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Abstract

Intravenous infusion devices - commonly known as infusion pumps - provide clinicians with 

mechanisms to automate the accurate dosing of potent fluid therapies to critically ill patients. 

In critical care applications, fluid dosing must be both accurate and safe since unwanted flow 

disturbance can cause physiological harm to the patient. This study consists of three discrete 

projects based on these vital themes of safe device design and accurate fluid delivery.

The first project, commissioned by Medical Magnetics Ltd during the period 1998 onwards, 

proposed that the fail-safe design philosophy universally used in the design of infusion 

pumps, and implemented in embedded software, is lengthy and provides the manufacturer 

with difficulties in demonstrating the exhaustive fail-safe validation needed for an instrument 

to be released speedily for sale. An alternative and innovative strategy employing the design 

of hardware modules and using re-configurable VLSI, is proposed and shown to offer a 

significant reduction of the design and validation phase of development with consequent 

financial benefit to the manufacturer.

The second project conducted as part of the Manukau Institute Research Programme for 2003 

examined the manner in which dosing accuracy is assessed for infusion pumps. The 

International Standard used by clinicians to select apparatus suitable for treatment of 

'critically-ill' patients is shown to be flawed and potentially misleading - a finding of 

international significance. An innovative mathematical simulation model is described that 

enables prediction of flow accuracy for various expected operating scenarios previously 

impossible to investigate using current laboratory measurement techniques. Use of this 

simulation model indicates that various mechanical design factors influencing system 

compliance and hence dosing accuracy have been previously ignored by designers and 

suggests that contemporary infusion pump designs are far from optimum. These findings 

offer an explanation for instances of dosing error previously reported in the clinical literature 

and are of international value.

The third project of the study utilises the findings of, and is subsequent to, the second project. 

An innovative design is proposed for an infusion therapy device in which dosing accuracy 

may be maintained under operating conditions such as height change and patient venous 

pressure variation that cause unwanted errors in conventional equipment designs. This design 

is the subject of patent application, commercial exploitation and further development.



1.0 Introduction
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The medical infusion pump is a device that allows automated delivery of fluid to a 

patient via a catheter inserted into a suitable vein. The development of pump 

apparatus over the last 30 years has seen the evolution of a number of differing 

electro-mechanical designs [1]. There is a continuous increase in the variety and 

number of intravenous drug therapies offered in intensive and general medicine, 

frequently utilising highly potent agents. These agents are often of short 'half-life' or 

narrow 'therapeutic margin' [1,2] and need to be administered with excellent short- 

term and long-term accuracy at low flow rates typically in the range 1-Smlh' 1 [1]. 

These requirements clearly place constraints on the methods used to design and test 

equipment prior to its use. Failure to maintain accurate flow during potent drug 

administration can lead to significant patient harm. One hypothesis of this study is 

that the design of the available current therapy devices is not capable of delivering the 

accuracy required by many of these newer drug therapies.

It is generally accepted [1,2] that the instrument type best suited to provide the most 

accurate delivery at the low flow rates common in intensive care is the syringe 

infusion pump. This instrument is, however, far from ideal and, whilst capable of 

stable low flow delivery under steady environmental conditions, has been seen to 

exhibit unwanted flow delivery in changing operational scenarios often seen in 

hospital [3-8]. Reported instances of actual or potential patient harm resulting from 

the use of infusion devices are of concern to the regulatory authorities [2].

Safe design methods and accurate testing procedures are needed to ensure that an 

instrument is functionally safe - no single fault may hazard the patient [9] - and be 

capable of delivering fluid accurately at a commanded rate.

The most frequent technology used in the electronic design of electro-mechanical 

therapy devices is embedded software. Whilst safe design using embedded software is 

possible, it presents severe problems in demonstration of safety at the system 

validation level.

Modular hardware design is presented in this study as a simpler design method 

offering a faster route through the validation phase of design and offering a 

manufacturer consequent financial advantage - Project 1 of this study.



The international standard method of flow accuracy testing embodied by ISO 60601- 

2-24 [10] is seen to be fundamentally flawed, providing useful accuracy information 

only under unchanging environmental conditions. A thorough investigation of the 

Standard, recommendations for amendment and the derivation of simulation models 

to predict flow form Project 2 of this study.

At the very low flow rates required for intensive care infusion therapy, infusion 

pumps offer far from optimum performance [1, 6, 11-16]. Unexpected fluid bolus 

infusion, slow start of fluid delivery at the commanded rate and delay in indicating 

flow blockage are all characteristics of current generation designs. Project 3 of this 

study isolates the causes of such unwanted behaviour and suggests and evaluates an 

innovative design offering significant performance improvement.

The subsequent sections of this document fulfil the following purposes:

  Section 2.1 Justification of an alternative design approach to reduce 'time- 

to-market' - provides background to the Project 1 investigation.

  Section 2.2 Justification of the importance of accurate flow rate 

measurement - provides background for the Project 2 investigation.

  Section 2.3 Justification of the need for an innovative infusion pump design 

- provides background for the Project 3 investigation.

  Sections 3.0, 4.0 and 5.0, detail the Projects 1, 2, and 3 respectively, listing the 

aims and objectives, methods used, results and outcomes of each project.

  Section 6.0 provides a discussion and review of the work completed.

  Section 7.0 lists conclusions and recommendations for further work.

  Section 8.0 lists sources of reference used in this document.



