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1.1 Definition of Problem 

LODOX-MP is a X-ray machine capable of various conventional scans including: 

antero-posterior, lateral , Trendelenberg and erect chest. In order to capture these 

scans, the C-arm of the LODOX machine moves along the long axis of the trolley 

driven by a linear motor mounted on the back frame. For lateral and erect chest 

scans the C-arm rotates around the long axis of the trolley. This was initially achieved 

via a chain drive, which has been superseded by a belt drive for greater accuracy and 

smoother rotation. In addition, the trolley can be raised and lowered manually, giving 

the LODOX machine three degrees freedom of movement (Figure 1.1). To perform 

the Trendelenberg scan the trolley can be tilted by raising or lowering either end of 

the trolley, giving a limited fourth degree of freedom to the machine. 

Figure 1.1: The three degrees freedom of movement of LODOX: (a) around the long axis of 
the trolley, (b) along the long axis of the trolley and (c) raising and lowering the 
ends of the trolley. 

In order for the LODOX technology to be used for other applications such as Com­

puted Tomography (CT) or Tuberculosis (TB) scanning, more degrees-of-freedom 

may be required, and hence the mechanics of the machine may have to be re-
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designed. An alternative option is to use an industrial robot. Motivations for using 

such an industrial robot are threefold: 

1. The robot under investigation, the MOTOMAN SK150, has six degrees of free­

dom (Figure 1.2). Hence almost any type of movements can be achieved, al­

though only four degrees of freedom are probably all that would be required for 

most types of scanning . 

2. The use of an off-the-shelf industrial robot would possibly alleviate the need for 

the lengthy and costly research and development process in redesigning the 

mechanics of the LODOX machine. The cost of the robot may be comparable 

to the cost of the mechanics of the present LODOX machines. 

3. The robot is certified and conforms to standards of international regulatory bod­

ies, and hence there may be a reduction in the time and cost of testing for 

safety. 

Figure 1.2: The MOTOMAN SK150 industrial robot. The six degrees-of-freedom are depicted 
by the arrows. 
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(a) Cartesian/Gantry Robot (b) Cylindrical Robot 

(c) Spherical Robot (d) SCARA Robot 

(e) Articulated Robot (f) Parallel Robot 

Figure 2.1: Robot Types reproduced from (IFR, 2001) 
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controlled robotic arm, which is used in radiosurgery Adler ef a/. (1999). The FANUC 

robot is an off-the-shelf industrial robot which is used to point a lightweight x-band 

linear accelerator in cranial radiosurgery. During the radiosurgery, an X-ray imaging 

system determines the location of the lesion and communicates the coordinates to the 

robot, which adjusts the pointing of the linear accelerator beam to maintain alignment 

with the target (Figure 2.2). 

Figure 2.2: Image-guided radiosurgery using the ACCURAY CyberKnife® reproduced from 
Schweikard (1997) 

2.2 Robot Safety 

Safety considerations for personnel and equipment working in robotics environments 

differ depending on the application. Industrial robots have various standards deal­

ing with such issues which are summarised in the following section. Medical robots 

through their close interaction with humans require further safety standards to that of 

industrial robots. Medical robot safety is therefore discussed in a separate section. 

A risk assessment analysis technique entitled FMECA was used to analyse the ex­

isting LODOX system to identify issues for the proposed LODOX-Robot system. A 
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(a) The robot arm or manipulator (b) The Manual Robot Con­
troller (MRC) and the pro­
gramming pendant 

Figure 3.1: The MOTOMAN SK150 Industrial Robot Located at the National Accelerator Centre 
(NAC), Faure, South Africa 

ure 3.1), and the power supply. The robot has six joints that can be individually con­

trolled, giving it six degrees-of-freedom and an extensive working range/envelope, 

which can be seen in Figure 3.2. The basic specifications of the MOTOMAN SK150 

are given in Table 3.1, while the complete data sheet is reproduced in Appendix A. 

The robot can be positioned using both joint and rectangular co-ordinates. When 

positioned using joint co-ordinates, the robot is moved by assigning an angle to each 

of the six joints. However, when using rectangular co-ordinates, both a linear distance 

and an angle of rotation are assigned to each of the three axes. The velocity can also 

be described in rectangular and jOint co-ordinates over time, as (m/s) and (rad/s) 

respectively. 
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Figure 3.3: Simulation of LODOX conducting an antero-posterior scan 
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Figure 3.4: Simulation of LODOX conducting a lateral scan 
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Figure 3.5: Scanning a patient using the phantom C-arm mounted on the robot 
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(a) Point seen through the 
viewfinder of the theodolite 

(b) Schematic of the point 

Figure 4.1: The point used for RP accuracy and LM accuracy tests 

To confirm this value, independent tests were conducted on the robot at the NAC. 

These tests were undertaken by Steffen Schanz, a undergraduate mechanical engi­

neering student working on a similar project at the NAC. He used a theodolite and two 

precision machined rods attached to the wrist of the robot to measure the repetitive 

accuracy. 

The rods used were machined from stainless steel to lengths of 0.1 m (Rod 1) and 1 m 

(Rod 2). A precision point was machined that could be attached to both rods. This 

point (Figure 4.1) was accurately machined to three stepped diameters: 3mm, 2mm 

and Imm and then a point. The reason for these stepped diameters was for the linear 

accuracy tests, which are described in Section 4.2.2. 

Two tests were conducted, both with Rod 2 connected to the robot and the point at­

tached to the end of the rod. The TCP was assigned to the point of the rod, and 

the robot was then taught two different jobs. The first job was a simple movement 

through two co-ordinates and then it returned to the initial co-ordinate, while the sec­

ond job moved the TCP through four co-ordinates before again returning it to the 

initial position (Figure 4.2). 

33 



Univ
ers

ity
 of

 C
ap

e T
ow

n(a) Simple two co-ordinate 
job 

(b) Complex four co-ordinate 
job 

Figure 4.2: The two repetitive accuracy tests depicted in Robot Off-line Teaching System of Yasakawa 
(ROTSY) simulations 

Before the jobs were run, the theodolite was set up with the cross-hairs of the viewfinder 

focused on the point attached to the end of the rod. The jobs were then subsequently 

run and the robot moved through the programmed co-ordinates ending at the initial 

position. The change in position of the point from the initial co-ordinate to the final 

co-ordinate was measured from the graduations in the viewfinder of the theodolite. 

