator was designed and assembled by the Parker 

Hannifin Corporation, the stepper motor was manufactured by Schneider Electric, and the 

gearhead was manufactured by Carson MFG, Inc. 

5.2.4 Trade Studies and Analysis 

The ETH032 linear actuator from Parker was selected due to its high precision. A key 

requirement of the design is that vertical linear motion applied to a stiff spine segment must 

apply forces in increments of 50N. While the previous team’s linear slider design provided a 

low budget solution, it failed to meet the high linear motion resolution mandated by this 

requirement. The most practical solution was to invest in a reliable, precise, and 

professionally manufactured linear actuator.  



13 
 

The actuator is capable of raising loads of up to 3000 lbs. The shaft has a stroke length of 

38.1cm, which is the longest distance the shaft of the linear actuator can extend. This stroke 

length should be sufficient to apply compression and tension loads to spines ranging in 

length from 0 to 85cm. 

5.2.5 Interfaces 

The linear actuator interfaces directly with the frame to which it is mounted. At its top end, it 

interfaces with a base plate that supports the stage and load cell. At its bottom end, it 

interfaces with the gearhead and stepper motor, which are mounted in line with the 

actuator.  

5.3 Load Cell and Force Sensor Circuit 

5.3.1 Description 

The load cell measures forces applied to the spine. It comprises a cylindrical disk with three 

“L-shaped” beams attached to the disk. Each beam has strain gauges mounted in a full-

Wheatstone Bridge configuration on the top and bottom of the beam. Additionally, one L-

beam also has a full Wheatstone bridge of strain gauge sensors mounted on the left and 

right side of the beam, used to measure torque from spine rotation about the z-axis. The 

beams were machined, and the strain gauges were soldered to the beams, by the previous 

year’s team.  

The load cell is mounted with the beams on the stage and the cylindrical disk connected to 

a cup housing the lower end of the spine. Figure 5.3.1.1 below shows the general setup of 

the load cell and stage. 

 

 
Figure 5.3.1.1 Load cell and stage 
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The strain gauges are arranged in a full Wheatstone bridge circuit as shown in Figure 

5.3.1.2. It is clear from this circuit configuration that in order to maximize the differential 

voltage at the bridge, R1 and R3 must be on the same side of the bending arm, while R2 

and R4 are on the other side. 

 

 

Figure 5.3.1.2 Wheatstone Bridge Full Bridge Strain Gauge Configuration 

 

The differential voltage signal across the bridge is conditioned to remove noise, amplified, 

and digitized with the use of an analog-to-digital converter (ADC) based circuit. The digital 

signal is then sent to a microprocessor, and then fed to the computer to be displayed in a 

meaningful format. The flow process for this is shown in Figure 5.3.1.3.  

 

 
Figure 5.3.1.3 Diagram showing information flow from strain gauge to computer 

5.3.2 Function 

The load cell is mounted on a stage attached to the linear slider. It also connects to a “cup” 

holding the lowest vertebrae or the sacrum of the spine. As the force increases during 

loading, the L-beams bend. Much of the deformation and strain occurs where there is a 

hollow space, which corresponds to weakness, in the beam. This bending creates strain in 

the beams, which changes the resistance of the mounted strain gauges. Strain gauges are 

resistive electrical components whose properties change based on how much strain the 

gauge is exposed to. Resistance is proportional to length and inversely proportional to the 

area of a wire. When stretched, the strain gauge resistance increases because the length of 
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the internal wire increases and the cross sectional area decreases. The opposite happens 

when the strain gauge is compressed. 