2.1 Justification of an alternative design approach to 
reduce 'time-to-market'



The company Medical Magnetics Ltd was disappointed to discover that the 'approval 

time' of documentation and design for the SP01 Syringe Pump, (Project 1 Report 

Section IF), had been between 9 months and 1 year. The delay resulted from 

problems in demonstrating fail-safe software development [17]. The design cycle for 

medical infusion pumps follows a top-down bottom-up procedure [18] where it must 

be shown that the design has been submitted to full hazard analysis and that any 

mitigation mechanisms required have been incorporated and tested. The difficulty for 

type approval authorities - and for the manufacturer - is that, whilst a software-based 

design can be built-up from tested functional modules, hidden dependencies [19] 

between modules may cause unexpected failure modes [20]. In fail-safe design, 

components such as software modules can be considered as potentially faulty 

components and mitigation methods used to ensure that, if the module fails, the 

system will react in a safe way.

It is not impossible to design safe embedded medical infusion systems but rather, that 

such systems require great care in design [19-25] and present problems in verification. 

The study described by Project 1 resulted in a structured method of modular hardware 

design that offered true encapsulation (no shared resource with any other module) . 

Project 1 had been commissioned by Medical Magnetics Ltd to investigate current 

methods of design and to suggest an improved design approach using re-configurable 

hardware objects.

A full investigation of current design methods was described and it was noted that the 

same approach could be used for a design based in embedded software as that based 

in hardware. This structured design method must follow a quality system of top-down 

bottom-up activity such as described by the Federal Food & Drug Administration 

(FDA) [18]. A comparison was made between the design of a simple infusion pump 

module accomplished as an embedded design based in 'C' and the equivalent re- 

configurable hardware module described by the hardware descriptive language (Very 

High Speed Hardware Description Language) VHDL (Project 1 Report Section 1A5 

4.0).



The comparison was necessary to confirm the hypothesis that hardware objects are 

inherently encapsulated whereas software modules imply some level of system 

dependence and interaction. A full design exercise of a simple infusion pump was 

performed in re-configurable hardware, (Project 1 Report Section ID), allowing 

positive conclusions to be made regarding the suitability of such a design approach.

The completion of comparative design exercises in embedded software and hardware 

modules was proposed to allow direct comparison of the two methods. Embedded 

design is difficult to encapsulate and demonstrate the physical isolation necessary at 

module level [19, 25, 27, 28]. In addition, embedded software has hidden 

dependencies that may negate the perceived independence of each module and lead to 

expensive and time-consuming validation [19].

The acceptance of true modularity in hardware design can permit a simple structured 

method to allow an infusion pump system to be realised in re-configurable hardware. 

This method could be modified to achieve the safe design of any small or medium 

scale safety-critical instrument and hence offers a wider appeal to designers.

In addition, by providing a simple structured design method, it is suggested that the 

final design will be simpler and more robust and be capable of realisation by design 

personnel without the extensive knowledge implied for the embedded software 

solution.



2.2 Justification of the importance of accurate flow rate
measurement
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Modern infusion therapies used in intensive care of critically ill patients are frequently 

performed at very low rates of flow - typically within the range Imlh" 1 to 5mlh"' [1] 

(Project 2 Report Section 2B1). At these low flow rates, most conventional flow 

metering methods are unsuitable. The International Standard ISO 60601-2-24 [10] 

recognises this problem and defines the authorised method of flow metering to be a 

system of precision weighing of fluid dispensed by the pump under test (Project 2 

Report Section 2B1 3.2). Whilst this method, described in the investigation of Project 

2 of this study, does provide a means of evaluating the mechanical accuracy of the 

pumping mechanism, it assumes that the pump height and venous pressure of the 

patient will remain constant. In order to investigate and comment on the methods used 

by ISO 60601-2-24, the Project 2 study required the development of software and 

precision weighing apparatus suitable to fulfil the requirements of the Standard 

(Project 1 Report Section IE).

In addition, a suitable commercial infusion pump, the TOP Medical TOP-5100 

syringe pump [29], was used so that flow results typical for a current generation 

intensive care pump could be generated, allowing both a commentary on the 

suitability of the Standard tests and the performance of the pump under stable 

conditions. The pump performance along with other equipment evaluations in the 

public domain [11-13] provided benchmark data against which the performance of the 

innovative pump design proposed in Project 3 could be compared. The measurements 

performed on the test instrument TOP-5100 demonstrated the same syringe pump 

limitations as commented on in public domain equipment reports for other syringe 

infusion pumps. These limitations were, for example, slow 'start-up' before delivering 

fluid at the commanded rate, potential for bolus infusion, flow variation caused by 

height change and an unwanted delay in alarm when the infusion site was blocked. 

These phenomena are commented on in this report and elsewhere [3-8, 14-16, 30].

Mathematical simulation was proposed as a means of predicting the flow errors that 

might be expected due to changes in operating conditions that would be difficult or 

impossible to accurately duplicate in a laboratory environment.



For example, slow cyclical variation of patient venous pressure or flow within 

sections of multiple pump systems [31, 32].

The current International Standard ISO 60601-2-24 [10] describes the approved 

measurement method for flow rate accuracy determination. A software application 

[33] was designed to allow precision weighing of dispensed fluid and calculation of 

flow rate (Project 1 Report Section IE) according to this standard. The application 

programme duplicated the methods of ISO 60601-2-24 and was of vital importance in 

allowing informed commentary regarding the usefulness of the ISO method.