4.2.2 Linear Movement Accuracy Tests 

Testing for LM accuracy involved determining how far off a straight line the robot Tep 

deviated when it was programmed to move linearly (using rectangular co-ordinates) 

between two points. The deviation from this line could occur in one or both of the 

planes tangential to the plane of movement. This deviation was measured using the 

theodolite. 

Six one metre, two position robot jobs were programmed, three with each rod at­

tached. The Tep was assigned to the point when attached to each rod. The theodo­

lite was set up in such a way that the beginning and end positions of each of the jobs 

were perfectly in line with the cross-hair of the viewfinder. Thus on running each job, 

the Tep should not have moved when viewed through the viewfinder of the theodo-
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Figure 4.3: LM accuracy tests using the short rod, Rod 1 
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Figure 4.4: LM accuracy tests using the long rod, Rod 2 
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(a) On the TCP of the robot wrist (b) On the collimator cover of 

the C-arm 

Figure 4.5: The placement of the retro-reflective markers. 

on the front of the collimator cover on the LODOX C-arm (Figure 4.5). Infra-red light 

was then strobed on the markers by the infra-red light emitting diodes which surround 

each of the lenses of the cameras. The reflections of the markers were then captured 

by the cameras. The images were processed by the Vicon Workstation 3.0 motion 

analysis software and converted by the Rdata2 conversion program into ASCII files. 

Simple two-position jobs were programmed for the robot tests. One each in the ver­

tical, horizontal and diagonal planes, all at a speed of lOOOmm / s and over a distance 

of 1m. 

For the LODOX machine, six tests were conducted. The distance of the tests was 

roughly two metres and the speed was the full speed of a normal LODOX scan, 

approximately 140mm/s. Four tests were conducted with the C-arm in its open posi­

tion (antero-posterior scans) and two tests in the extended position (lateral and erect 

chest scans). 
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Rotary Encoder 

The second method for testing CV accuracy consisted of using a rotary encoder to 

measure the velocity. The testing rig consisted of a pulley, a rotary encoder, a length 

of video tape and a PC. 

The pulley was machined to a circumference of 25mm with two walls to act as guides 

for the tape running over it. It was then mounted on the shaft of the rotary encoder, 

which itself was mounted on a fixed surface like a wall, exactly horizontal to the plane 

of movement of the subject. The length of video tape was then placed on the pulley, 

with the one end attached to the subject and the other to a counter-weight. The 

length of tape from the pulley to the subject was therefore directly orthogonal to the 

wall, while the length of tape from the pulley to the weight hung vertically downwards. 

As the subject moved, the tape was pulled over the pulley and pulses were generated 

by the rotary encoder. The encoder is a 500 pulse per revolution rotary encoder which 

was attached to the serial port of the PC. A specially designed program written by Jan 

Van Der Merwe at the NAC captured the pulses and outputted them to .txt files. 

A ROTSY picture of the testing rig attached to the robot's TCP is given in Figure 4.6. A 

similar setup was used for testing the LODOX machine, where the tape was attached 

to the collimator housing on the C-arm. 

Figure 4.6: Testing for CV accuracy with the rotary encoder rig 

Because the circumference of the pulley was 25mm and the encoder produced a 

maximum of 500 pulses per revolution, a pulse was produced by every 0.05mm of 

tape that passed over the pulley. The capture program on the PC could be set to 
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rather used for scaling the output and the temperature sensor was not needed as the 

temperature of the subjects was essentially constant. 

c 

R1 
51 

C1 I 0 .22 
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t+-- -----1C>· differential 

< ~~ 
+ 

Figure 4.7: The schematic of the accelerometer circuit (for one plane) 

The accelerometers were mounted orthogonal to each other on a machined nylon 

block (Figure 4.8). The accelerometers were bonded to the block with epoxy, with 

their legs facing outwards. This was to reduce vibrations of the electronic components 

from affecting the accelerometer itself. 

Figure 4.8: The three accelerometers mounted orthogonally on the nylon block 

The ADXL 105 is designed so that Electro MagnetiC Interference (EM I) or magnetic 

fields do not normally affect it, although the other electrical components of the test rig 

are affected by EMI which was experienced in initial testing. The unshielded 8-core 

cable was therefore replaced with a shielded cable and ferrite cores were attached to 

either end of the cable. The nylon block was also encased in a grounded metal box 

(Figure 4.9). These precautions together with the low-pass filter on the supply voltage 

and a differential output voltage helped to produce useful signals from the tests. The 

signals captured with this shielding were then able to be used. 
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Figure 4.9: The shielding of the accelerometers 

The capture card used to interface with the accelerometers was the Eagle Technol­

ogy PC30FA. The PC30FA is a 12bit ISA-bus multifunction analogue and digital I/O 

board. It accommodates the following signals: 16 single ended or 8 differential lines 

of analogue input; 4 lines of analogue output; 24 digital I/O lines; external trigger and 

clock; ±12V power supply, with limited current output, as well as an optional +5V 

supply. The card also has a programmable gain of 10, 100 or 1000. The data sheet for 

the PC30FA card can be found in Appendix C. 

As the output of the accelerometers was a differential analogue voltage, three single 

ended and three differential analogue inputs on the capture card were used, as well 

as the +5V supply and ground. The PC30FA has a capture rate of 100kHz per channel 

when capturing two or more channels, and 333kHz when capturing a single channel. 

The program that was used to capture the data was Wave View. This software was 

supplied with the capture card from Eagle Technology. Wave View is a DOS based 

capture and analysis program which can handle multiple channels and boards simul­

taneously. In addition it can control the gain for each channel independently. The 

analysis part of the program can produce Fast Fourier Transforms (FFTs) of any cap­

tured signal. All captured data can be printed directly from the program or can be 

outputted as text files. 

The captured data consisted of three tab-delimited columns, one for each of the 

planes of movement. The output of the accelerometers is a voltage representing an 

acceleration. Conversion of these voltages into meaningful velocities in mis, required 

the use of other applications. The functions that were required to be implemented in 

these applications were as follows: 
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Table 4.1: Results of the Constant \/PI()f"IIIV accuracy tests on LODOX 

eras. 

It was 

were 
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Figure 4.10: The graphical-user-interface of the Accelerometer Data Analysis VI. 
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POS1 

POS2 

POS2 . 

Figure 4.11: The location of the three sets of CV accuracy tests (using accelerometers) conducted on 
the robot. 
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(b) On the robot. 

