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Disclaimer

The information contained in this document is confidential and is ONLY for the intended recipients.
This report details the design and mechanical testing of a device in development and includes some
preliminary discussion of results - this is privileged information at this time.

The contents of this document are NOT to be published, disseminated or distributed in any form
without the prior permission of all investigators.

Page 3 of 35



Test Report Department of Mechanical Engineering

List of Figures

Figure 1 - Moratuwa (top) & Imperial (bottom) manufactured large and small clamps. .......ccccceevvveiieeecieeenee. 6
Figure 2 - Large Clamp AraWing. ....occvuiiiiiiiieeiciieee ettt e e s sttt e e st e e s ebee e e s sbae e e s sbteeessabeaeessaseneessnsteeessnssneessnes 7
Figure 3- Large clamp quality control doOCUMENT. ......oiiiiiiiii it et e e e e are e e e e rrae e e eanes 7
Figure 4 - SMall clamp draWing. ..ooocueiii it e e et e e s sbae e e s sbeeeessbeaeessbeaeessasteeesssssneessnns 8
Figure 5 - Small clamp quality control dOCUMENT........ccociiiiiicieecccee et e e e e rare e e e e rrae e e eanes 8
Figure 6 - Mk2 External Fixator assembly draWing. .......cc.eeiiiciiieiciiiee et e e e ette e e e enrae e e eanes 9
Figure 7 - Axial compression test of an Imperial manufactured large clamp. ....ccccccvveiviiiiiiiicieeecnee e, 11
Figure 8 - Imperial large clamp no 3 final compression test. .......ccccveeeeiiieeeciiieeeeceee e 12
Figure 9 - Moratuwa large clamp no 3 final comMPression teSt.......ucuuiiiiciiiiiiiiiee s it e ae e e sieeee e 12
Figure 10 - Axial compression test of a Moratuwa manufactured small clamp............. @i 008 e, 13
Figure 11 - Imperial small clamp no 2 final compression test.........cccveeiiiiieeiciiie e bl 14
Figure 12 - Moratuwa small clamp no 2 final compression test. ........ccovcvveeeveved@iton i S B 14
Figure 13 — All large clamp load corrected extension graphs. ........cccceeeeeeeeee i eciieee B sdenee e 15
Figure 14 — All large clamp linear region load corrected extension graphs. ... ieeeeciiee e, 15
Figure 15 - Large clamp axial compression test bar chart. £ 1 standard deviation error bars.............c.c..c..... 16
Figure 16 - Large clamp slit distance bar chart. £ 1 standard deviation error bars..........ccccocoeieeeeiiieeeeccieenn, 16
Figure 17 — All small clamp load corrected extension graphs. ...cmm....ccifineeeeecueeesdfiiorecereeeniieee e esreee e 17
Figure 18 — All small clamp linear region load corrected extension graphs. . ...d®....cccocvveveviiveeeeiiieeeeiieenn, 17
Figure 19 - Small clamp axial compression test bar chart..+ 1'standard deviation error bars.........c..cccccuvveee.. 18
Figure 20 - Small clamp slit distance bar chart. + 1 standard deviation error bars.........cccccceeeveeiiiiieeeencieennn. 18
Figure 21 - Interface mechanical test set up. Imperial Mk2 side view!(top left), Moratuwa Mk2 isometric view
(top right) & CAD drawing (DOTEOM)......eieiiieeiiecee e et bttt e ee e te e e e e et e e steeeeteeesateeesaeesareean 19
Figure 22 - Imperial interface test nol (small'clamp no4 & large clamp nol) final test.......c.cccccvevveeeciveennnnn. 20
Figure 23 - Moratuwa interface test noda(small clamp no2 & large clamp no2) final test. ......ccccevvvevecveennnnn. 20
Figure 24 - All clamp interface load correctediextension@raphs. .......cccocvveeiiiiiei e 21
Figure 25 - All linear region clamp interface load corrected extension graphs. .......cccceeevveevceeeieeenceeeceeesnennn 21
Figure 26 - Clamp interface test'result bar chart. + 1 standard deviation error bars. .......cccccevvvverveeeceeennenn. 22
Figure 27 - System mechanicaltest set up. Moratuwa Mk2 front view (left), Imperial Mk2 isometric view

(middle) & CAD drawing (Fight). o e et e e e e e e e e et e e e e e abe e e s e abaeeeeabeeeeenbaeeeennsenas 23
Figure 28 - Imperial system teSt NOT fiNal tESt. ...cciicuiiiiiiiie e e srreeeeas 24
Figure 29 - MoratUwa system, test N04 final teSt. ....uiii i 24
Figure 30 - Strykersystem teStNO2 FiNal tEST.......eiiiiiiiie et ee e e e sare s 24
Figure 31 - All'systemtest load corrected extension Sraphs. .......cucuieeeeciieeiiiie e 25
Figure 32- System stiffness,test results bar chart. + 1 standard deviation error bars. .........ccceevvvevieeeceeenenenn. 25