A limitation of the Standard is the inability to quantify the level of short-term error 

that would be caused by any change in pump height or in venous patient pressure 

since it assumes fluid outlet is to atmosphere. Both these changes are to be expected 

during the normal use of an infusion pump and degrade performance [31, 32]. Whilst 

the influence of a sudden change in pump height has been observed both by 

laboratory measurement, (Project 2 Report Section 2B2 5.4), and in clinical situations 

[4 -7], replication of more indistinct changes in system pressure in the laboratory 

environment is difficult. It was proposed to develop a simple mathematical model of 

the syringe infusion system and to use simulation tools i.e. Simulink® Matlab® to 

simulate the model and hence to allow prediction of flow errors. It was helpful to see 

that, subsequent to the development of simulation models in this study, the use of 

simulation was indicated as a likely necessary step by Brunei University [2] in their 

investigation into multiple pump systems. Initially, this study had considered the 

single pump scenario although a universal model was developed that would be of use 

to other researchers active in the area of infusion pump technology.

The use of a commercial instrument - TOP-5100, in conjunction with the developed 

flow measurement software, permitted the influence of the change in pump height 

during infusion to be made. This practical series of measurements was useful in 

allowing a comparison to be made with the results expected using a simulation model 

of the pump.



A close comparison, (Project 2 Report Section 2B2 4.0), indicated that assumptions 

made during the development of the model were largely correct, and that the model 

could be used to predict flow disturbance for operating scenarios difficult to replicate 

in the laboratory e.g. changes in patient venous pressure.

The development of a simple model to replicate the action of a single infusion pump 

led to modification of the model to permit simulation of two or more pumps. In 

particular, the concerns of the UK Department of Health with regard to 'reflux' [1,2] 

in multiple pump systems could be investigated specifically using the model to repeat 

the results of Laheij [34] to show the dynamic of two inter-connected pumps.

The patient to pump connection is subject to various operational disturbances not 

accounted for by the International Standard and, as such, this study suggests that the 

Standard be re-evaluated.



2.3 Justification of the need for an innovative infusion
pump design
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The only instrument recommended by the UK Department of Health for 'high risk' 

infusions [1] is the syringe infusion pump (Project 3 Report Section 3B 2.6). This 

instrument does, however, have a limitation in the maximum volume it can infuse 

before the syringe must be replaced. Project 3 considers the design of an infusion 

pump that offers syringe pump accuracy performance with improved tolerance of 

pump height changes and venous pressure fluctuations.

Volumetric and cassette type pumps are able to provide greater infused volumes but 

have poor short-term accuracy performance at rates below Smlh" 1 i.e. those commonly 

used for high risk infusions. Project 3 should be seen as a logical progression of work 

resulting from the identification of performance limiting factors (identified by Project 

2 by observation and simulation) of which the system 'compliance', or the ability of 

the pump fluid components to expand or contract under applied pressure, is the most 

important.

The need to consider the design of a pump that could perform under most conditions 

of environmental change resulted from the discoveries of Project 2. Specifically, due 

to 'compliance' a flow error will result if pump height or venous pressure changes. 

The phenomenon of pump height flow error has been frequently described [3-7, 35].

This study had shown that, resulting from a simple simulation, flow error also results 

from patient pressure change that might result from sudden physiological change or 

change in limb attitude [31]. It became clear that system 'compliance' is identified as 

a cause of various undesirable flow disturbances such as "reflux' in multiple pump 

connections - a continuing investigation by Brunei University [2].

A pumping system was proposed that used a small disposable syringe connected 

alternately to a fluid reservoir and the patient line set, (Project 3 Report Section 3B 

8.0). The use of small rigid components had been indicated for a system that would 

operate largely undisturbed by height change or patient pressure changes since the 

system compliance would be most reduced.



A fundamental problem in the use of the 'syringe pump' is the need to change 

syringes in order to continue an infusion after emptying the delivery syringe. By 

reducing the syringe size, the need for replacement becomes more frequent. The most 

obvious approach would be to use the syringe in a reciprocating pump where the 

syringe could be repeatedly filled and emptied from a connected reservoir.

The accepted view of Bath University Institute of Medical Engineering and others is 

based on limited published literature [36] that suggests that re-use of syringes is not 

possible without unacceptable degradation of accuracy of the syringe pump. This 

study was able to demonstrate that re-use of small syringes (1ml or 2ml capacity) was 

indeed possible without noticeable accuracy degradation. Syringe re-use was 

fundamental to the prototype design of Project 3 of a pump capable of continuous 

infusion by repetitious filling and emptying of a single syringe.

The production of a prototype pump capable of good flow performance under most 

operating conditions and capable of operation without change of syringe presents a 

design of novelty and commercial value and is a significant outcome of this study. 

The flow measurement software [33], developed during this study, was used to 

measure the steady-state flow accuracy of the prototype pump and also the influence 

of height change on its performance.



3.0 Project 1 

'Safe design - reduced 'time-to-manufacture"
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This section provides detailed information regarding the fulfilment of Project 1

3.1 Aims & Objectives

This project was commissioned by the company Medical Magnetics Ltd primarily to 

determine whether other design structures other than traditional embedded software 

might provide a speedier route to release a product for manufacture.

The objectives of the study relate principally to the stated requirements of two 

documents generated by Medical Magnetics Ltd in 1998 and 1999 respectively 

(Project 1 Report 1 Al and 1A2) and are summarised as follows:

  To conduct a thorough literature review.

  To make an assessment of current software design methods to include 

validation testing and hazard analysis as well as the time-to-manufacture 

implications of mandatory third party safety audit.