Figure 4.12: The placement of the accelerometer rig. 
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Figure 4.13: A displacement vs_ time graph of the robot Tool Centre Point moving ±l.4m horizontally_ 
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Table 4.4: Results of the CV accuracy tests on the robot 
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Industrial Robot 

MOTOMAN-SK120 
MOTOMAN-SK120-150 
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MOTOMAN-SK120 • MOTOMAN-SK120-150 

r 

AIR INLET (A+EI) 
(PT 3'8 tap, 

wnh plug) 

/ 
/ 
I 

~----­
\ 

\ 
\ 

Specifications 
Controlled Axes 
Payload 

Re~etitive PositioninlAccura9: 
S-axls (turning) 
L-axis (lower arm) 

Motion U-axis (upper arm) 

Range R-axls (wrist roll) 

B-axls (wrist pitch) 

T-axls !wrist~ 
S-axis 
L-axis 

Maximum U-axls 
Speed R-axis 

B-axis 
T-axis 

SK-120 
6 

120 kgs 
±OAmm 
±ISO° 
HO° 

+35°, _115° 

±350° 
±130° 
±355° 
110·/s 
125 0 ,s 
1250 ,s 
1500 ,s 
1500 ,s 
2500 ,s 

2573 

\ .. A 

\ 
\ 

POINT P 
Worlcing Range 

SK 120- 150 
6 Weight 

150 kgs Power SUI!e'l 
±OAmm Allowable 

±ISO° Moment 
±70° 

+35°, _115° Allowable 
±350° Inertia 
±130° GO'/4 
±355° 
looo/s Ambient 
1000 ,s Conditions 
100·'s 
1250 ,s 
1250 ,s 
2000 ,s 

Headquarters: 

View A 

* Co",,.c:tOl'type Plug Iy". 
(not included) 

1 JL05-2A24-28SC JL05-5A24-28P 
2 JL05-2A24-28PC JLO~A24-28S 

ViewC 

R-axis 
B-axis 
T-axis 
R-axis 
B-axis 
T-axis 
Temperature 
ReI. Humidity 
Vibration 

Others 

AIR INLET (A+B) 
(PT 3/8 lap, 

wnh plug) 

SK- 120 SK 120-150 
1500 kgs 1500 kg. 
22 kVA 22 kVA 

686Nm (70kgf-m) 833Nm (85kgf-m) 
686Nm (70kgf-m) 833Nm (85kgf-m) 
392Nm (40kgfom) +lINm (45kgfom) 

42kg-m' 49kg-m' 
42kg-m' 49kg-m' 
145k&-m' 14.5~-m' 

o to 45°C 
20 to SO% RH 
0.5G or less 

- IP65 (wrist unit) 
• Free from excessive electrical noise. 
- Free from corrosive gas or liquid, or 

explosive gas. 

Subsidiaries: 

MOTOMAN ROBOTICS AB MOTOMAN ROBOTICS (UK) L TO 

Box 504 • 5-385 25 Torsas' Sweden 
T.I +<16-486-10575 - Fax +46-486-41410 

84 

'SwwI ~ Eagle'~ -O_O)( •• ,OJ· ~ 
Ttl! .+4-1295 172155 • ru ...... 'ns 161117 

MOTOMAN ROBOTICS ITALIA s.r.l. 
VIa e.-. est. I 4l(h1 I , • ~IIOO Mod_ -ltat, 
Tel .)9-59 280494' hx tn· 59 280641 

MOTOMAN ROBOTICS FRANCE S.A. 
~~ N~ It ColI • D2A Na", __ AtbtltiqvoI" 
f-44860Sl~U.,,· mrw:. 
Tt/tU-40&40919 -m '1l-40 15.' 41 
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Appendix B 

The ANALOG DEVICES ADXL 105 

Accelerometer 

85 



Univ
ers

ity
 of

 C
ap

e T
ow

n

.... ANALOG 
IIIIIIIIIII DEVICES 

High Accuracy + 1 g to + 5 g Single Axis 
iMEMS® Accelerometer with Analog Input 

FEATURES 
Monolithic IC Chip 
2 mg Resolution 
10 kHz Bandwidth 
Flat Amplitude Response 1±10/01 to 5 kHz 
Low Bias and Sensitivity Drift 
Low Power 2 mA 
Output Ratiometric to Supply 
User Scalable gRange 
On· Board Temperature Sensor 
Uncommitted Amplifier 
Surface Mount Package 
+2.7 V to +5.25 V Single Suppiy Operation 
1000 g Shock Survival 

APPLiCATIONS 
Automotive 
Accurate Tilt Sensing with Fast Response 
Machine Health and Vibration Measurement 
Affordable Inertial Sensing of Velocity and Position 
Seismic Sensing 
Rotational Acceleration 

GENERAL DESCRIPTION 
The ADXL105 is a high performance, high accuracy and com· 
plete single-axis acceleration measurement system on a single 
monolithic IC. The ADXL105 offers significantly increased 
bandwidth and reduced noise versus previously available micro­
machined devices. The ADXL105 measures acceleration with a 
full'scale range up to ± 5 g and produces an analog voltage out· 
put. Typical noise floor is 225 ~ allowing signals below 
2 mg to be resolved. A 10kHz wide frequency response enables 
vibration measurement applications. The product exhibits signifi· 
cant reduction in offset and sensitiviry drift over temperature 
compared to the ADXL05. 

·Palem Pending. 
iMEMS is a registered trademark of Analog Devices, Inc. 

REV. A 

Information furnished by Analog Devices is believed to be accurate and 
reliable. However, no responsibility is assumed by Analog Devices for its 
use, nor for any infringements of patents or other rights of third parties 
which may result from its use. No license is granted by implication or 
otherwise under any patent or patent rights of Analog Devices. 

86 

ADXll05* I 
FUNCTIONAL BLOCK DIAGRAM 

VDD 

The ADXLI05 can measure both dynamic accelerations, (typi· 
cal of vibration) or static accelerations (such as inertial force, 
gravity or tilt). 

Output scale factors from 250 mVlg to 1.5 Vig are set using the 
on~board uncommitted amplifier and external resistors. The 
device features an on-board temperature sensor with an output 
of 8 mV/'C for optional temperature compensation of offset vs. 
temperature for high accuracy application. 

The ADXLl05 is available in a hennetic 14·1ead surface mount 
Cerpak with versions specified for the O'C to +70'C, and 
-40°C to +85°C temperature ranges. 