Page 4 of 35



Test Report Department of Mechanical Engineering

List of Tables

Table 1 - Large clamp compressive axial mechanical test results. ........cccovvveeiiiiecciiiieee e, 16
Table 2 - Small clamp compressive axial mechanical test results. .......occcoveveeiiiiccciii e, 18
Table 3 - Clamp interface mechanical tESt FESUILS. .......cccuviiieciiie e 22
Table 4 - System Mechanical tESt FESUILS. ....uuiiii i e e e e e e e e e e anbr e e e e e e e e e e nnrraaeeeas 25
Table 5 - Individual clamp tESTING OFAEIS ....cccciiiieicciee e et e e e e e e e s nta e e e seataeeesansaeeeean 33
Table 6 - Clamp interface testing orders and randomised clamp combinations. .......cccccccveeeiiieeeiiciieee e, 33
Table 7 - System testing orders and randomised clamp combinations. Figure 27 details clamp combination

[0 or= Y d o o[- SR SRS 34

Table 8 - Vernier calliper calibration against slip gauges used by the Research & Development Warkshop,
Department of Mechanical Engineering, Imperial College London for machine calibration. Slipigauges were
measured with the lower/outside measuring jaws of the Vernier calliper. Pass criteria was determined by the
measurement being £ 0.03 mm of the slip gauge value, this is the stated accuraéy ofithe Vernier calliper.
Calibration was performed by the author on the 17" of April 2019 at room témperaturei.........eevcvvevenneee.. 35

Page 5 of 35



Test Report Department of Mechanical Engineering

Introduction

We have developed a temporary low cost external fixator, which for the purposes of this report will
be known as the ‘Mk2 External Fixator’. This report details the comparative testing of the Mk2 External
Fixator manufactured at two different locations, these are: Imperial College London, UK and the University
of Moratuwa, Sri Lanka (Figure 1). Briefly, this report contains: the design of the Mk2 External Fixator,
individual clamp axial compressive tests, clamp interface tests, external fixator system tests and initial
discussion of the results of these mechanical tests.
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Engineering Drawings
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Figure 2 - Large clamp drawing.
3
_ ! ISOMETRIC VIEW
a A _
v ]
\’
=
o
B N>
Q3
QNo Q1 Q2 Q3 a4 Qs Q6 Q7
=
; g 1
g o
& 3= 2
@
2 3
.
&/ Av
/7(:# Drawing Value 20 39 475 12 37 525 275
%v Error
€] J Allowable Max 21 395 485 1202 375 5.75 3.25
: All ble Min 19 385 4.65 12.00 36.5 475 2.25
. Q5 "
Pass/Fail
NB
1. CHECK SLIDING FIT OF ROD IN HOLE WITH QUALITY MARK Q4.
2. CHECK M8 BOLT FITS IN BOLT HOLE AND BOLT HEAD FITS IN SLOT (BOTH WIDTH AND DEPTH).
3. VISUAL CHECK FROM SIDE VIEW THAT SLIT IS IN CENTRE OF HOLE WITH QUALITY MARK Q4.
TOIERANCES 7D AHGLEPROUEETON | MATERIALL TLE: .
ANGULAR #1°
(o B @5 e} BVASEEL | UNIEX FIX - MK2 Imperial College
RXK=200RACE ot —— [ALLDIMENSIONS LARGE SPLIT CLAMP |London
NAME DATE | ARE IN MILLIMETRES Department of
DRAWN | SPENGER BARNES |01/02/2019| DO NOT SCALE DRAWING Mechanical Engineering
CrECIED 11 QC DOCUMENT —
APPROVED| A4 | SCALE1:] SHEET 1 OF 1 ‘R:vl.l_. 1

Figure 3- Large clamp quality control document.
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Figure 5 - Small clamp quality control document.
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General Methods

All tests were performed on a screw driven mechanical testing machine (Instron 5565) with a 5kN
load cell (both Instron, High Wycombe, UK). The calibration certificate for the testing machine can be found
in Appendix A. Prior to testing a system compliance test was performed with the actuator head loading
directly into the platen. The Instron Bluehill software built in compliance correction subsequently accounted
for system compliance in all tests giving corrected extension values.

For the clamp interface tests and external fixator system tests the clamp assemblies were tightened
to a torque of 10 Nm using a torque wrench (Norbar TTi50 Torque Wrench, Banbury, UK) prior to testing.
The calibration certificate for the torque wrench can be found in Appendix B.

Testing orders and which clamp/system set ups were used for each type of test are detailed in
Appendix C.

All tests were performed in accordance with or as close to ‘ASTM F1541 — 17 Standard Specification
and Test Methods for External Skeletal Fixation Devices’ as was possible. At this,time no statistical analyses
have been conducted.
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Individual Clamp Compressive Axial Test

To compare the stiffness of the individual clamps manufactured in different locations, compressive
axial tests were performed. These tests aimed to simulate the loading conditions the clamps will be subject
to when in clinical use.