The strain gauges are arranged in a circuit known as a Wheatstone bridge, specifically the 

Full Bridge configuration, which provides significantly more sensitivity in reading strains than 

a single gauge would. Looking back at Figure 5.3.1.2, it is clear how bending affects the 

resistance of the strain gauges. The circuit is powered with an excitation voltage of VEX at 

the R1-R4 node and grounded at the R2-R3 node. In the figure, strain gauges R2 and R4 

experience an increase in resistance (R + delta), because they are stretched when the 

beam bends. R1 and R3 decrease in resistance (R – delta) because they are compressed 

when the beam bends. The voltage at the bridge can be calculated from the change in 

resistance using the following equation: 

VSIG=VEX ∗ ∆R/R 

 

The greater the strain, the greater the change in voltage. The linear relation between the 

voltage difference and the load applied can be calculated using known weights and this is 

used to calibrate the load cell. 

An analog-to-digital converter (ADC) is employed to convert the differential voltage signal at 

the bridges into a digital format than can be displayed on a computer GUI. The ADC circuit 

employs input signal filtering to reduce high frequency noise in the excitation voltage and 

differential voltage signal. The filtering is accomplished with the use of high quality 

capacitors connected in parallel to the voltage source/sink. The circuit also employs a gain 

stage to increase the magnitude of the differential voltage signal. This is possible with the 

programmable gain amplifier (PGA) available in many ADC packages, and with the use of 

additional instrumentational amplifiers if necessary. In our application, the PGA gain value is 

set to 2. Finally, the circuit encompasses an ADC and output pins to send the digital signal 

to a microcontroller. The ADC, which is a Texas Instruments ADS1246, is mounted on a 

custom-designed printed circuit board (PCB). 

5.3.3 Materials and Manufacturers 

The load cell is machined out of aluminum due to its ductility, and because it provides a 

more sensitive strain reading than steel. The supplier for the strain gauges is Vishay Micro-

measurements. Table 5.3.3.1 lists some of the gauge specifications. These gauges were 

selected due to their high resistance, strong material design, temperature range, and cost. 

The current design calls for a total of sixteen strain gauges, which means there are four 

bridges and four strain gauges in each bridge. Three of the bridges are mounted on the 

top/bottom of the three L-beams. A fourth bridge is mounted along the sides of one of the L-

beams. 
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Table 5.3.3.1 Strain Gauge Specifications 

 

A low noise, precision 24-bit analog-to-digital converter from Texas Instruments is used in 

the strain gauge readout circuit. Table 5.3.3.2 lists some of the specifications for the 

ADS1246, which employs an integrated programmable gain amplifier (PGA) as well as a 

24-bit ADC. Figure 5.3.3.1 shows the schematic of the circuit design for the custom PCB on 

which the ADS1246 will be mounted. The circuit also includes a pin connector that connects 

to an adapter with a USB port. This enables easy testing and troubleshooting of the device 

using a computer. The custom PCB will be manufactured by Advanced Circuits. 

 
Table 5.3.3.2 Selected Specifications of ADS1246, Texas Instruments 
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Figure 5.3.3.1 Schematic of custom PCB design in Eagle 

 

The outputs of the ADC are then fed into a Texas Instruments SM-USB-DIG platform, 

pictured along with its pin-out signal definitions, below in Figure 5.3.3.2. This platform 

includes a microprocessor which can communicate with the ADS1246 using SPI 

communication. The SPI commands are send, and the data are collected, via a program on 

Labview. More information on the Labview processing can be found in section 6, which 

describes the algorithm and interface between systems.  

 

 
Figure 5.3.3.2 SM-USB-DIG platform and H2 signal definitions for its pin-outs 

 

The pin connections between the ADC board pins and the USB platform pins is shown 

below in Figure 5.3.3.3.  
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Figure 5.3.3.3 Pin connections between ADC PCB and SM-USB-DIG platform 

5.4 Motor Driver Subsystem  

5.4.1 Description 

The spine machine generates motion using a linear actuator powered by a motor and driver 

control board. Elements of this subsystem include a motor driver, microprocessor, stepper 

motor, and power supply. The motor is wired to a board that runs on a 12V power supply. It 

is also wired to a motor driver, an electronic component that generates the specific pulses 

which run the motor. The motor driver allows for both automated control and manual 

control.  