One Technology Way, P.O. Box 9106, Norwood, MA02062·9106, U.S.A. 
Tel: 781/329·4700 World Wide Web Site: http://www.analog.com 
FIX: 781/326-8703 C Analog Device., Inc., 1999 
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Parameter Conditions 

SENSOR INPUT 
Measurement Rangel 

Nonlinearity Best Fit Straight Line 
Alignment Errorl 
Cross Axis Sensitivityl Z Axis. @ +25°C 

SENSITIVlTY' (Ratiometric) At AoUT 
Initial 

Vs=2.7V 
vs. Temperature" 6 

ZERO g BIAS LEVEL' (RaliomClric) At AOlrr 
Zero g Offset Error From +2.5 V Nominal 
V$. Supply 
V$, Temperature),7 

NOISE PERFORMANCE 
Voltage Densify' @+25'C 
Noise in 100 Hz Bandwidth 

FREQUENCY RESPONSE 
3 dB Bandwidth 
Sensor Resonant Frequency 

TEMP SENSOR' (Ratiomctric) 
Output Error at +25°C From +2.5 V Nominal 
Nominal Scalc Factor 
OUlpUl Impedance 

V M1D
4 (Ratiometric) 

Output Error From +2.5 V Nominal 
OUCPUI Impedance 

SELF-TEST (Proportional to VoU> 
Voltage Delta at Aor.rr Self-Test "0" 10 ",,, 

Input Impedance' 

Awr 
Output Drive l=i501lA 
Capacitive Load Drive 

UNCOMMIlTED AMPUFIER 
InilialOffset 
Inirial Offset vs. Temperature 
Common-Mode Range 
Inpur Bias Currenti 
Open Loop Gain 
Output Drive 1=11001lA 
Capacitive Load Drive 

POWER SUPPLY 
Openuing Voltage Range 
Quiescent Supply Current AI 5.0 V 

AI 2.7 V 
Tum-On Time 

TEMPERATURE RANGE 
Operltina Range) 
Specified Perfonn.nec A 

NOTES 
IGuarantttd by Idll ofl.uO g bias. scn,ilivily and output swing. 
2Alii1lment of the X nil iJ with respect to the lonl edet of the bonom hllf of the Cerpak packaat. 
'Cross axis sensitivitY i. mt:llured with In Ipplied IcotlC'r.ation in the Z Ixis of tht dt\·icc. 

ADXLl05J/A 
Min Typ Ma. Uoits 

15 17 g 
0.2 % ofFS 
11 Degrees 
11 i5 % 

225 250 275 mVlg 
80 105 120 mVlg 

to.5 % 

-625 +625 mV 
-20 +20 mVIVDrJ'I 

50 mV 

225 325 Il&"iliz 
2.25 mgrms 

10 12 kHz 
13 18 kHz 

-100 +100 mV 
8 mVI'C 
10 k!l 

-15 +15 mV 
10 k!l 

100 500 mV 
30 50 kO 

0.50 Vs - 0.5 V 
1000 pF 

-25 +25 mV 
5 ~VI'C 

1.0 4 .0 V 
25 nA 
100 V/mV 

0.25 Vs - 0.25 V 
1000 pF 

2.70 5.25 V 
1.9 2.6 mA 
I.l 2.0 rnA 
700 ~ 

0 +70 'C 
-40 +85 'C 

4Thi. paramt:ter i. rJtiomelric 10 the supply vohagt VOD" Sp«ilicllion is shown witb a ~ .O V VOD' To calculate Ipproximate values at another V DO. multiply the Ipccifinlion by 
Vocl5 V. 

'Sptcificalion refers to the maximum change in parameter from it. inilial value It "2~oC to its wont cue value al T MIN to T.\l.\X' 
"Sec FiiUU 3. 
J5« Pigurt 2. 
'CMOS and TIL Compatible. 
' UCA input bias CUlTenl i. lested at finallCII. 

All min and max 'p«ificalions are iUar:anletd. Typicallpt"Citic~lIion. arc nOI tCltcd or Iuarantctd. 
Specifications lubjtCI 10 (bange without notict. 

-2-
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ABSOLUTE MAXIMUM RATINGS· 
Acceleralion (Any Axis, Unpowered for 0.5 ms) ...... 1000 g 
Acceleralion (Any Axis, Powered for 0.5 ms) . . .... . .. 500 g 
+Vs ... . .. . ... . ... . .. ... ~. 3 V to +7.0 V 
Output Short Circuit Duration 

(Any Pin to Common) . . . . • . . . . . . . . . . . Indefinite 
Operating Temperature ............... . -SS' C to +12S'C 
Storage Temperature . . . . . . ... - 6S' C to + I SO'C 

·Stresscs above: those listed under Absolute Maximum Ratings may cause penna­
nenl damage [0 the device. Thi5 is a stress rating onl~' ; the functional operation of 
the device at these or any other conditions above those indic ated in the operational 
secl ions ormis specification is nOI implj~-d. Exposure 10 absoluh: maximum I1Iting 
conditions for eXlended periods may affcct device reliabili ty. 

Package Characteristics 

Package 

14-uad Cerpak 

Model 

ADXLIOSJQC 
ADXLIOSAQC 

ORDERING GUIDE 

Temperature Range 

O'C to +70'C 
-40'C to +85'C 

CAUTION ________________________________________________ ___ 

ADXl105 

Device Weight 

<2 Grams 

Package Option 

QC-14 
QC-14 

ESD (electrostatic discharge) sensitive device. Electrostatic charges as high as 4000 V readily 
accumulate on the human body and test equipment and can discharge without detection. 
Although the ADXLI 05 features proprietary ESD protection circuitry, permanent damage may 
occur on devices subjected to high energy electrostatic discharges. Therefore, proper ESD 
precautions are recommended to avoid performance degradation or loss of functionality. 

WARNING! QJ 
~~EDEVICE 

Drops onto hard surfaces can cause shocks of greater than 1000 g 
and exceed the absolute maximum rating of the device. Care should 
be exercised in handling to avoid damage. 

Pin No. 