Methods

A 13.5 mm ball bearing was used to apply a quasi-static compressive load to the J 8.5 mm bolt
holes of the clamps. All tests were performed at 5 mm/min and the test order of the clamps was randomised
(Table 5). The linear slope stiffness (N/mm) and clamp shut load (N) were recorded from thedast repeat (test
no 6) for each clamp. n = 4 for both clamp types and manufacturer (16 tests in total).

Slit distance was measured with the depth rod of a Vernier calliper, calibration for which can be
found in Appendix D. Three measurements were taken for each clamp after which the meafiimeasurément
was recorded. The slit distance corresponds to Q5 on the quality document fof both the large and small
clamp (Figure 3 & Figure 5).

Large Clamp

Figure 7 - Axial é@mpression test of an'lmperial manufactured large clamp.

Imperial manufactured large clamps were compressed to 450 N five times and then compressed to
2500 N. The,Moratuwa manufactured large clamps were compressed to 50 N five times and then
compressed,to 2500 N. The difference in initial compression load ensured all the large clamps were not
subject to plastic deformation.

The Imperial large clamp slope stiffness was recorded as the chord stiffness from 100 N to 400 N. In
contrast the Moratuwa large clamp slope stiffness was recorded as the chord stiffness from 10 N to 45 N,
this ensured that the stiffness was being measured from the linear portion of the curve.

The clamp shut load was recorded at the point where the stiffness slope drastically increases. Typical
load displacement plots, with chord stiffness measurement points (red crosses) and drastic increase in
stiffness slope (rhs (right hand side) of graphs), can be seen in Figure 8 & Figure 9.
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Figure 8 - Imperial large clamp no 3 final compression test. QV

Eﬁm T T T T

1500

1000

0 L i L 1 1 ]

0 0.2 0.4 0.6 0.8

Figure 9 - Moratuwa large clamp no 3 final compression test.
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Small Clamp

Figure 10 - Axial compression test of a Moratuwa manufactured small clamp,

Imperial manufactured small clamps were compressed to 500N five times and then compressed to
3000 N. The Moratuwa manufactured small clamps were compressed t0.400 N five times and then
compressed to 3000 N. The difference in initial compression loadensured all the small clamps were not
subject to plastic deformation.

The linear slope stiffness was recordedyas the chord stiffness from 100 N to 400 N. The clamp shut
load was recorded at the point where the,stiffness.slope drastically increases. Typical load displacement
plots, with chord stiffness measurement points,(red crosses) and drastic increase in stiffness slope (rhs of
graphs), can be seen in Figure 11 & Figure 12.
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Figure 11 - Imperial small clamp no 2 final compression test. \
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Figure 12 - Moratuwa small clamp no 2 final compression test.
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Results
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Figure 13 —All large clamp load corrected exten&hs.
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Figure 14— All large clamp linear region load corrected extension graphs.
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Table 1 - Large clamp compressive axial mechanical test results.

Clamp Shut Load Stiffness Slit distance
Manufacturer  Value (N) (N/mm) (mm)
| ial Mean av 518.6 604.6 37.5
mperia stdev 34.1 46.3 0.1
Morat Mean av 73.3 75.8 38.6
oratuwa stdev 15.6 23.9 0.5
Large Clamp Axial Compression Tests
700
600 7/ # Imperial
500 v,
% / = Moratuwa
400 / /
300 % /
200 / /
100 / %
\ 7 \h
) 7\ 7 \\\
Clamp Shut Load (N) Stiffness (N/mm)

Figure 15 - Large clamp axial compressiothWeviaﬁon error bars.
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Figure 16 - Large clamp slit distance bar chart. + 1 standard deviation error bars.
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Small Clamp
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Figure 17 — All small clamp load corrected extension g S.
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Figure 18 — All small clamp linear region load corrected extension graphs.
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Table 2 - Small clamp compressive axial mechanical test results.

Clamp shut load Stiffness Slit distance
Manufacturer  Value
(N) (N/mm) (mm)
| o Mean av 1106.1 2786.8 21.9
mperia stdev 23.1 38.6 0.1
M Mean av 1068.3 3013.3 21.7
oratuwa stdev 197.2 267.2 0.4

Small Clamp Axial Compression Tests
3500
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s Z§ v

Figure 19 - Small clamp axial compression test b t. ﬂweviation error bars.
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Figure 20 - Small clamp slit distance bar chart. + 1 standard deviation error bars.
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Clamp Interface Tests
To compare the ability of combined large small clamp assemblies manufactured in different
locations to resist rotational shear forces, interface tests were performed.

Methods
A custom made fixture was used to apply quasi-static loading 50 mm from the rhs of the large clamp
rod to the lhs of the actuator rod (front view - Figure 21). The large clamps, along with small clamps, nuts
bolts and washers, were mounted on the same position of the rod and a previously untested 90 mm length
section of & 5 mm EN1A steel round bar was used as a substitute for the bone pin/screw fomeach test. Large
and small clamp combinations from each manufacturer were randomised (Table 6). A cu made actuator
head, with a convex internal surface, was manufactured using a resin 3d printer (For F
Somerville, USA) to apply loading to the & 5 mm round bar without applying a moment to the
4 for both manufacturers (8 tests in total).