  To include a comparison between identical module designs based on 

embedded software and re-configurable hardware.

  To formulate a structured method for a syringe infusion pump design based on 

VLSI -Very Large Scale Integration - hardware design, analysed for safety, 

and to compare this with a product based on traditional embedded software 

technology.

  To determine whether a re-configurable hardware design method reduces the 

design cycle time and hence offers a financial benefit to companies adopting 

such methods.
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3.2 Methods

An exhaustive review of literature (Project 1 Section 1A3) was conducted to consider 

such factors as fail-safe embedded design, structured design methods and factors 

causing delays in the product design cycle.

This project was initiated by Medical Magnetics Ltd., a design and manufacturing 

company with existing experience of embedded software design of infusion devices. 

The specification had been to identify the causes of any significant delays in the 

'design cycle'. The 'design cycle' meaning, in this context, the time taken from 

conceptualisation of the product through prototype build, final validation by national 

and international test houses, and eventual release of the product for manufacture and 

sale. A previous experience in submission of the Medical Magnetics Ltd SP01 syringe 

pump (Project 1 Report pi02) to TUV - Technischer Uberwachungsverein - Koln had 

shown that the time taken to satisfactorily demonstrate hazard analysis and fault 

mitigation in a two processor fail-safe system had delayed the product approval by 

between 6 and 9 months.

The general non-deterministic nature of software failure [19-21, 22-21, 37-39] and the 

inability to demonstrate exhaustively software malfunction [19,25] and mitigation had 

caused the delay, with the test house resorting to a prolonged period of system 'cycle 

testing' before release. The lack of true module encapsulation and uncertainty about 

hidden dependencies between software modules was identified as an inherent part of 

an embedded software design solution.

The company Medical Magnetics Ltd had proposed that, by employing hardware 

design techniques, modularity could be demonstrated and, in addition, internal nodal 

errors become predictable and finite, leading to demonstration of system fail-safety 

not possible with the embedded design. The main purpose of the commissioned study 

was to investigate whether employing hardware methods may result in a reduction in 

the skill level needed to exact safety and robustness of the design i.e. the hunt for 

hidden dependencies is largely removed.
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In order to make informed comment, a thorough literature review was initially 

conducted (Project 1 Report Section 1A3). The review of literature permitted the 

generation of that part of the commission requiring a balanced view of current design 

practice (Project 1 Report -1A4 Interim Report).

To test the hypothesis that a design employing linked hardware objects, when 

compared to a conventional embedded software solution, will require less skilled 

design input and will reduce the fault mitigation and system validation components of 

the design cycle, a limited comparative design exercise was completed. This exercise 

used 'Complex Programmable Logic Device' or CPLD hardware and the 'Very High 

Speed Integrated Circuit Hardware Description Language' or VHDL and a 

representative 8 bit microcontroller with embedded software generated by an 

appropriate 'C' compiler.

This part of the study formed the amendment to the original company specification 

and is described as Project 1 Report Section 1A5. The purpose of the investigation 

was to demonstrate straightforward methods in the design of medium scale safety- 

critical medical electronic systems using hardware techniques. In addition, it was 

required to describe how this modular hardware design technique might offer 

financial advantage over conventional embedded software design by reducing the 

design cycle time.

The amended report also required a complete design exercise to be carried out. The 

design of a simple infusion pump system, (not just a module of the design), in re- 

configurable hardware is described by Project 1 Report Section ID. This design 

required a full top-level description of the system with suitable hazard mitigation 

followed by a downward decomposition into suitable hardware modules.

5.2 Results

Whatever the technology used in an infusion pump design, the route to market 

requires demonstration of adherence to a point-by-point top-down bottom-up design 

cycle procedure [18]. Use of programmable hardware permits sections of the design 

cycle to be considerably shortened offering commercial advantage to the company.
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A detailed investigation regarding current design method for safety-critical medical 

electronic systems resulted from a suitable literature review. This showed, (Project 1 

Report Section 1A4), that the design procedure required for such equipment is 

rigorously constrained and must follow a 12-point chronological sequence that is 

defined by the PDA guidelines [18]. The procedure is unremarkable and describes 

well - accepted principles of top-down bottom-up design cycle.

The company amended proposal, (Project 1 Report Section 1A2), called for the design 

of a simple infusion pump system using hardware techniques. This exercise was 

required to demonstrate that a system designed in hardware modules would give 

easier and faster transition through the above 12-point sequence and hence offer a 

financial advantage to the company Medical Magnetics Ltd..

A top-level system was described (Project 1 Report Section ID CD ROM) that could 

be represented by a block schematic Figure 1:

MOTOR DRIVE

TOP LEVEL
DESIGN

WITHOUT
HAZARD

MITIGATION

Figure 1: Top-level infusion-pump design without hazard mitigation
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This schematic did not include any form of hazard mitigation e.g. there is no means of 

detecting a failure of the oscillator OSC 1 that might cause the motor drive to increase 

and the system to over-dose fluid. The exercise, using the procedures outlined in the 

Interim Report (Project 1 1A4 pp 18-57), allowed for a revised top-level design to be 

generated that provided for suitable fault mitigation. The simplistic design, shown 

above, was converted into a more complicated 'monitor-actuator' system to provide 

the necessary level of fault mitigation.