2,3,5 

4 

6 

10 

11 

12 

13,14 

REV. A 

PIN FUNCTION DESCRIPTIONS 

Name Description 

TOUT Temperature Sensor Output 

NC No Connect 

COM Common 

ST Self-Test 

COM Common (Substrate) 

AOUT Accelerometer OutPUt 

VMlO Vod2 Reference Voltage 

VNlN Uncommitted Amp Noninverting Input 

VtN Uncommitted Amp Inverting Input 

UCAOUT Uncommitted Amp Output 

Voo Power Supply Voltage 

-3-
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PIN CONFIGURATION 

NC 

Ne. NO CONNECT 

"our· 2.5QV "our ·1.25V 

Figure 1. ADXL 105 Response Due to Gravity 
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ADXL 1 05-Typical Performance Characteristics 
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Figure 2. Typical 0 g Shift vs. Temperature" 
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Figure 3. Typical Sensitivity Shift vs. Temperature" 
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Figure 8. Typical Noise Density vs. Supply Voltage 
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ADXU05 

Figure 11. Typical Self-Test Response at Voo; 5 V 
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ADXL105 
THEORY OF OPERATION 
The ADXLI05 is a complete acceleration measurement system 
on a single monolithic IC. It contains a polysilicon surface­
micromachined sensor and BiMOS signal conditioning circuitry 
to implement an open loop acceleration measurement architec· 
ture. The ADXLl 05 is capable of measuring both positive and 
negative accelerations (0 a maximum level of ± 5 g. The acceler­
ometer also measures static acceleration such as graviry. allow­
ing it to be used as a tilt sensor. 

The sensor is a surface micromachined polysil icon structure 
built on top of the silicon wafer. Polysilicon springs suspend the 
structure over the surface of the wafer and provide a resistance 
against acceleration-induced forces. Deflection of the Structure 
is measured with a differential capacitor structure that consists 
of rwo independent fixed plates and a central plate attached to 
the moving mass. A 1800 out-of-phase square wave drives the 
fixed plates. An acceleration causing the beam to deflect, will 
unbalance the differential capacitor resulting in an output square 
wave whose amplitude is proportional to acceleration. Phase sensi­
tive demodulation techniques are then used to rectify the signal 
and determine the direction of the acceleration. 

An uncommitted amplifier is supplied for setting the output 
scale factor, filtering and other analog signal processing. 

A ratiometric voltage output temperature sensor measures the 
exaCt die temperature and can be used for optional calibration 
of the accelerometer over temperature . 

Voo 
The ADXLl05 has rwo power supply (Voo) pins, 13 and 14. 
The rwo pins should be connected directly together. The output 
of the ADXLl 05 is raliometric to the power supply. Therefore a 
0.22 [.IF decoupling capacitor berween Voo and COM is re­
quired to reduce power supply noise. To further reduce noise, 
insert a resistor (andlor a ferrite bead) in series with the Voo 
pin. See the EMC and Electrical Noise section for more details. 

COM 
The ADXLl 05 has rwo common (COM) pins, 4 and 7. These 
two pins shou Id be connected directly together and Pin 7 
grounded. 

ST 
The ST pin (Pin 6) controls the self-test feature. When this pin 
is set to VDD) an electrostatic force is exerted on the beam of [he 
accelerometer causing the beam 10 move. The change in output 
resulting from movement of the beam allows the user to test for 
mechanical and electrical functionality. This pin may be left 
open-circuit or connected to common in normal use. The self­
test input is CMOS and TIL compatible. 

AolIT 
The accelerometer output (Pin 8) is set to a nominal scale fac­
tor of 250 mVlg (for VOD = 5 V). Note that AolJT is guaranteed 
to sourcelsink a minimum of 50 ~ (approximately 50 kQ out­
put impedance). So a buffer may be required berween AolJT and 
some A-to-D convener inputs. 

-6-

Vr.uD 
VMlO is nominally VDd2. It is primarily intended for use as a 
reference output for the on board uncommitted amplifier (UCA) 
as shown in Figures 14a and 14b. Its output impedance is ap­
proximately 10 kQ. 

.v 

L--__ ~~....,..~+-OUTPUT 

a. Using the UCA to Change the Scale Factor 

.v ...,----~--, 

ADXL105 

L--___ ~....,..-+-OUTPUT 

SCALE. (Z50~1R2 mV/(J 

R3. SRl 
R1> 20~n 

b. Using the UCA to Change the Scale Factor 
and Zero g Bias 

Figure 14. Application Circuit (or Increasing Scale Factor 

T OlIT 

The temperature sensor output is nominally 2.5 V at +25"C and 
typically changes 8 mVt'C, and is optimized for repeatability 
rather than accuracy. The output is ratiometric with supply 
voltage. 

Uncommitted Amplifier (UCA) 
The uncommitted amplifier has a low noise, low drift bipolar 
front end design. The UCA can be used to change the scale 
factor of the ADXLI 05 asshown in Figure 14. The UCA may 
also be used to add a 1- or 2-pole active filter as shown in Fig­
ures 15a through 15d. 

REV. A 
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Output Scaling 
The acceleration output (AoUT) of the ADXLl05 is nominally 
250 mV/g. This scale factor may not be appropriate for all appli­
cations. The UCA may be used to increase the scale factor. The 
simplest implementation would be as shown in Figure 140. 
Since the 0 g offset of the ADXLl05 is 2.5 V ± 625 mY, using a 
gain of greater than 4 could result in having the UCA output at 
o V or 5 V at 0 g. The solution is to add R3 and VRI, as shown 
in Figure 14b, turning the UCA into a summing amplif,er. VR I 
is adjusted such that the UCA output is VDJ2 at 0 g. 

~ R2 ., 

.. -
OIJT 

V IIIID + 

f-3d8.~ 

GAIN.-~ 

8 . I-Pole Low-Pass Filter 

2O.n 
'N <>-'w.. ..... -----1r----l 

OIJT 

b. 2-Pole Bessel Low-Pass Filter 

., 
c~ 'No-I -

R3 OUT 
V""O • 

v .... o 

f-HI·l.~R2 

OAlH--* 
Rl-1.5R1 

c. I-Pole High-Pass Filter 

.... 2kO 

d. 2-Pole Bessel High-Pass Filter 

Figure 15. UCA Used 8S Active Filters' 

Device Bandwidth vs. Resolution 
In general the bandwidth selected will determine the noise floor 
and hence, the measurement resolution (smallest detectable 
acceleration) of the ADXLI05. Since the noise of the ADXLIOS 
has the characteristic of white Gaussian noise that contributes 
equally at all frequencies, the noise amplirude may be reduced 
by simply reducing the bandwidth. So the rypical noise of the 
ADXLl05 is: 

Noise (nns) = (225 }Jgl fflz) x ("Bandwidlh x 10 
Where 

K ~ 1.6 for a single-pole filter 

K ~ 1.4 for a 2-pole filter 

·For other corner frequcndtt. consult an active filter handbook. 
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ADXl105 
So given a bandwidth of 1000 Hz, the typical rms noise floor of 
an ADLXI05 will be: 

Noise = (225 ~/..[Hz) x (~1000 x 1.6) 

= 9 mg rms for a single-pole filter 

and 

Noise = (225 ~/..[Hz) x (~I 000 x 1.4) 

= 8.4 mg rms for 2-pole filter 

Often the peak value of the noise is desired. Peak-to-peak noise 
can only be es1imat~d by statistical means. Table I may be used 
for estimating (he probabilities of exceeding various peak values 
given the rms value. The peak-to-peak noise value will give the 
best estimate of the uncenainry in a single measurement. 

