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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The contents of this document are NOT to be published, disseminated or distributed in any form 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. 
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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. 

 

 

Figure 1 - Moratuwa (top) & Imperial (bottom) manufactured large and small clamps. 
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Engineering Drawings 

Large Clamp 

 

Figure 2 - Large clamp drawing. 

 

Figure 3- Large clamp quality control document. 
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Small Clamp 

 

Figure 4 - Small clamp drawing. 

 

Figure 5 - Small clamp quality control document. 
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Assembly 

 

Figure 6 - Mk2 External Fixator assembly drawing. 
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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  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 the last 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 mean measurement 

was recorded. The slit distance corresponds to Q5 on the quality document for both the large and small 

clamp (Figure 3 & Figure 5). 

Large Clamp 
 

 

Figure 7 - Axial compression test of an Imperial 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. 

 

 

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 500 N five times and then compressed to 

3000 N. The Moratuwa manufactured small clamps were compressed to 400 N five times and then 

compressed to 3000 N. The difference in initial compression load ensured all the small clamps were not 

subject to plastic deformation. 

The linear slope stiffness was recorded as 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. 

 

 

Figure 12 - Moratuwa small clamp no 2 final compression test. 
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Results 

Large Clamp 
 

 

Figure 13 – All large clamp load corrected extension graphs. 

 

Figure 14 – All large clamp linear region load corrected extension graphs. 
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Table 1 - Large clamp compressive axial mechanical test results. 

Manufacturer Value 
Clamp Shut Load 

(N) 
Stiffness 
(N/mm) 

Slit distance 
(mm) 

Imperial 
Mean av 518.6 604.6 37.5 

stdev 34.1 46.3 0.1 

Moratuwa 
Mean av 73.3 75.8 38.6 

stdev 15.6 23.9 0.5 
 

 

Figure 15 - Large clamp axial compression test bar chart. ± 1 standard deviation error bars. 

 

Figure 16 - Large clamp slit distance bar chart. ± 1 standard deviation error bars. 
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Small Clamp 
 

 

Figure 17 – All small clamp load corrected extension graphs. 

 

 

Figure 18 – All small clamp linear region load corrected extension graphs. 
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Table 2 - Small clamp compressive axial mechanical test results. 

Manufacturer Value 
Clamp shut load 

(N) 
Stiffness 
(N/mm) 

Slit distance 
(mm) 

Imperial 
Mean av 1106.1 2786.8 21.9 

stdev 23.1 38.6 0.1 

Moratuwa 
Mean av 1068.3 3013.3 21.7 

stdev 197.2 267.2 0.4 
 

 

Figure 19 - Small clamp axial compression test bar chart. ± 1 standard deviation error bars. 

 

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 for each test. Large 

and small clamp combinations from each manufacturer were randomised (Table 6). A custom made actuator 

head, with a convex internal surface, was manufactured using a resin 3d printer (Form 2, Formlabs, 

Somerville, USA) to apply loading to the  5 mm round bar without applying a moment to the actuator. n = 

4 for both manufacturers (8 tests in total). 

 

 

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. 

 

Figure 22 - Imperial interface test no1 (small clamp no4 & large clamp no1) final test. 

 

Figure 23 - Moratuwa interface test no4 (small clamp no2 & large clamp no2) final test. 
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Results 

 

Figure 24 - All clamp interface load corrected extension graphs. 

 

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 load 

(N) 
Stiffness 
(N/mm) 

Imperial 
Mean av 57.5 28.5 

stdev 10.4 1.6 

Moratuwa 
Mean av 59.5 27.1 

stdev 25.8 3.2 

 

 

Figure 26 - Clamp interface test result bar chart. ± 1 standard 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 used for 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 tests in 

total). 

 

 

Figure 27 - System mechanical test set up. 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. 

The linear 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 28 - Imperial system test no1 final test. 

 

Figure 29 - Moratuwa system test no4 final test. 

 

Figure 30 - Stryker system test no2 final test. 
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Results 

 

Figure 31 - All system test load corrected extension graphs. 

 

Table 4 - System mechanical test results. 

Manufacturer Value 
Stiffness 
(N/mm) 

Imperial 
Mean av 64.7 

stdev 2.3 

Moratuwa 
Mean av 62.0 

stdev 6.0 

Stryker 
Mean av 59.0 

stdev 3.7 
 

 

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 correction strategies 

include, but are not limited to, initially machining a flat into the surface with a slot/end mill and subsequent 

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 clamping assemblies and in a 

unilateral system. 