5.4.2 Function 

The motor control subsystem is housed under the stage and essentially functions to control 

the motor in a number of ways. The automated control utilizes a GUI to set the speed and 

direction of motor movement in a continuous motion, while the optional manual control uses 

switches and buttons to achieve more precise step-wise motion. Switches located on the 

motor driver board allow the user to toggle between these two motor control configurations. 

By flipping switch 8 on the driver board from ‘low’ to ‘high’, the motor switches from 

automatic to manual control. The manual control consists of two key controls: a simple two-

switch switchboard, shown in Figure 5.4.2.1, and a simple handle with a red “go” button, 

shown in Figure 5.4.2.2. On the switchboard, the red switch can be flipped to power the 

system on or off, and the blue switch sets the motor’s direction of rotation. Once these 

switches are set to their desired positions, pressing the red button on the handle allows for 

single stepping of the motor. With one click of the button, the motor moves one step, which 

allows for precise movement. For manual control, the step size can be manipulated by 

reconfiguring the switches on the motor driver board. By using manual control, the on-board 

microcontroller of the driver is bypassed, disconnecting the user interface from the driver 

board. 
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Figure 5.4.2.1 Switchboard for manual motor control operation 

 

 
Figure 5.4.2.2 Handle with button for manual motor control operation 

5.4.3 Material and Manufacturers 

The motor driver board is comprised of many parts compiled onto one evaluation platform. 

The system uses Texas Instruments’ Evaluation Module (EVM) for the DRV8829 motor 

driver. This EVM, which is built around the MSP430 microcontroller, features all the 

hardware and software necessary to develop applications. It consists of two 5.0A, single H-

bridge motor drivers with a Phase/Enable control interface, among other components 

specifically used to drive a single bipolar stepper motor. With an operating voltage range 

between 8.2 to 45 volts, this driver allows the motor to perform wide ranges of motion under 

heavy load. The on-board MSP430 MCU, paired with Texas Instruments control software 

source code and GUI CPG006, provides control and supports up to 512 microsteps among 

other motor control functions. The board layout can be seen in Figure 5.4.3.1. 
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Figure 5.4.3.1 DRV8829 Evaluation Module Board Layout

 

The combination of the DRV8829 and the MSP430 on a single evaluation module allows for 

efficient motor testing as well as motor control ranging from manual control to 

programmable control. The DRV8829 housed on the evaluation module provides an 

integrated motor driver solution for DC and stepper motors. The single H-Bridge current-

control motor driver contains a five-bit winding current control that allows up to 32 current 

levels. It can supply up to 5-A peak or 3.5-A RMS output current with heatsinking at 24V 

and 25°C. Additionally, internal shutdown functions are provided for overcurrent protection, 

short circuit protection, undervoltage lockout and overtemperature. 

Texas Instruments’ MSP430 belongs to a family of ultra-low-power microcontrollers that 

consists of several devices featuring different applications. It features built-in 16-bit timers, 

up to 24 I/O capacitive-touch enabled pins, a versatile analog comparator, and built-in 

communication capability using a universal serial communication interface. Additionally, this 

microcontroller has a 10-bit analog-to-digital converter.  

 

6. Algorithm Description and Interface Document 

This system utilizes Texas Instruments’ MSP430 Microcontroller. This microcontroller is a 

part of an evaluation module board that includes the DRV8829 which allows motor control. 

The following subsections will give an overview of the Microcontroller subsystem and the 

modules it will run.  
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6.1 Microcontroller Trade Study 

6.1.1 Motor Control uC Trade Study 

The microcontroller system was selected keeping in mind that the machine will use a 

stepper motor and linear actuating system. This simplified the price trade-off since new 

electronic components will be be selected based off of what is compatible with the motor 

and linear actuating components. The Texas Instruments DRV8829 Evaluation Module 

Board was an easy decision given that both the microcontroller and motor driver were 

included and designed to control stepper motor applications. The MSP430 microcontroller is 

low cost and has low power usage which eliminates any budget or system issues should 

there exist any malfunctions. Its embedded applications makes it easy to use or manipulate 

using an open source community for producing software development.  Although the 

microcontroller contains many options that are unnecessary for the current system, it 

provides options and resources for additional functions. 