Table I. Estimation of Peak-to-Peak Noise 

Nominal Peak-to­
Peak Value 

2 x rms 
3)( rms 
4)( rms 
5 x rms 
6)( rms 
7 x rms 
8 x rms 

% of Time thaI Noise Will 
Exceed Peak-Io-Peak Value 

32% 
13% 
4.6% 
1.2% 
0.27% 
0.047% 
0.0063% 

The UCA may be configured to act as an active filter with gain 
and 0 g offset control as shown in Figure 16. 

O.1J1F 
,...------lr----, 

OIJT 

Figure 16. UCA Configured as an Active Low-Pass Filter 
with Gain and Offset 

EMC and Electrical Noise 
The design of the ADXLl 05 is such that EMI or magnetic 
fields do not normally affect it. Since the ADXLl05 is ratiomet­
ric, conducted electrical noise on Voo does affect the output . 
This is panicularly true for noise at the ADXLI05's internal 
clock frequency (200 kHz) and its odd harmonics. So maintain­
ing a clean supply voltage is key in preserving the low noise and 
high resolution propenies of the ADXLIOS. 

One way to ensure that Voo contains no high frequency noise is 
to add an R-C low-pass filter near the VDD pin as shown in 
Figure 17. Using the component values shown in Figure 17, 
noise at 200 kHz is attenuated by approximately -23 dB. As­
suming the ADXLI05 consumes 2 rnA, there will be a 100 mV 
drop across RI. This can be neglected simply by using the 
ADXLI05's Voo as the A-[O-D converter's reference voltage as 
shown in Figure 17. 
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Figure 17. Reducing Noise on VDD 

Dyoamic Operation 
In applicalions where only dynamic accelemions (vibralion) are 
of imerest, it is often best to ae-couple the accelerometer output 
as shown in Figures ISc and ISd. The advantage of ac coupling 
is thaI Og offsel variability (pari 10 pari) and drifts are eliminaled. 

Low Power Operation 
The mosl maighlforward melhod of lowering Ihe ADXLlOS's 
power consumption is to minimize its supply voltage. By lower­
ing VDD from 5 V 10 2.7 V Ihe power consumplion goes from 
9.5 mW 10 3.5 mW. There may be reasons why lowering Ihe 
supply voltage is impractical in many applications, in which case 
the best way to minimize power consumption is by power cycling. 

The ADXLl 05 is capable of lurning on and giving an .ccurale 
reading within 700 J.lS (see Figure 18). Mosl microcontrollers 
can perform an A-to-D conversion in under 25 j..1S. So it is prac­
licailO lurn on Ihe ADXLl 05 and lake a reading in under 750 
~. Given a 100 Hz sample rate the average current required at 
2.7 V would be: 

100 samples!s x 750 JlS x 1.3 mA; 97.5 pA 

Figure 18. Typical Turn-On Response at Voo ~ 5 V 

NOie that if a filter is used in the UCA, sufficient lime must be 
allowed for Ihe selliing of Ihe filter as well . 

Broadband Operation 
The ADXLI05 has a number of characlerislics Ihal permits 
operation over a wide frequency range. Its frequency and phase 
response is essentially flal from de 1010 kHz (see Figures 12 
and 13). Its sensitivity is also constant over temperature (see 
Figure 3). In contrast, most accelerometers do not have linear 
response at low frequencies (in many cases, no response at very 
low frequencies or de» and often have a large sensitivity tem­
perature coefficient that must be compensated for. In addi­
tion, the ADXLI05's noise floor is essentially flat from de to 

-8-

5 kHz where il genlly rolls off (see Figure 7). The beam reso­
nance at 16 kHz can be seen in Figure 7 where there is a small 
noise peak (+5 dB) allhe beam's resonant frequency. There are 
no other significant noise peaks at any frequency . 

The resonan! frequency of the beam in Ihe ADXLl 05 deler­
mines its high frequency limit. However the resonant frequency 
of Ihe Cerpak package is typically around 7 kHz. As a resull, il 
is nOI unusual 10 see 6 dB peaks occurring al the package reso­
nam frequency (as shown in Figures 12 and 13). Indeed, the 
PCB will often have one or more resonant peaks well below 
7 kHz. Therefore, if the application calls for accurate operation 
al Or above 6 kHz the ADXLI 05 should be glued 10 the PCB in 
order to eliminate the amplitude response peak due to the pack­
age, and careful consideralion should be given 10 Ihe PCB 
mechanical design. 

CALIBRATING THE ADXLlOS 
The inilial value of Ihe offsel and scale faclor for the ADXLl05 
will require de calibration for applications such as tilt 
measurement. 

For low g applications, the force of graviry is the most stable, 
accurate and convenient acceleration reference available. An 
approximale reading of Ihe 0 g poim can be delermined by 
orienting the device parallel to Ihe Earth's surface and Ihen 
reading the output. For high accuracy, a calibrated fixture must 
be used co ensure exact 90 degree orientation to the I g gravity 
signal. 

An accurate sensitivity calibration method is to make a measure­
ment at + I g and -I g. The sensitivity can be determined by the 
two measurements. This method has the advantage of being less 
sensitive to the alignment of the accelerometer because the on 
axis signal is proportional to the Cosine of the angle. For ex­
ample, a 50 error in the orientation results in only a 0.4% error 
in the measurement. 