In comparison to the Stryker Hoffmann 3 temporary external fixator both manufactured Mk2 

External Fixators performed similarly, this result is promising and bodes well for the development of the 

device. 

 

Limitations 
 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 bolt hole (Figure 3 and Figure 5). 

 Interface tests exhibited large variations and are dependent on potentially varying conditions at the 

interface at the time of testing. 

 System tests were not to failure, only to 200 N, therefore only initial stiffness can be commented on. 

As the fixator we are developing is temporary, and not load bearing, high loads are not to be 

expected. 

 The rod used in the Stryker Hoffmann 3 device was  11 mm solid carbon fibre as opposed to tube 

 12 mm, 1.5 mm wall thickness steel.  

 

Other Observations 
 All 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. 

 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  
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Appendix B – Torque Wrench Calibration Certificate 
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Appendix C – Testing Orders 
 

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 Mor1 5 Mor1 

6 Mor4 6 Imp3 

7 Imp1 7 Imp2 

8 Mor2 8 Imp1 

 

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

Testing 
order 

Interface test ID 
Small 

clamp ID 
Large 

clamp ID 
5mm round 

bar no 

1 Imp1 Imp4 Imp1 2 

2 Mor3 Mor3 Mor3 5 

3 Imp4 Imp3 Imp2 3 

4 Imp3 Imp1 Imp3 1 

5 Mor4 Mor2 Mor2 7 

6 Mor2 Mor1 Mor1 8 

7 Imp2 Imp2 Imp4 4 

8 Mor1 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 

Testing 
Order 

System 
Test ID 

Clamp 
combination 
location (top 

down) 

Small 
clamp 

ID 

Large 
clamp 

ID 

Testing 
Order 

System 
Test ID 

Clamp 
combination 
location (top 

down) 

Small 
clamp 

ID 

Large 
clamp 

ID 

Testing 
Order 

System 
Test ID 

Combination 
clamp 

location (top 
down) 

Combinat
ion clamp 

ID 

1 Imp4 

1 Imp2 Imp4 

1 Mor1 

1 Mor2 Mor4 

1 Hoff4 

1 Hoff4 

2 Imp1 Imp2 2 Mor3 Mor1 2 Hoff3 

3 Imp3 Imp1 3 Mor4 Mor3 3 Hoff2 

4 Imp4 Imp3 4 Mor1 Mor2 4 Hoff1 

2 Imp1 

1 Imp2 Imp4 

2 Mor2 

1 Mor4 Mor1 

2 Hoff2 

1 Hoff1 

2 Imp4 Imp3 2 Mor3 Mor3 2 Hoff3 

3 Imp3 Imp1 3 Mor2 Mor4 3 Hoff2 

4 Imp1 Imp2 4 Mor1 Mor2 4 Hoff4 

3 Imp3 

1 Imp2 Imp2 

3 Mor4 

1 Mor1 Mor1 

3 Hoff3 

1 Hoff1 

2 Imp3 Imp1 2 Mor3 Mor2 2 Hoff2 

3 Imp1 Imp4 3 Mor2 Mor4 3 Hoff3 

4 Imp4 Imp3 4 Mor4 Mor3 4 Hoff4 

4 Imp2 

1 Imp2 Imp4 

4 Mor3 

1 Mor2 Mor2 

4 Hoff1 

1 Hoff4 

2 Imp4 Imp3 2 Mor1 Mor1 2 Hoff1 

3 Imp3 Imp1 3 Mor3 Mor3 3 Hoff2 

4 Imp1 Imp2 4 Mor4 Mor4 4 Hoff3 
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Appendix D – Vernier Calliper Calibration 
 

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 17th of April 2019 at room temperature. 

Slip gauge 
(mm) 

Maximum permissible deviation (mm) Vernier calliper measurement (mm) 
Pass/Fail 

Lower Upper 1 2 3 4 5 

4 3.97 4.03 3.99 3.99 3.99 4.00 4.00 Pass 

6 5.97 6.03 6.00 6.00 5.98 6.00 5.99 Pass 

8 7.97 8.03 7.99 7.98 7.99 7.99 7.99 Pass 

10 9.97 10.03 9.99 9.99 9.99 10.00 10.00 Pass 

20 19.97 20.03 19.99 19.99 20.00 19.99 20.00 Pass 

30 29.97 30.03 29.99 30.00 30.00 30.01 29.99 Pass 

60 59.97 60.03 60.00 60.00 59.99 60.00 60.01 Pass 

 