6.1.2 Load Cell uC Trade Study 

The load cell contains a strain gauge circuit that transduces mechanical force to an analog 

electrical signal. After it is processed and digitized by the ADS126 analog-to-digital 

converter, it is fed to the SM-USB-DIG platform, which contains a microcontroller. The U2, 

which is a TUSB3210 microcontroller with an 8052 core and a built-in USB interface, is 

used in our design to communicate with the ADS1246. SPI communication is used to set 

gain and sampling rate parameters on the ADC, and effectively collect data and output it to 

the computer in a Labview program. This device allows for easy communication and forms 

a smooth interface between the computer program/user-interface and the signal processing 

circuit.  

6.2 Graphical User Interface 

6.2.1 Motor Control GUI 

User interface with the motor is made possible by using Texas Instrument’s GUI application 

for the DRV8829 Evaluation Module Board. By configuring the board to operate in serial 

communications mode, it allows the usage of its software counterpart once the PC is 

connected to the MSP430 microcontroller through the onboard USB port. Once PC 

connection is established by pressing the connect button at the top of the GUI screen, the 

microcontroller connects to the computer and configures the control signals/settings that 

allow for automated control via the GUI. With this GUI, the user is able to control 

parameters such as microstepping coordination, stepping rate acceleration/deceleration, 

and desired speeds. This GUI allows the testing of device functionality without having to 

reconfigure the hardware of the DRV8829. The “Microstepping Demo” function is used to 

step the motor a desired range by setting specific parameters and selecting “Start Steps.” 

Step sizes can be adjusted by selecting options in the Microstepping Resolution 

function.  Below is an image of the GUI layout and its options: 
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Figure 6.2.1.1 DRV8829 Evaluation Module GUI 

6.2.2 Load Cell GUI 

The user interfaces with the load cell subsystem via a graphical user interface (GUI) 

developed on Labview. The front panel, which is what the user sees, is shown in Figure 

6.2.2.1 below. It consists of a real-time chart, and an array of the raw, unfiltered, 

uncalibrated data. It also has a calibrate button so the user may calibrate the load cell at 

any time. The calibration is also performed initially every time the program the run, without 

the user’s prompting, and is currently set to take 15 seconds. The front panel includes a 

stop button so the user can stop data collection at any time. Finally, there is a save feature 

in the GUI. When it is enabled, the user can opt to save the raw data in a simple .txt file for 

further processing or for their own records.  
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Figure 6.2.2.1 GUI/Front Panel of Labview Load Cell Program 

 

The block diagram for the Labview program is shown below in Figure 6.2.2.2. Run Mnemo 

is a sub VI used for communication with the microcontroller on the SM-USB-DIG platform. 

The pink blocks enclose the SPI commands sent via the microcontroller to operate and read 

the digital data from the ADS1246. These inputs specify a data sampling rate of 20Hz and a 

gain of 2 on the internal programmable gain amplifier (PGA) of the ADS1246.  

 

 
Figure 6.2.2.2 Block Diagram of Labview Load Cell Program 

 

7. Analysis 

7.1 Frame Loading and Buckling 
Analysis of the spine tester was necessary for establishing the structural integrity of the 

design. It is important that engineers consider safety risks when designing equipment, and 

certainly those which can be caused by failure of the frame. Due to the complexity of the 

frame and in an attempt to utilize available engineering tools, ANSYS, a simulation driven 

product development tool, has been used to perform the majority of the analyses. The 
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results can be seen in Appendix B. As far as terminology is concerned, forces are 

recognized and named with reference to the spine being tested and not the frame. 