To calibrate, the accelerometer measurement axis is pointed 
directly 01 Ihe Eanh. The I g reading is saved and Ihe sensor is 
turned 1800 to measure -I g. Using the two readings and sensi­
tivity is calculated: 

Semilivity = [I g Reading - (-I g Readillg»)12 Vig 

OUTLINE DIMENSIONS 
Dimensions shown in inches and (mm). 

14-Lead Cerpak 
(QC-14) 

0..415110.5041) 

t'nnMAX~ 

0.276 (6.H5) O.3~ (10.008) 
0'310~D' . 0.'''(10.&431 

L-.' '!!.....j 
PIN1~0300(7621j. 1~)r 

0.170 1'.31O)'b.QiiPJiiiQd~" to (4.126) 19dG.290 (7.368) 0.135 (3.0U9)1l ~ 1. 
0.020I0.5011Y: ~ ~t--- SEATING T ~ ~ ~ 
0.004 (0.102) 0.050 0.020 (O.SOI) PLANE 0.0125 (0.318) 0.050 (1,270) 

(~'fc' 0.013 (O.llO) 0.009 (0.229) ~ 
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Appendix C 

The EAGLE TECHNOLOGY ISA-Bus 

PC30FA Capture Card 
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12bit Analog Inputs with~O & D/A 

PC-30F/G is an ISA-bus multi-function Analog & Dig~all/O board. A vari­
ety of models w~h programmable gain, simultaneous sample and hold, 
and with or w~hout DACs are available. 16 single ended inputs or S d~­
ferential analog inputs are provided. Gains for each channel can be indi­
vidually programmed in the boaro's memory (G, GA, F and FA models). 

Programmable gain makes the PC- 30F/G board ideal for measuring low 
level signals. Throughputs in excess of 330KHz can be achieved using 
lhe FlFO buffer on the PC 30F models.Four 12 b~ DACs are an optional 
feature.The PC 30F/G has uniquely ftexible dig~al I/O capabil~ies con­
sisting of 24 lines in three ports. Each port can be configured as inputs or 
outputs. Each PC 30F/G also includes a 16 b~ Counter TImer used to gen­
erate or measure frequency and count events. 

100kHz or 330kHZ conversion rates 
S differential or 16 single-ended inputs 
12 bit Analog resolution 
Programmabkt gain 
Simultaneous sample and hold option available 
4xI2-b~ Analog outputs w~h flexible ranges 
24 Digital I/O lines (3 ports) 
One 16-bH user Counter timer 

~ .1IIIK.AIIl 
PC30FA (4 DACS) PC300A (4 DACa) 16 SE or 8 dfferenliollnputs 
PC30F (no DACS) PC30G (no DACS) Goins: 1. 10, 100 and 1000 
PC3OFAS16 (4 DACS)PC300AS16 (4 DACa) 16 Simultaneously sampted 
PC3OFS18 (no DACS)PC300S16 (no DACa) slngla ended I",uts 
PC3OFAS4 (4 DACS) PC3OGAS4 (4 DACa) 4 s.ntJtoneously sampled 
PC3OFS4 (no DACS) PC300S4 (no DACa) and 12 nannal SE inputS 
Board supplied with: EOR Softw.re, User Mlnuel & pe30MLA or PC3OMlA(1 :1) 

(0850 10 IDCSO adaplor'S) 
Optiona. Acceuori .. 
Accessory Intarconnectivfty 
• SC'.t'eW Tannin" Ad.pta,. 
• Applc;.atlon Modul •• 
• Cabling 

ANAl.OG tNPUTS (AiD) 
Input channels: 16 .. ngl ...... dld. 8 diffeRnti., 
Resolution: 12btta (1 In 4016) 
Total Sys. Accuracy; ±1 LSB depending on environment 
Linearity es:.JI!L fJ:.laf 

Differential: ~A LSB max 10% LSB max 
Intogrol: tiJ.05% FS <0.05% FS 

I",ul Ranges: _ . tl0V~O to IOV (G, GA) 

Acquisition Rates: 

l~t Impedance: 

t5V. t,ov (F, FA) 
_(SModol.) 
l00kHz(Gmo ..... ) 
330kHz (G<'Oooj (F modot.) 
100kHz (G-l0ooj (F modol.) 
l00Ql2OpF (On chon) 
l00Q/l00pF (Off chon) 

Offset yottage: Adjustllbfe to nro 
Input Goins (G, GA, F and FA models only): 

Ranges: 1, 10,100,1000 
Error: Adjustable to 0 
Gu. ACaJracy: 0.25% mu. 0.05% typ 
CMRR: 1% mu. 0.1% for 0-1000 
MonOl.onlcity: 0 to 7ere 

Temperann drift: 8ppml'C (Ful Sc ... ) 

OvervoUage Input: 
AlD FIFO buffer, 
AcquisitiM Modes: 
ANAl.OG OUTPUTS 
No. of Channels : 
Resolution: 
ACCU"8CY: 
Dill' Non-tlnearity: 
Output Ranges: 
Throughput Rate: 
Offset Enor. 

Gain ranges: 
SetUlng tkne: 
Max current output: 
DIGrTALL'O 
No of TTL lIO HIles: 
CoumrfTimera 
ResoklUon: 
Frequency: 
No of oo...,ters: 
PC Intomc. 

'ppml'C (Btpotor Zo",) 
tJOppml'C(Goln) 
±12V mila 
1Sumpl .. 
Poled 110. Intenupts. Slngle end Duel GhIInMI OMA 

.. a 12btt 
t1 LaB (12b1t) 
% LSB lMa 
:t5V, :t10V, a to tOV, a to 13V 
100kHz 
Unlpolw: \I. LSB typ, 1 LSB (m .. ) 
BlpOlo" l\ LSB typ, 2 LSB (m .. ) 
at, a2 
1 Oms mea In loed SOUpF, 2kQ 
SmA 

24 In 3 ports (8255 PPI) 

16_ 
2 or • MHz (for AiD) 
3 (2 used for AID conversion) 

Base Address: 0 to 1FEOh 
No of registers: 32x Ibtt 
Int8rT'l4Jts: 1RQ2 to rRQt 5 
DMA: Duel DIIA level. S. 6 or 7 
Environmlm.1 J Phyalc:.el 
Operating Temperat1.r8: 0 to ,ere 
Board Dimensions: '"mm x 111mm 
Po .. Requirements 
+5V: _rnA typ 
.,2V: loornA typ 