<({<\

ACTUATOR

| |
|

S0

2N | el DETAIL A
A | \A SCALE2: 1

INSTRON BASE

Figure 21 - Interface mechanical test set up. Imperial Mk2 side view (top left), Moratuwa Mk2 isometric view (top right) & CAD
drawing (bottom).
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The loading rate applied was 10 mm/min. For all tests the interface was preloaded to 5N and then
loaded to 60 N six times and then loaded until the interface started to slip. The linear region stiffness was
recorded as the chord stiffness from 10 N to 40 N on the last test and the slip load recorded as the point
where the gradient of the line decreases and is no longer constant. Typical load displacement plots, with
chord stiffness measurement points (red crosses) and decrease in slope stiffness (top rhs of graphs), can be
seen in Figure 22 & Figure 23.

80 — ; ; : . . : .
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a0t x .
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BO 1
70 | / .
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40 r # 1
30 r 1

20t ]
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Figure 23 - Moratuwa interface test no4 (small clamp no2 & large clamp no2) final test.
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Results
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Figure 24 - All clamp interface load corrected extension graphs.
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Figure 25 - All linear region clamp interface load corrected extension graphs.
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Table 3 - Clamp interface mechanical test results.

Manufacturer  Value Slip()l\llc))ad ?'t\:;fr:f:;
. Mean av 57.5 28.5
imperial stdev 10.4 1.6
Mean av 59.5 27.1
Moratuwa stdev 25.8 3.2
Clamp Interface Tests %
90
_— o
:‘fg ” % \ 7 Imperial ,
= 50
g / # Moratuwa
40
30
20
=
Slip Load (N) 10-40N Stiffness (N/mm)

Figure 26 - Clamp interface te Ssu r Mrd deviation error bars.
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System Tests

To compare the overall stiffness of the different fixators, system tests were performed with 4 clamp
assemblies stabilising two sections of bone analogues.

Methods

Two & 19 mm ball bearings were used to apply quasi-static loading through 2 bone analogues (& 30
mm Acetal rod) stabilised with the Mk2 External Fixator. Two clamp assemblies (one clamp assembly = large
clamp, small clamp, bolt, washer, and nut) with & 5 mm bone pins were used per bone analogue. The same
rod (& 12 mm, 1.5 mm wall thickness steel tube), bone pins and bone analogues were usedfor each test.
Additionally a Stryker Hoffmann 3 temporary external fixator, with & 11 mm carbon fibre(rod, was also
tested to serve as a control. To achieve n = 4 for each manufacturer the order of the large and.small clamps
(& clamp combinations for the Hoffmann device) used was interchanged randomly (Table 7. — 12 testsdn
total).

- INSTRON T‘
.

ACTUATOR
BONE
ANALOGUES
C K Bl . #
LOCATION 1@ !
.)_ o L] 3
LOCATION 2@\) '
C — wma=s . 1
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[} — L]
BALL
BEARINGS

INSTRON BASE

Figure 27 - Systefamechanical test setup, Moratuwa Mk2 front view (left), Imperial Mk2 isometric view (middle) & CAD drawing
(right).

For.all tests the system was preloaded to 20 N and then loaded to 200 N, at 10 mm/min, eight times.
Thelinear region, stiffness was recorded as the chord stiffness from 30 N to 190 N on the last test. Typical
load displacement plots, with chord stiffness measurement points (red crosses) can be seen in Figure 28,
Figure 29 & Figure 30.
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Figure 30 - Stryker system test no2 final test.
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Results
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Figure 31 - All system test load corrected extension graphs. Q

Table 4 - System mechanical test results.

iffn
Manufacturer  Value Stiffness
(N/mm)
. Mean av 64.7
Imperial
stdev 2.
Mean av 62.0
Moratuwa
stdev ? ‘ x S
Mean av 59.0
Stryker
stdev 3.
" System Stiffness Tests
70 # Imperial
ry !
60 % % é = Moratuwa
G 50 _ = Stryker
E 40 = Hoffmann
E [E—
2 30
=
S 20
wm
10

o 7

Figure 32- System stiffness test results bar chart. + 1 standard deviation error bars.
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Preliminary Discussion

For the individual clamp compressive tests the large clamps performed very differently between
manufacturers (Figure 15), this was in contrast to the small clamps which exhibited similar stiffness and
clamp shut loads (Figure 19). The difference between the Imperial and Moratuwa large clamps is due to the
difference in slit distance (Q5 - Figure 3) where the Moratuwa manufactured clamp, is on average 1.5 mm
away from the target value (Figure 16). This resulted in a thin wall thickness in the Moratuwa large clamps
which would account for the different behaviour exhibited in all of the Moratuwa large clamps (Figure 13).

Machining of the & 12 H7 holes for the large clamps requires machining onto a curved surface which
can deflect tooling. This should be accounted for in any future machining. Potential corregtion strategies
include, but are not limited to, initially machining a flat into the surface with a slot/end milllandSubsequent
use of a centre drill (detailed in ‘Process 4 — Large Clamp — Milling’ manufacturing document).