Therefore a compression force refers to compressing the spine, while the frame actually 

experiences the opposing tension force. The results from ANSYS evaluation show very high 

safety factors, because the frame is constructed of heavy carbon steel. This demonstrates 

that the system has extremely low chances of mechanical failure. Analysis was performed 

manually for buckling, bending, crushing, and bolt analysis. All results yielded acceptable 

values for demonstrating the structural integrity of the frame. 

7.2 Linear Actuator 

Force analysis was also necessary to guarantee reliability within the actuator. It was desired 

that the actuator be able to output enough force to compress the spine (4500N) and have 

high accuracy, but also be within budget. A linear actuator coupled with a speed reducer 

ratio of 10:1 was decided based on the estimated applied load, motor torque, and the total 

torque needed to raise or lower the stage bolted to the actuator. 

7.3 Load Cell 

Using finite element methods, analysis was performed to model the strain experienced by 

the load cell, detailed in Appendix D.  

 

8. Development Plan and Implementation 

In an effort to be efficient, effective, and organized, a development plan was established to 

clearly describe the order in which tasks would be completed during the building phase. The 

manufacture of the entire system was comprised of three major phases. These include: the 

mounting and manufacture of the linear actuator and stage, the circuit design of the load 

cell and motor control subsystems, and the programing and coding associated with the 

graphical user interfaces. Any final modifications and fixes were to be completed during the 

third phase of the development plan.  

8.1 First Build: Linear Actuator and Stage  

The first major milestone included modifications to the frame to allow for proper mounting of 

the linear actuator along with the stage. The linear actuator is powered by a gearhead 

attached to a stepper motor. Attached to the moveable shaft of the actuator is the load 

cell/stage complex. The platform is able move up and down, which directs either a 

compression or tension load on the tested spine. The linear actuator, motor, and gearhead 

were ordered together from IPTech after consultation with IPTech engineer Aaron Clum 

(aaronc@iptech1.com). 

 

mailto:aaronc@iptech1.com
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8.2 Second Build: Load Cell 

The load cell was constructed and the strain gauges were soldered to the L-beams by the 

previous team. It is fixed via bolts and screws and consists of three L-shaped beams with 

two separate holes drilled into each beam to allow for measurable strain to occur. These 

holes are drilled along the beam where the strain gauges are loaded, in order to increase 

strain in this area (see diagrams in Appendix D). Each L-shaped beam consists of at least 

one strain gauge bridge circuit capable of measuring the strain experienced as varying 

loads are applied to the spine and transduced to the load cell. 

This build involved soldering the various circuit components and ADC to the custom printed 

circuit board described in section 5.3.3. It also involved wiring the strain gauges in a 

Wheatstone bridge configuration and soldering them to the appropriate pads on the custom 

PCBs. The SM-USB-DIG platform was then wired to the PCB output pads, so that the data 

could then be passed along to a computer GUI.  

8.3 Third Build: GUI, Programming, and Final Modifications 
For the third and final phase of the project, graphical user interfaces (GUI) were developed 

to provide an interface for a user to interact with the system. In this phase, programming 

was conducted in Labview to allow users to input certain parameters to obtain the load cell 

force readings. The GUI which interfaces with the motor control subsystem was also tested 

with the system in this phase. Proper coding and wiring was needed to configure the 

microcontroller on this board. 

 

9. Performance 

9.1 Requirements Review 

 

Number Type Description Priority How it is Met 

101 Functional The system should be able to 

accommodate for bending of 

the spine about the X-axis. 