EAGLE TECHNOLOGY TEL:+27 21 4234943 Fax:+27 214244637 e.gl.@eagl •. co.za www .•• gle.co.z8 
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% BEGIN PROGRAM 

clear all 

% SET PRINTING PREFFERENCES 

set , I , 

set (O, ) , , , centimeters') 

set ','A4') 

% LOAD FILES 

load . txt; 

load down. txt; 

(: ,1 ); 

(. , ) , 

% APPLY SCALE FACTOR 

scale = 

% LOAD CAPTURED DATA FILE 

.80665; 

('Enter DATA file name: ','8'); 

e DATA file ... '); 

filename load 

333333.344; 

10; 

round 

acc :::: filename(:, 

accM :::: 

acceleration :::: 

* 



Univ
ers

ity
 of

 C
ap

e T
ow

n

accF ::: filter 

accFM '" mean 

accelerationF ::: 

... J) ; 

% CALCULATE VELOCITY BY INTEGRATION 

:::: acceleration 

diffv ::: 

vel 

... ' ) ; 

, low'); 

- 1»; 

posv :::: the file smaller 

, : ) ; 

% CALCULATE DISPLACEMENT BY INTEGRATION AGAIN 

diffd ::: ); 

dis »* 

3rd 

the file smaller 3rd 

% CLEAR MEMORY 

(' 

clear a 

clear ace 

clear accF 

clear accFM 

, : ) ; 

mo,,,,",,,·,,. .' ) ; 
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clear accM 

clear b 

clear diffd 

clear diffv 

clear dis 

clear down 

clear filename 

clear 

clear 

clear 

clear 

clear 

clear 

clear 

clear 

clear 

clear scale 

clear 

clear 

clear 

clear 

clear vel 

clear acceleration 

clear accelerationF 

( cleared! '); 

'Yo PLOTTING 

... ') 
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% END PROGRAM 

1 
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Figure E.1: The circuit diagram of the LABVIEW Accelerometer Data Analysis Virtual Instrument 
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format (%.3f) ~new file path (Not A Path i ... 
file path (dialog if empty) . all rows 

number of rows (all: -I) ~.J first row 
. TXT '--l mark after read (chars.) 

transpose (no:F) .... . ...... .. _..! ........ EOF? 

Read From Spreadsheet FiIe.vi 

Reads a specified nlJmber of lines or rows from a numeric text file beglmin\J at a 
specified char aeter offset and converts the data to a 2D, single-precision array of 
numbers. 

n-dimension array -Ij::l 
Index 0 --1~". I- element or sub-array 

Index n- I ~~;.' ...... .dI 

Index ""ray 

Returns an element or subarray of array at index. Leaving an index 
unwired will slice out e cross-section of the err ay along that 
dimension. 
The function win automaticaHy resize to show one index per input 
array dimension, but you may resize by hand to show more outputs 
to access multiple elements in one operation. If all indices for the 
second or subsequent outputs are unwired, function wi! 
auto-increment the indices for the previous output in a sensible 
manner. 

filter type ----, 

x: W' + ~ Filtered X sampling freQ: fs - '--'~L error 
high cutoff freq: fh J ~ I, --, 

low cutoff freQ: fl 1 
order i 

initJcont (init:F) .... - .- ....... ... .; 

Butterworth Filter.vi 

Gener ates a digital Butterworth filter using the 
sampling rrequency, low cutoff rrequency, high 
tUtoff rrequency, order, and filter type by caNing 
the Butterworth Coeffidents VI. 

X [ .... (\)"'-1 Integral X 
Initial condition J ,--
final condition J ~ error 

dt -

Integral H(t).vi 

K~X_y 
Y 

SUbtract 

Computes the difference of the inputs. 
Works on numbers, arrays of numbers, 
clusters of numbers, arrays of clusters 
of numbers, and so on. 

K~xIY 
y '" V-

Divide 

Computes the quotient of the inputs. 
Works on numbers, arrays of numbers, 
clusters of numbers, arrays of clusters 
of numbers, and so on. 

I/x 

Reciprocal 

Divides I by the input value . Returns 
Infinity if x=O. Works on numbers, 
arrays of numbers, clusters of 
numbers, arrays of clusters of 
numbers, and so on. 

~
• mean 

X 
Meon error 

Mean.vi 

Computes the mean (average) 
(1.1) of the values in the input 
sequence X. 

arraY~SiZe(s) 

Array Size 

Returns the number of elements in 
each dimension of Input. Input can 
be on n-dimensional array of any 
type . 

Performs the discrete Integration of the sampled 
signalX. 

x~).\ - mean 

W rght· (5 I) (J' 2 standard deviation 
e Ing amp e w (J' variance 

array --i=iI-
Index(O) :;::::t: I sub-array 

length ...s::j:::: ' 
Index(O) ~'''''''''.dI 

length 

Array Subset 

Standard Deviation and Variance 
[5td Deviation and Variance. vi] 

Computes the mean value (mu), standard deviation, and 
variance of the values in the input sequence X. Weighting is 
used to specify whether X represents the entire population of data 
or only a sample. The values are computed using the folloWing 

Returns a portion of array starting at index and formulas: 
containing length elements . Array can be an mean = 5lJl1 (X[i])ln, where n is the number of elements in X. 
n-dimensional array of any type. Function will variance = «X[i] - meanY'2)/w where Vol is n for population and 
automatically resize to contain as many index} (n-I) for sample. 
length inputs as dimensions in array. standard deviation = sqrt (variance). 

Figure E.2: The legend for the LABVIEW Accelerometer Data Analysis Virtual Instrument 
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IDENT. 
No. 

1(;.01-01-02 ITabletop 

1(;-01-01-03 IMallress 

it-01-02-03 

IC-Ol-02-04 ICMC 

ITEMI 
FUNCTIONAL 

IDENT. 

FAILURE 
MOllE CAUSE 

Clinician unable to raise the another taller/stronger 
frame assist 

Release levar jammed Mechanism seized or worn 

overuse 

Mattress fab,ic lawn/cut Wea,~an(fiea,. carelessness 
possible crl[)ss~contamfnation 

Difficult 10 ""ign Iftiie~am;()lthe TLA with the Only one sensor 
TtA flal point docked delects 

syslem 

R 

R 
P 

R 

M 
P 

R 

E 

C 

c 

E 

E 

E 

2 

4 

4 

" 

4 

3 

2·~ 

4 

F.1: FMECA Of The Patient Interface OfThe LODOX-LACT Machine 
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