The final hazard-mitigated top-level design included additional components (Project 1 

Section ID) and formed the basis for module design. The exercise was completed by 

the conversion of the top-level schematic directly into hardware modules. Each 

module offered true encapsulation and was exhaustively tested for correct function by 

exercising all the input node combinations and observing for correct response on 

output nodes. Embedded solutions share resources such as memory allocation for 

variable storage, bus structures, and stack memory. In addition, most embedded 

designs use the 'C' programming language often described as unsuitable for safety- 

critical applications [27].

The complete design exercise took some 200 hours over several months to complete 

and was compared with historical company records of equivalent software 

development time and cost. A major difference was found in 'code validation'. It is 

generally accepted that the high cost of delivering safe code for an embedded safety- 

critical project lies in validation [19]. The hardware solution allowed significant 

reduction in the validation cycle by approximately 50%.

The importance to the company Medical Magnetics Ltd of this finding was that a 

system could be designed without the previously required expert knowledge implied 

in embedded software. Attempts have been made to constrain the 'C' programming 

language when dealing with safety-critical systems e.g. MISRA 'C' [19,27].
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In any event, the designer of the embedded software solution must be aware of the 

concept of 'fault patterns' [19] and hence needs experience in this type of design.

A simple design sequence was proposed for future modular hardware design exercises 

(Project 1 Section ID).

The study had resulted directly in the following:

  A literature review of material relating to safe design of medical systems.

  A report detailing current methods required in design of infusion equipment.

  A comparative exercise detailing differences between modular design in 

embedded software and in modular hardware.

  A full design exercise in re-configurable hardware of a simple infusion pump 

system with comparison the design time for a similar instrument in embedded 

software.

  A simple step-by-step recommended procedure for the design of simple and 

medium sized medical safety-critical equipment using hardware techniques.

3.4 Outcomes, Attainment, Recognition

The work detailed in Project 1 had been commissioned by the company Medical 

Magnetics Ltd. This study detailed the two reports submitted to the company for their 

consideration.

Using the results of the study, two articles were written for peer-review and 

publication (Project 1 Report). The first article examined current design method and 

the factors influencing time-to-manufacture for medical safety-critical systems. The 

second article examined a procedure for hardware modular design with risk 

mitigation.

The company Medical Magnetics Ltd had experience of hardware-designed systems 

in the MD50 syringe pump dating from 1985 onwards and this equipment had 

experienced good reliability and rapid progress to market based on a simple and 

demonstrably safe fail-safe design.
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This early instrument did, as a so-called 'glue logic' design, have no functional 

flexibility and no means of re-programming. The company had subsequently 

submitted a full microprocessor-based design - SP01 syringe pump - and had 

experienced a greatly increased delay in receiving type approval caused by increased 

complexity of system validation. This study demonstrated that a system of design 

using re-configurable hardware modules offered the manufacturer the functional 

sophistication of the embedded software design but with the above-stated advantages 

of'glue-logic'.



4.0 Project 2

'Accuracy measurement and the mathematical simulation

of flow rate'
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The infusion pump must not be capable of causing patient hazard i.e. causing injury or 

death. As such it must not be capable of malfunction that might cause over infusion or 

under infusion of potent drugs. Whilst, a catastrophic fault should be detected 

speedily and the system placed in a safe mode [9], for example, pump stopped with 

generation of a distinct audible alarm to summon help, minor flow irregularities 

caused by poor mechanical design may go unnoticed. The measurement of accuracy 

of infusion forms a major part of the International Standard ISO 60601-2-24 [10] and 

such measured accuracy information provides the clinician with ability to choose a 

pumping mechanism suitable for the drug to be infused [1]. Some drugs are slow to be 

metabolised by the patient and short-term fluctuation of flow can be tolerated whilst 

other drugs, notably the range of vasoactive agents such as dopamine, have a rapid 

physiological reaction and cannot tolerate any significant short-term errors. The 

results of even minor flow fluctuations in vasoactive drug administration are well 

documented in the literature [35, 40, 41].

4.1 Aims & Objectives

Project 2 was linked to the work considered by Project 1 only in that it continued a 

general theme of infusion pump design. The aim of Project 2 was to consider in detail 

the methods used by the international community to assess accuracy of infusion 

therapy devices (Project 2 Report Section 2B1). The International Standard was 

proposed as flawed since it measured flow accuracy assuming the patient connection 

was stable at atmospheric pressure indicating that it was not suitable to predict likely 

errors that would result from changes in the environment of the instrument under test.

The secondary aim of the study was to develop simulation models suitable to allow 

flow prediction under various operating scenarios thought likely to occur in hospital 

practice (Project 2 Report Section 2B2).
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The objectives of Project 2 were as follows:

  To perform a thorough literature review.

  Detail the importance of short-term and long-term accuracy of infusion 

devices.

  Describe the benchmark for measurement i.e. the International Standard ISO 

60601-2-24 and comment on its usefulness.

  Describe factors influencing accuracy of flow in infusion devices.

  To perform flow rate measurements according to the guidelines of ISO 60601- 

2-24 to assess the performance of a typical intensive care syringe infusion 

pump.

  Describe the infusion pump system by a suitable mathematical simulation 

model.

  Demonstrate the validity of the of the simulation model by comparing the 

performance of a simulation model based on a typical intensive care syringe 

pump with actual flow rate generated by laboratory testing of the same 

instrument.

  Develop the simulation model to represent multiple pump connections.

  Use the simulation model to predict flow error due to pump height change or 

change in venous pressure.

  Identify mechanical 'compliance' as a major contributor to poor flow stability.