Desired This will be 

developed by a 

future team 

102 Functional The system should be able to 

accommodate for bending of the 

spine about the Y-axis 

Desired This will be 

developed by a 

future team 

103 Functional The system shall be able to 

accommodate for 

Must Stage movement 

functional along the 

Z axis 
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tension/compression of the spine 

about the Z-axis 

104 Functional The system should be able to 

accommodate for lateral rotation 

of the spine 

Desired This will be 

developed by a 

future team 

105 Functional The system shall be able to 

house the entire spine 

Must The stage and spine 

housing are 

adjustable 

106 Functional The system should be able to 

house cervical, thoracic and 

lumbar sections of the spine 

independently or in linear 

combination 

Must The stage and spine 

housing are 

adjustable 

107 Functional The system should be able to 

measure the resulting torque 

about the X,Y and Z axes 

Desired This will be 

developed by a 

future team 

108 Functional The system should be able to 

optically track the spine 

movement to a precision of 0.5 

degrees 

Desired This will be 

developed by a 

future team 

201 Technological The system shall incorporate a 

DC brushless stepper motor to 

drive linear motion 

Must A stepper motor has 

been mounted 

202 Technological The system shall utilize a 

microcontroller and motor driver 

to drive the motors 

Must The TI DRV-8829 

EVM drives the 

motor 

203 Technological The system shall utilize a GUI for 

user-controlled spine movement 

Must GUI utilized for 

motor control 

204 Technological The system shall utilize strain 

gauges to measure the applied 

loads 

Must Working strain 

gauges are 

mounted on the 

load cell 



27 
 

205 Technological The system shall utilize a TI 

component for strain gauge data 

collection 

Must The microcontroller 

on the DRV8829 

can be used for 

data collection 

206 Technological The system may incorporate a 

hydraulic system for moving 

parts 

Desired This will be 

developed by a 

future team 

301 Performance System needs to perform 

100,000 repetitions 

Desired Movement is 

repeatable 

302 Performance Load cell needs to be able to 

tolerate and gauge 600 N-m 

Must Load cell has been 

tested to tolerate 

large forces 

303 Performance Load cell needs an accuracy of 

+/- 50N for compressive forces 

Must Load cell is 

sensitive and has 

SNR >1 for a 50N 

signal 

304 Performance Compression/Tension loading 

must be accomplished in 

increments of 50N, up to at least 

400N 

Must Have shown 

incremental 

increases up to 

400N 

401 Utilization The system shall be within the 

$3500 budget 

Must The team did not go 

over budget 

402 Utilization The system shall be completed 

by May 6, 2014 

Must The team presented 

on May 6th 

403 Utilization The system shall disassemble Must The system 

disassembles 

404 Utilization The system should fit through a 

doorway 

Must The system has 

been moved 

through normal 

doorways, albeit on 

its side 

405 Utilization The system shall be electrically 

safe 

Must The system has 

been tested with 
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normal use for 

safety 

501 Trade-Off Overall system functionality and 

synergy between subsystems 

over the quality of individual 

subsystems 

Must Focus shifted to Z 

axis functionality, 

instead of multiple 

axes 

502 Trade-Off The team will prioritize complete 

closed-loop motor control for one 

degree of freedom motion over 

aiming for multi-directional 

movements 

Must This will be 

developed by a 

future team 

Table 9.1.1 Requirements Review 

9.2 Acceptance Test Results 

Once the spine tester was functional, three overlying requirements were tested and 

verified to ensure that the project is deemed successful as shown in Table 9.2.1 below. The 

first is that the machine must have precise movements in at least one direction of motion. 

The second is that the system must have accurate readings from the sensor subsystem. 

Finally, the tester must be easy for the stakeholders to use.  

 

Test Description Related Requirements 

1 Motor Precision 

Test 

Compression/Tension loading must be accomplished in 

increments of 50N, up to at least 400N (Req. 304) 

2 
Sensor Accuracy 

Test 

Load cell needs an accuracy of +/- 1N (Req. 303) 

3 
Usability Test The system shall utilize a GUI for user-controlled spine 

movement (Req. 203) 

Table 9.2.1 Acceptance Test Plan 

 