For both the interface tests and system tests the clamp assemblies and systems performed similarly
between manufacturers (Figure 26 and Figure 32). This suggests that the difference.in the performance of
the Imperial and Moratuwa large clamps has little effect when used in clampingassemblies and in a
unilateral system.

In comparison to the Stryker Hoffmann 3 temporary externalfixator both manufactured Mk2
External Fixators performed similarly, this result is promising and bodes well for the development of the
device.

Limitations

e Q5 was used as the quality measure distance to compare to the individual clamp stiffness and clamp
shut load. In future it may be more appropriate to use Q5 - Q3 as the distance to account for
variation in machining of the bolthole,(Figure 3@nd Figure 5).

o Interface tests exhibited large variations and.are dependent on potentially varying conditions at the
interface at the time of testing.

e System tests were notito failure, only to 200 N, therefore only initial stiffness can be commented on.
As the fixator we are developingiis temporary, and not load bearing, high loads are not to be
expected.

o The rod dsed in'the Stryker.Hoffmann 3 device was & 11 mm solid carbon fibre as opposed to tube
& 12amm, 1.5 mm wall'thickness steel.

OtlRer Olscfations
e CAll Moratuwa supplied clamps H7 holes (for rod and bone pins for large and small clamps,
respectively) were re-reamed prior to testing as the rods and pins did not fit into the clamps. Please
check'this in future with inspection and hand re-ream post machining of the slit as necessary.
e Entire quality inspection for the Moratuwa clamps was not completed but it was noticed that there
was variation in the height of the manufactured clamps (Q1) and locations and diameters of bolt
holes (Q3 - Figure 3 and Figure 5).
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Appendices
Appendix A — Mechanical Testing Machine Calibration Certificate

1y
o
CERTIFICATE OF CALIBRATION &=
ISSUED BY: INSTRON CALIBRATION LABORATORY iIBBEm
T
CERTIFICATE NUMBER: AN e
G N UKAS
E265072618101111 mms CALIBRATION
0019
v Instron Calibration Laboratory
» 4 Coronation Road Page 1 of 5 pages
INSTRON' High Wycombe, Buckinghamshire HP12 38Y APPROVED SIGNATORY

Telephone: +44 (0) 1494 456815
Fax: +44 (0) 1494 456667
Email: Calibration_Europe@|nstron.com

Crkaby s e by Marin Tucher
e | i, aeinaron oumls

Martin Tucker

Type of Calibration:  Force
Relevant Standard: ISO 7500-1:2015
Date of Calibration: 26-Jul-2018

eume e
Dot 20 16,06 1B 01 40006

* * * CALIBRATION RESULTS =~ * *
System ID: 5565H1722 TransducerID: 2525-805/UK891

Indicator 1. - Service Port: Bluehill 3 v3.66.4160 (kN)
PASSED Class 0.5 - 100% Range in Tension mode (0.1016696 to 5.01848)
PASSED Class 0.5 - 100% Range in Compression mode (-0.1028979 to -5.028261)
System Class for a range is derved from assessment of the following: error, repeatability, retumn to zera, resolution, proving device
classification, and reversibility if applicable.

Customer Temperature
Name: Imperial College Starting Temperature: 22.1°C
Location: Lab 709, Department of Mech Engineering, Final Temperature: 21.4°C
South Kensington Campus, London, SW7 2A7.
Country: United Kingdom
P.O./Contract No.: 117646
Contact: Kiron Athwal
Email: k.athwall 2@imperial.ac.uk
Machine Transducer
Manufacturer: Instron Manutacturer: Instron
Type: Electro-Mechanical Capacity: 5 kN
Single Range Type: Tension/Compression
Year of Mfg.: Unknown
Methodology

The assessment of the testing machine was conducted on site at the above customer location in accordance with 1ISO
7500-1:2015 "Metallic materials -- Calibration and verification of static uniaxial testing machines -- Part 1:
Tension/compression testing machines -- Calibration and verification of the force-measuring system" using Instron procedure
NOT1.

Instron CalproCR Version 3.38

This certificate is issued in accordance with the laboratory accreditation requirements of the United Kingdom Accreditation Service . It provides traceability of
measurements to recognized national standards, and to units of measurement realized at the National Physical Laboratory or other recognized national
standands laboratories, This certificate may not be reproduced other than in full, except with the prior written approval of the issuing lasbomtory, UKAS is one
ofthe signatories of the International Laboratory Accreditation Cooperation {ILAC) Arrangement for mutual recognition of calibration certificates.
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UKAS ACCREDITED CALIBRATION LABORATORY No. 0019

CERTIFICATE OF CALIBRATION

CERTIFICATE NUMBER:

E265072618101111

Page 2 of 5 pages

System Classification

Prior to verification, a pre-calibration inspection was conducted and the system was found to be in Good condition. The
testing machine was verified in the 'As Found' condition with no adjustments or repairs carried out. This is also the 'As Left'

condition.

The verification and equipment used conform to a controlled Quality Assurance program which meets the specifications
outlined in ISO/IEC 17025:2005,

No mechanically linked accessories were fitted whilst performing this calibration.