4.4 Methods

An exhaustive review of literature (Project 2 Section 2C) was conducted to consider 

such factors as flow rate error, flow rate measurement and current developments. 

Project 2 consisted of two distinct phases i.e. measurement and simulation. 

Laboratory flow measurement was used to validate the simulation model (Project 2 

Report section 2B2 4.2).
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4.2.1 Measurement

A thorough review of published information was completed (Project 2 Report Section 

2C). This review demonstrated that numerous instances of flow irregularity due to 

changes in pump height had been identified in the clinical literature [3-5]. In addition, 

other instances of flow disruption had been linked to the use of faulty in-line valves in 

the infusion line system [35, 41] and 'inappropriate' central line infusion components 

[40]. Whilst, this study is able to show a common causal link in all these instances i.e. 

system compliance, the literature generally reported the instances without speculation 

on cause. Only in the case of pump height change did some researchers [5] recognise 

system compliance as a possible cause.

Project 2 was based on the hypothesis that the current International Standard method 

for measuring infusion pump flow accuracy is flawed. In order to comment on the 

usefulness of the Standard it was required to duplicate the laboratory method of ISO 

60601-2-24. A software application programme [33] was devised in DELPHI® that 

enabled weight data from a precision weighing platform (ATRAX® AY120) to be 

processed and displayed as a flow rate graph. The sampling rate used was IHz with 

data being recorded as a CSV file suitable for subsequent analysis using Microsoft 

Excel ®. Using Excel® the raw data was filtered to provide a 30 second moving 

average duplicating the smallest window period indicated by the Standard. The 

experimental apparatus is shown as Figure 2 and described by Project 2 Section 2B1.

needle 18g 1.2mm 
see ISO 7864

ADMINISTRATION SET

syringe

\
EUT

COMPUTER

O.OOOOg electronic balance 

Figure 2: Flow measurement using the protocol of ISO 60601-2-24
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As seen in Figure 2, fluid output from the infusion device is collected in a container 

positioned approximately at the same height as the pump syringe. The BUT 

(Equipment Under Test) represents the syringe infusion pump incorporating syringe 

and mechanical actuator. The exit for the fluid into the collecting jar is via an 18 

gauge cannula or needle with an external diameter of 1.2mm and the balance has a 

resolution of lg/10000. These requirements reflect the protocols of the ISO 60601-2- 

24 standard.

A precision digital weighing scale is connected by serial link to a desktop PC running 

the Delphi® application [33]. The flow rate measurements of the Standard are defined 

by the mathematical relationships given as Project 2 Report Section 3.2.

The ISO 60601-2-24 measurements allow the accuracy of flow of an infusion pump to 

be determined over varying length observation windows. The method does not allow 

for determination of flow error and hence degradation of accuracy when the 

hydrostatic gradient between pump and patient is altered. This alteration may be due 

to height change between pump and patient e.g. in transportation by ambulance say or 

by temporal variations in the patient venous blood pressure. In order to investigate 

these likely scenarios a simple set of mathematical and simulation models were 

derived using MATLAB® Simulink® software tools.

4.2.2 Simulation

Observation of the performance of a syringe infusion pump subjected to a step change 

in input i.e. a step change in height, indicated a first order system, where the system 

output, i.e. flow rate, followed the step disturbance then showed a decay back to the 

steady state. This observation was confirmed by the development of a mathematical 

model based on a simple first order differential system. In order to develop a model, 

the syringe pump system was simplified to a fluid-filled syringe connected to a 

restriction represented by extension line and needle. This is described in Project 2 

Report section 2B2 2.0 and described by Figure 3.
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Line length L

Figure 3: The syringe infusion system

Poiseuille's Law was used to describe the pressure differential across the restriction 

and hence imply the flow of fluid as follows:

Where:

  The line set has internal radius &

  Fluid viscosity is that of distilled water say at constant temperature 20°C.

  The connection from line set to patient is via stiff tube (cannula) of same 

internal radius as the line set (typically 0.75mm).

In practice, the cannula bore will usually be less than the line bore and 

represent the majority of the restriction to flow.

  P2 ~P\ (measured in Pascals) = pressure gradient across the restriction of 

length L.

• T] = fluid viscosity = 1.005 x 10"3 Pa.s

  Q= flow (m3 s' 1 )

  n = 3.14159

In an ideal system, flow into the system caused by the displacement of the syringe 

plunger is equal to outflow to the patient via the line restriction. The study suggests 

that in a system with mechanical 'compliance' there is an additional flow component 

to represent fluid flowing within the system to accommodate volume changes due to 

expansion or contraction under pressure of the system. The derivation of an 

expression to describe the complete system is described in Project 2 Report Section 

2B2 3.0 as follows:
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[2]

Where:

B = flow in (mV) 

P2 = pump pressure (Pa) 

P, = patient pressure (Pa)

= system restriction (Pa"' s"')

= system compliance (nr'Pa" 1 ) 

A simple model of a syringe infusion pump, based on the above relationship, was 

developed. Figure 4 describes the model - (Project 2 Report Section 2B2):

A 
C

Inflow = Outflow + Change in Volume

B = (P2-P1)A *C(dP2/dt) => P2 » (1/CS) [ B - (P2 -P1) A I 

OR

P2 = (B/AXdtSC/A) + P1/IUSC/A) 
This looks like an RC circuit with 2 inputs- B/A and P1, and C/A Is the time constant.