In the spine tester system, the first challenge is that of precise movement by the 

motor subsystem. Originally, the team had set out to test motor precision based on a 

mathematical formula that related pulse width and angular position. That is, X amount of 

pulses would result in θ degrees of movement. This test was then modified due to a design 

change from a servo motor to a stepper motor. The test was modified to simply calculate 

the number of steps required to provide X millimeters of linear movement to the stage, 

based upon the known values of steps required for a full rotation, the gearbox ratio, and the 
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linear actuator displacement output from one full rotation. This test has been deemed 

successful due to the motor control parameters provided by the GUI. Because the GUI 

enables immediate and real-time directional control, as well a micro-stepping option, precise 

user control can be accommodated for. Furthermore, the switches housed on the DRV-

8829 EVM enable the team to control the precision of micro-stepping with manual control. 

This allows the users to manually single step the stepper motor to 1/32 of a normal full step. 

The next test is to ensure that accurate data is being read by the load cell subsystem. After 

assembly and calibration, known forces were applied to the load cell and the results were 

displayed. The load cell both positively (compressive) and negatively (tensile) registered 

loads and effectively measured over 1500N of compressive force. Moreover, the load cell 

completely recovered to 0N immediately after the force was removed. This can be seen in 

figure 9.2.1 below. The sensor accuracy acceptance test was successfully completed 

because the load cell subsystem consistently measured varying forces in the full range 

set forth in the system requirements.  

 

 
Figure 9.2.1 Load Cell compressive force test results in Load Cell GUI 

The final test conducted determined the ease of use of the system. For the spine 

tester, the group decided to focus efforts on movement along the Z-axis. The user controls 

movement of the stage via a GUI. The group utilized the GUI provided with the Texas 

Instruments DRV8829 motor driver evaluation module for this purpose. Several issues 

presented with the GUI when single step movements were desired, but continuous motor 

movement proved to be very stable. The features of the GUI that allowed for micro-stepping 
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functionality and on-the-fly directional control, as well as the 10:1 reduction of step size by 

the gearhead, meant that continuous movement did not compromise effective and reliable 

user-directed motor control via the GUI. This allowed the group to utilize the supplied GUI 

furthering usability for users. To test the GUI, repeated movements and directions were 

coordinated and controlled by the user. This resulted in a passing usability acceptance test. 

 

10. Closure 

The multi-axial spine tester as a design project exemplifies the multidisciplinary aspect of 

the Senior Design class. The subsystems covered an array of engineering disciplines, with 

mechanical analysis and manufacturing, electrical work, and computer programming.  

As a team lacking in electrical engineers with electrical and computer programming 

experience, there was certainly a fish-out-of water element at play. With significant help 

from our sponsor Vasco Polyzoev from Texas Instruments, as well as our mentor Clayton 

Grantham, we were able to move forward in several areas of the electrical subsystem 

design.  

The completed machine is able to successfully apply compression and tension forces to a 

spine segment using open loop motor control via either a GUI or via manual control. It can 

effectively measure the force output using a custom-built load cell, and save the results of 

an experimental run.  

Though the machine met all of our “must” requirements, there is potential to improve the 

design in several ways, including adding additional degrees of freedom of motion and 

automating the loop between the force sensing and motor movement subsystems. 

We would like to acknowledge all of our sponsors and mentors for their guidance and 

assistance with this project. The team would like to acknowledge Dr. Vasco Polyzoev from 

Texas Instruments for his tremendous help and involvement throughout the lifecycle of the 

project. The team would also like to give a special thanks to our mentor, Clayton Grantham, 

and neurosurgical resident Dr. Whitney Sheen, for their support. The team would finally like 

to acknowledge Dr. Enikov and Dr. Anton for their involvement in the development of the 

project, and for Dr. Enikov’s generosity in providing us with full use of his mechanical 

engineering lab.  
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11. Budget and Suppliers 

Order 

Date Distributor 

Cost 

(USD) Product Description 

11/12/2013 Texas Instruments 69.7 

LAUNCH-F28027F-BOOST-DRV8301 : 