Data Summary - Indicator 1. - Service Port: Bluehill 3 v3.66.4160 (KN)

TENSION
Relative error of (%)
Indication Repeatability Error Resolution Standard
% of Range Run 1 Run 2 Run 3 Error (%) Class (£kN) Class
100% Range (5 kN)
0 Return 0.021 0.017 -0.001 0.5 0.00005
2 0.096 0.049 0.040 0.056 0.5 0.00005 0.5
4 0.127 0.106 0.125 0.021 0.5 0.00005 0.5
4 0.047 -0.038 -0.063 0.110 0.5 0.00005 0.5
7 0,039 -0.004 -0.104 0.143 0.5 0.00005 0.5
10 0.102 0.027 0.003 0.099 0.5 0.00005 0.5
20 0.165 0.293 0.563 0.398 0.5 0.00005 0.5
40 0.157 0.127 0.126 0.031 0.5 0.00005 0.5
60 0.155 0.056 0.146 0.099 0.5 0.00005 0.5
80 0.195 0.142 0.185 0.053 0.5 0.00005 0.5
100 0287 0.140 0.195 0.147 0.5 0.00005 0.5
Data Summary - Indicator 1. - Service Port: Bluehill 3 v3.66.4160 (kN)
COMPRESSION
Relative error of (%)
Indication Repeatability Error Resolution Standard
% of Range Run | Run 2 Run 3 Error (%) Class (+ LNb Class
100% Range (5 kN)
0 Return 0019 0.017 0.016 0.5 0.00005
2 0.099 0.018 0.028 0.081 0.5 0.00005 0.5
4 0.069 0.034 0.061 0.035 0.5 0.00005 0.5
4 -0.231 -0.211 -0.078 0.153 0.5 0.00005 0.5
7 -0.092 -0.181 -0.119 0.089 0.5 0.00005 0.5
10 -0.122 -0.075 -0.028 0.094 0.5 0.00005 0.5
20 -0.091 -0.037 -0.028 0.063 0.5 0.00005 0.5
40 0.046 -0.096 -0.040 0.142 0.5 0.00005 0.5
60 0.054 -0.007 0.046 0.061 0.5 0.00005 0.5
80 0.090 0.050 0.096 0.046 0.5 0.00005 0.5
100 0.063 0.106 0.127 0.064 0.5 0.00005 0.5

Worst Resolution Class: 0.3 for 100% Range (Indicator 1: Tension), 0.5 for 100% Range (Indicator 1: Compression)

Instron CalproCR Version 3.38
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CERTIFICATE OF CALIBRATION

UKAS ACCREDITED CALIBRATION LABORATORY Mo. 0019

CERTIFICATE NUMBER:
E265072618101111

Page 3 of 5 pages

Data - Indicator 1. - Service Port: Bluehill 3 v3.66.4160 (kN)

TENSION
Run 1 Run 2 Run 3 Uncertainty of
% of Indicated Applied Indicated Applied Indicated Applied Measurement*
Range (kN) (kM) (kM) (kN) (kN) (kN}| Relative % (£ kN)
100% Range (5 kN)
0 Return 0.00104 0.00086 -0.00003
2 0.10182 0.10172239 0.10496 0.10490827 0.10171 0.10166962 0.19 0.00020
4 0.20257 0.20231246 0.20356 0.20334403 020489 0.2046347 0.19 0.00038
4 0.20763 0.20753171 0.23460 0.23468928 022747 0.22761375 0.19 0.00043
7 0.36037 0.36022802 0.35605 0.35606594 0.35190 0.35226804 0.19 0.00068
10 0.51907 0.51854314 0.51525 0.51510042 0.51034 0.51032303 0.19 0.00098
20 1.00800 100633891 1.02244 1.01944947 1.03200 1.0263 1690 0.19 0.0019
40 2.01583 201267783 1.99159 1.9890 5803 202563 202308303 0.19 0.0038
60 3.00604 3.00137994 3.08218 3.08045946 3.03457 3.03015031 0.19 0.0058
30 3.99509 398732466 4.04275 4.03700949 4.07545 4.06791294 0.19 0.0077
100 5.01216 4.99782566 5.02549 501847908 501976 500999974 0.19 0.0095
Data - Indicator 1. - Service Port: Bluehill 3 v3.66.4160 (kN)
COMPRESSION
Run 1 Run 2 Run 3 Uncertainty of
% of Indicated Applied Indicated Applied Indicated Applied Measurement*
Range (kN) (kM) (kM) (kN) (kN) (kM) Relative % (£ kN)
100% Range (5 kKN)
0 Return -0.00094 -0.00083 -0.00078
2 -0.10300 -0.10289790 -0.10295 -0.10293 149 -0.10298 -0.10295068 0.19 0.00020
4 -0.20518 -0.20503773 -0.20495 -0.20487939 -0.20498 -0.20485540 0.19 0.00039
4 -0.22714 -0.22766577 -0.21971 -0.22017403 -0.20841 -0.20857223 0.19 0.00042
7 -0.35262 -0.35294438 -0.36477 -0.36543062 -0.37513 -0.37557569 0.19 0.00069
10 -0.50383 -0.50444409 -0.51732 -0.51771072 -0.50524 -0.50538056 0.19 0.00097
20 -1.00516 -1.00607878 -1.01262 -1.01299824 -1.02504 -1.02532840 0.19 0.0019
40 -2.03983 -2.03889894 -2.04017 -2.04212455 -2.05452 -2.05533915 0.19 0.0039
60 -3.08702 -3.08534990 -3.09465 -3.00487066 -2.99439 -2.99300375 0.19 0.0058
80 -4.03706 -4.03341970 -4.04302 -4.04101549 -4.03604 -4.03217107 0.19 0.0077
100 -5.01210 -5.00895922 -5.01301 =5.00771060 -5.03467 -5.02826087 0.19 0.0095