P1-Step

P1-Step1

Scope

P1-Step3

Figure 4: Simple simulation model of a syringe infusion pump
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Figure 4 shows the simple model subjected to equivalent step changes in pump height 

such that, after a set interval the pump was raised in height, flow was allowed to 

stabilise and the pump returned to reference height. Subsequently, the pump was 

lowered by a set amount then returned to reference height. The values for restriction 

A and compliance C had been calculated to agree with parameters from a test infusion 

pump type TOP-5100 (Project 2 Report Section 2B2 4.2). This simulation sequence 

was easily repeated on a test instrument in the laboratory by using the flow 

measurement apparatus derived from the ISO 60601-2-24 Standard and the moving 

the test pump through the same sequence of step height changes indicated by the 

simulation. The resulting changes in fluid flow i.e. bolus delivery when the pump 

height was raised followed by negative flow when the pump was lowered would 

indicate the correctness of the model.

The simple model was also used to simulate the flow disturbance expected by various 

changes in patient venous pressure e.g. slow periodic positive and negative 

fluctuations about a preset value.

A second simulation model was derived from the first to model a dual-pump 

connection. The resultant model is shown in Figure 5:

B2-1ml/hr 

I 1/0.8e-11

1/C2-compliance

PUMP 2

Jry different values for C1, C2, 81 & B2
 If C1 & C2 are close, out flow is small.

A only affects the ramp-up time.

Scope

Two pumps connected together using one line, 
the line restriction (A) Is common to both. 
Pressure P1 feedback to Pump 2, and 
Pressure P2 feedback to Pumpl. 
For Pumpl:

B1 -C1(dP1/dt) = A(P1-P2) 
~>(1/S)[B1 -A(P1-P2)]/C1 =P1

For Pump2:
B2 - C2(dP2/dt) = A(P2-P1)

Figure 5: Dual-pump simulation model
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In this case, the pump model was such that it simulated the connection of two 

identical syringe pumps to a common patient site. One pump was set at a flow rate of 

Imlh" 1 whilst the other was set at a rate of lOmlh" 1 and the patient site was simulated 

as an occlusion or blockage. This simulation was performed to allow comparison with 

the published empirical results of Laheij [34] (Project 2 Report Section 2B2 6.0).

Laheij had reported that, under laboratory conditions, two connected pumps set to 

Imlh" 1 and lOmlh" 1 would cause fluid from the faster pump to enter the extension line 

of the slower instrument. It was observed that the pumps would continue to operate 

within the closed fluid circuit until a pressure 'cut-out' alarm point would be reached. 

At this point, releasing the occlusion resulted in bolus delivery to the patient site.

The purpose of the simulation was to demonstrate that the model could be used to 

replicate a published empirical experiment and might have value in further 

investigations.

The above simulation model, based on the original 'simple model' was limited in that 

it modelled only fluid flow in an occluded system. A final universal model was 

designed that allowed for the simulation of multiple pump connections. Intensive care 

therapies frequently call for as many as six or more syringe infusion pump 

connections to an individual patient [2,34] (Project 2 Report Section 2B2 7.0).
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The derived multiple pump 'simulation model' is shown in Figure 6:

A1 = pi'RM/(8'n'L) 
Output Line restrictionl

1/C-compliance1

A2 = pi'RM/(8"n'L) 
Output Line restrict!on2

Pp-patient pressure 
20mmHg. at 200s

1/C-compliance

System instability occurs at: 
Disturbl = 0.1e-12, Cp=0.09e-17

The connecting blockiseffectively a 
syring-pump with A=0 and C==>0. 
when patient line is blocked.

Inflow = Outflow + Change in Volume 
Bo1 + Bo2 = (Pe-Pp) A + C (dPe/dt)

Scope!

Figure 6: Multiple pump 'simulation model'

The novelty of the model is in the representation of the patient site restriction i.e. 

cannula, as an equivalent 'pump module' with flow in, flow out, compliance and 

restriction to flow. The rigid nature of the cannula component indicates a negligible 

compliance.

The multiple-pump model was used to perform a series of simulations of typical 

operating scenarios e.g. application and removal of site occlusion. Current intensive 

care methods frequently use as many as six syringe pumps connected to a single 

patient [34]. Various dimensions of rigid and semi-rigid connecting tubing or 'lines' 

as well as plastic connector blocks are used to make the required fluid connection. 

The dynamic of such systems is difficult to visualise and this model could be used, by 

suitable extension, to accurately model complex systems and hence identify critical 

components.
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4.3 Results

Results were obtained both by laboratory measurement and by use of the derived

simulation model.

4.3.1 Measurement

The derivation of a software application programme duplicating the requirements of 

the International Standard ISO 60601-2-24 provided a useful tool to enable flow 

measurement in a manner identical to that used by type approval bodies. A typical 

intensive care syringe pump had been selected (TOP-5100) and the software used to 

measure volume infused when the pump was set to a flow rate of 2mlh~ 1 . The pump 

was then subjected to height increase change of 65cm at time 106 seconds and return 

to reference followed by height decrease of 34cm at time 380 seconds followed by 

return to reference height.

The characteristic, (Project 2 Report Section 2B2 4.0), is shown as Figure 7:

Volume (ml)

100 200 300 400 500
TimeCs)

Figure 7: Fluid change on a set 2mlh"' flow rate caused by height change

of the TOP- 5100 pump

This characteristic shows that a bolus fluid increase when the height of the pump 

relative to patient site is increased and a fluid decrease when the pump is lowered 

below the patient site i.e. negative flow.
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The Bath University Institute of Medical Engineering [42] is the UK centre of 

excellence in the testing of infusion pumps intended for sale in the UK. This centre 

has recognised the significance of height change in influencing flow rate but not 

implemented any change in testing equipment or advice to users. The general advice 

remains that users should maintain constant pump height during infusion.