InstaSPIN-FOC LaunchPad and DRV8301 

BoosterPack Bundle 

11/21/2013 Advanced Circuits 105.94 Custom 2-layer board 

12/5/2013 Digi-Key 46.86 IC ADC 24BIT DEL/SIG LN 16TSSOP (x4) 

1/21/2014 Motion Industries 436.99 

WS 3/4 L 24 SHAFT (x4); FSB-12 

SUPPORT BLOCK (x4) 

1/21/2014 Motion Industries 345.13 

FNYBUFB12-ALS (x4) (linear ball 

bearings) 

1/27/2014 

Industrial Metal 

Supply 176.12 Aluminum Tube Rect 6063 (x2) 

2/21/2014 IP Tech 1733.83 Electric Thrust Tube Cylinder 

2/21/2014 IP Tech 141.36 Nema 23 Step Motor 

2/21/2014 IP Tech 342.99 Nema 23 Gearhead S Series 

1/21/2014 Motion Industries -222.84 

PARTIAL REFUND of e-doc#:2644484 WS 

3/4 L 24 SHAFT (x4); FSB-12 SUPPORT 

BLOCK (x4) 

1/21/2014 Motion Industries -245.43 

PARTIAL REFUND of e-doc#:2656201 

FNYBUFB12-ALS (x4) 

3/31/2014 The TI Store 149 

DRV8829EVM Evaluation Module for the 

DRV8829 

4/11/2014 

Aztec Embroidery 

and Screen printing 116.62 Polo shirts with logo for Design Day 

4/28/2014 N/A 200 Machine Shop labor costs 

4/30/2014 Home Depot 12.44 

Holding Cup and Wood (to simulate spine 

for demo purposes on design day) 

5/5/2014 N/A 86.40 Design Day Poster 

 Total 3495.11  

 

  



32 
 

12. Project Management 

12.1 Gantt Chart 

 

Semester: Fall 2013 

Figure 12.1.2 Gantt Chart showing project milestones during first semester 
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Semester: Spring 2014 

 

 
Figure 12.1.2 Gantt Chart showing project milestones during second semester 

12.2 Engineering Notebook 

See D2L and Drive folder for documentation from Engineering Notebook. ENB was 

reviewed by Clayton upon submission of Final Report. 
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Appendix B 

Diagrams 

 

 

Fig A1 Full system Solidworks design 

 

 

Fig A2 Guide Rail with ball bearing 
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Fig A3 Load Cell and Stage 

 

Fig A4 ETH032 Linear actuator 
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Fig A5 Steel beam used in frame design to support stage and attach to ball bearings on 

guide rails 
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Appendix C 

Frame Analysis 

 
Fig C1 Results for Compression loading 

 

 
Fig C2 Von Mises Compression Results 
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Fig C3 Compression Fatigue Safety Factor Results. High safety factor between 10 and 15. 

 

 
Fig C4 Sagittal Bending Results- sagittal bending with negligible von mises. 
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Fig C5 Sagittal Bending Fatigue Safety Factor. 

 

 
Fig C6 Axial Rotation with negligible Von mises. 
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Fig C7 Axial Rotation Safety Factor 
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Manual Frame Calculations 
 

 
 

 



45 
 

 
 

 

 



46 
 

 
 

 

 



47 
 

 
 

 

 



48 
 

 
 

  



49 
 

Appendix D 

Load Cell Analysis 
 

 
Fig D1 Compression Boundary Conditions 

 
Fig D2 Compression Strain Analysis 
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Fig D3 Load Cell Compression 

 

 
Fig D4 Load Cell Compression Safety Factor 
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Fig D5 Sagittal Bending Boundary Conditions 

 

 
Fig D6 Sagittal Bending Results. Safety Factor >>15 
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Fig D7 Axial Rotation Boundary Conditions 

 

 
Fig D8 Axial Rotation Strain Results. 
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Fig D9 Axial Rotation Safety Factor >>15 
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