* The reported expanded uncertainty is based on a standard unceriainty multiplied by a coverage factor k
confidence of gpproximarely 93 %

2, providing a level af

The uncertainy stated refers ro values obiained during the calibration and makes no allowances for faciors such as long rerm drifi
temperature and alignment effects - the influence of such factors showld be taken into account by the user of the force-measuring device

The uncertainty evaluation has been carvied out in accordance with UKAS requirements

Instron CalproCR Version 3.38
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CERTIFICATE OF CALIBRATION

UKAS ACCREDITED CALIBRATION LABORATORY No. 0019

Graphical Data - Indicator 1. - Service Port: Bluehill 3 v3.66.4160 (kN)

CERTIFICATE NUMBER
E265072618101111

Page 4 of 5 pages

100 Range

Percent of Range

Compression Tension
0.600
0.400
4 Run1
0.200 @ Run2
& Run3
= = Error Tol.(+)*
= 0.000
5 = Error Tol.(-)*
=
w -0.200 * For Range Class 0.5
-0.400
-0.600

Verification Equipment

The measurement results produced with Instron standards are traceable to the SI (The International System of Units) through
international ly recognized Mational Metrology Institutes (NIST, NPL, PTB, Inmetro, eic.).

Equipment ID Description Capacity Cal Date Cal Due Certificate Ref.
NI104-1K load cell 1000 N 16-Dec-2016 17-Dec-2018 E255011517175128
N104B-10K load cell 10000 N 18-Dec-2017 19-Dec-2019 1258121417140720
N104-T temp. indicator NA 23-Jan-2018 24-Jan-2020 201701108
R16-5105 force indicator NA 04-Jan-2017 05-Jan-2019 E255010617101102

The class of the verification equipment was equal to or better than the class to which this testing machine has been verified.

Verification Equipment Usage

Percent(s) of Range

Accuracy (+/-)

Range

Full Scale

(%) Mode Equipment ID

100 Tension N10d-1K
NI104B-10K

100 Compression NI04-1K
NI104B-10K

All Tension-Compression N104-T

2/ 4
4/ 7/ 10/ 20/ 40/ 60/ 80/ 100
2/ 4
4T 10/ 200 40/ 60/ 80/ 100
All

The accuracy of the force indicaror used with an elasiic device is incorporated into the device's stated accuracy.

The accuracy of the verification equipment used was equal to or better than the accuracy indicated in the table above

Comments

No comments.

Instron CalproCR Version 3.38

0.16% of reading
0.16% of reading
0.16% of reading
0.16% of reading
1°C
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CERTIFICATE OF CALIBRATION CERTIFIGATE NUMBER:

E265072618101111

UKAS ACCREDITED CALIBRATION LABORATORY No. 0019
Page 5 of 5 pages

Verified by:  Toby Sparkes

Calibration Engineer

NOTE: Clause 9 of [SO 7500-1 states; The time between verifications depends on the type of testing machine, the standard of
maintenance and the amount of use. Unless otherwise specified, it
notexceeding 12 months. The machine shall in any case be veritied if itis moved to a new location necessitating dismantling
or if'itis subject o major repairs or adjustments.

is recommended that verification be carried out at intervals

The Instron Calibration Laboratory is accredited by UKAS to BS/EN/ISO 17025 (General Requirements for the competence of
testing and calibration laboratories) to undertake the calibration reported on this certificate.

Instron CalproCR Version 3.38
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Appendix B —Torque Wrench Calibration Certificate

Norbar Torque Tools'Ltd
nrllar“b Wildmere Road | Banbury | Oxfordshire 0X16 3JU | UK
.'uon,.. e o T +44 (0)1295 27033 | F +44(0)1295 753643
E enquiry@norbar.com | www.norbar.com

Declaration of Conformance

This declaration of conformance is in accordance with 1SO6789-1:2017
The torque tool identified in this document is declared to be in
conformance with ISO 6789-1:2017
Date: 15 Aug 2018 Responsible Person: R.Burn
Model: 13842 RS Serial No.: 79108297859
Specified Torque Range from 10.0 to 50.0 N.m.
Calibration temperature 21°C at a relative humidity < 90%

Target Maximum )
T Permissible Observed Value in Clockwise Direction
orque O
Deviation
9.70
10.0 10.30 9.92 9.90 9.92 9.93 9.92
29.10
30.0 30.90 30.21 30.20 30.21 30.21 30.22
48.50
50.0 51.50 50.64 50.29 50.29 50.30 50.30

The above readings were obtained with an interchangeable end of mm
from the centre of the plunger to centre of rotation.

The test equipment used in the performance of the above calibration has
international traceability through the following calibration laboratory

which is UKAS accredited to ISO 17025:2005,

Tester Model: Static TD Serial No.: 66878
Cert No.: 227307 UKAS Laboratory No.: 0256
The torque measurement device has a maximum relative measurement
error of less than or equal to 1.0%, and is less than Y of the maximum
permissible relative deviation of the torque tool as required by ISO6789-

1:2017 (Clause 6.1).
\ I

N\

»
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Table 5 - Individual clamp testing orders

Large Clamps Small Clamps
Testing order | Clamp | Testing order Clamp
1 Mor3 1 Imp4
2 Imp4 2 Mor2
3 Imp3 3 Mor3
4 Imp2 4 Mor4
5 Morl 5 Morl
6 Mor4 6 Imp3
7 Imp1l 7 Imp2
8 Mor2 8 Imp1l

Department of Mechanical Engineering

Table 6 - Clamp interface testing orders and randomised clamp combinations.

Testing Small Large S5mm round
order Interface test ID clamp ID clamp ID bar.no
1 Imp1l Imp4 Imp1l 2
2 Mor3 Mor3 Mor3 5
3 Imp4 Imp3 Imp2 3
4 Imp3 Impl Imp3 1
5 Mor4 Mor2 Mor2 7
6 Mor2 Morl Morl 8
7 Imp2 Imp2 Imp4 4
8 Morl Mor4 Mor4 6
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Table 7 - System testing orders and randomised clamp combinations. Figure 27 details clamp combination locations.

Imperial Moratuwa Stryker Hoffmann 3
Clamp Clamp Combination .
Testing System combination Slmall I.Iarge Testing System combination Slmall I.Iarge Testing System clamp Fomtl)lnat
Order Test ID location (top clamp clamp Order Test ID location (top clamp clamp Order Test ID location (top fon clamp
ID ID ID ID ID
down) down) down)

1 Imp2 Imp4 1 Mor2 | Mor4 1 Hoff4

2 Imp1 Imp2 2 Mor3 = Morl 2 Hoff3
1 Imp4 1 Morl 1 Hoff4

3 Imp3 Impl 3 Mor4 = Mor3 3 Hoff2

4 Imp4 Imp3 4 Morl = Mor2 4 Hoff1l

1 Imp2 Imp4 1 Mor4 = Morl 1 Hoff1l

2 Imp4 Imp3 2 Mor3 = Mor3 2 Hoff3
2 Imp1 2 Mor2 2 Hoff2

3 Imp3 Imp1 3 Mor2 | Mor4 3 Hoff2

4 Imp1 Imp2 4 Morl = Mor2 4 Hoff4

1 Imp2 Imp2 1 Morl = Morl 1 Hoff1l

2 Imp3 Imp1 2 Mor3 = Mor2 2 Hoff2
3 Imp3 3 Mor4 3 Hoff3

3 Imp1 Imp4 3 Mor2 * »Mor4 3 Hoff3

4 Imp4 Imp3 4 Mor4 = Mor3 4 Hoff4

1 Imp2 Imp4 1 Mor2, = Mor2 1 Hoff4

2 Imp4 Imp3 2 Morl = Morl 2 Hoffl
4 Imp2 4 Mor3 4 Hoff1l

3 Imp3 Imp1l 3 Mor3 Mor3 3 Hoff2

4 Imp1 Imp2 4 Mor4 = Mor4 4 Hoff3
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Table 8 - Vernier calliper calibration against slip gauges used by the Research & Development Workshop, Department of Mechanical
Engineering, Imperial College London for machine calibration. Slip gauges were measured with the lower/outside measuring jaws of
the Vernier calliper. Pass criteria was determined by the measurement being + 0.03 mm of the slip gauge value, this is the stated
accuracy of the Vernier calliper. Calibration was performed by the author on the 17t of April 2019 at room temperature.

Slip gauge
(mm)

4
6
8
10

20
30
60

Lower
3.97
5.97
7.97
9.97
19.97
29.97
59.97

Maximum permissible deviation (mm)

Upper
4.03
6.03
8.03
10.03
20.03
30.03
60.03

Vernier calliper measurement (mm)

1
3.99
6.00
7.99
9.99
19.99
29.99
60.00

2
3.99
6.00
7.98
9.99
19.99
30.00
60.0

Pass/Fail
3 4 z ass/Fai
399 4.00 400 Pass
598 6.00 599  Pass

799 7499 799  Pass

9.99 10.00 10.00 % Pass

20.00" 19,99 2000 " Pass
30.00 3001 29.99  Pass
59.99(60.00 60.01 Pass

N
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