4.3.2 Simulation

The use of the derived 'simple model' based on the test pump parameters of A 

(restriction) and C (compliance) - both determined experimentally (see Project 2 

Report Section 2B2 3.1) - produced a similar curve - Figure 8 - validating the 

usefulness of the simulation model..

Volume (ml)

0 100 200 300 400 500 600

Time(s)

Figure 8: Flow change predicted by simulation of height change 
on a set rate of 2mlh"1

The simple simulation model had been used to examine the expected flow disturbance 

that might be expected when patient venous pressure fluctuates. It was found that 

even small venous pressure changes applied to the simulation model of the typical 

intensive care syringe pump produced significant errors in flow (Project 2 Report 

Section 2B2 8.1).
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This result has clinical significance since users, although aware that movement of the 

pump during infusion can cause flow error, have had no published references [31] to 

alert them to the potential danger of flow modulation due to patient pressure change. 

This change will occur when the peripheral limb site is moved or the patient position 

is altered [43]. This observation is a significant contribution to knowledge of this 

study.

Figure 9 shows flow variation caused by +/- SmmHg venous pressure variation on a 

set rate of Imlh" 1 (dashed line shows set flow rate) - period of variation ca.57 seconds 

(0.1 radian/s). This level of variation has significance when infusing short half-life 

drugs such as dopamine say.

Flow Rate (mhY 1 )

Imlh'

700 900 

Time(s)

Figure 9: Flow rate variation caused by +/- 5mmHg venous pressure change with 

infusion set to Imlh" 1

The derivation of the dual pump simulation model (see Project 2 Report Section 2B2 

6.0) had been made to provide a simulation of the dual occluded pump experiment 

due toLaheij [34].
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The experiments of Laheij are of significance since they confirm the susceptibility of 

multiple infusion systems to generate unwanted safety-critical flow errors - now the 

subject of extended research by Brunei University [2]. In this experiment, two 

identical syringe infusion pumps had been set to infuse via a common patient site at 

rates of Imlh" 1 and lOmlh" 1 respectively.

Laheij had reported that when the patient site was blocked (occluded), fluid was seen 

to continue to be pumped within the fluid circuit represented by the extension lines 

from each pump. Pump action continued until a preset cut-off point was reached. 

When the occlusion was released, trapped fluid volume built-up in the expanded 

extension lines had been seen delivered as a bolus into the patient site. In addition, it 

was reported that fluid flow until the occlusion cut-out was reached had been from the 

faster lOmlh" 1 pump into the line set of the slower Imlh" 1 pump at a rate of 

approximately 4.5mm" 1 . Laheij mentioned the ability of the extracorporeal circuit to 

expand under pressure as a source of flow error i.e. system compliance, a finding that 

is central to this study.

By using the dual pump simulation model, it was possible to duplicate the results of 

Laheij i.e. fluid flow seen to be at 4.5mlh' 1 in the direction of the slower pump after 

occlusion. The usefulness of this exercise was to provide further validation of the 

simulation assumptions of the derived model and point towards the possibility of 

using the model to predict factors influencing flow error such as excessive 

compliance. The values of 'restriction' A and 'compliance" C where based on test 

pump measurement (see Project 2B2 3.1).

The multiple pump simulation model was derived to provide the user with a method 

of simulating and predicting flow within a pump system subjected to various 

disturbances such as connection or disconnection with other pumps, response to 

occlusion, response to set flow changes.

Whilst subsequent to this study, the Brunei University Project Proposal [2], also 

concluded that simulation may be essential in providing a method of investigating 

flow disturbance in the fluid branches of complex multiple pump systems.
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4.4 Outcomes, Attainment, Recognition

The questioning of the validity of an accepted International Standard is a significant 

outcome. This standard is the result of considerable international collaboration and 

forms the basis for equipment design and selection. The work outlined in this study 

has been critically peer-reviewed for conference publication.

The derivation of a valid simulation model to allow the influence of patient pressure 

change on a system was the subject of a presentation for the Society for Technology 

in Anesthesia at the Annual Scientific Meeting January 2005 [31] (Project 2 Report 

Section 2D). The presentation was chosen to be reported as a special feature in the 

journal Anaesthesiology News September 2005 with clinical comment by the Chief 

Resident of the NY Medical Center, New York, Ariel Jurmann MD as follows:

"This study shows an inherent limitation of the technology of the infusion 

pump and a warning that we have to be careful about how some of this 

technology is implemented and tested".

L.Pembrook , 'Two Factors Affect Flow Rate Accuracy in Small-Volume 

Infusions", Anesthesiology News, September 2005.

Continuing contact with the Bath Institute of Medical Engineering (BIME) Bath 

University - a UK centre of excellence in the area of infusion apparatus - has led to a 

request to copy all findings directly to their centre for reference and action. The 

simulation of a dual pump infusion system subjected to occlusion of the patient site 

formed the basis of a paper presented at the Australian & NZ College of Anaesthetists 

in May 2005 [44] (Project 2 Report Section 2D).

The potential for infusion error due to complications in the use of multiple syringe 

pumps for individual patient therapy formed the basis of a paper presented at the 

Royal College of Nursing International IV Therapy Conference Brighton November 

2005 [32]. An article was prepared for journal publication and submitted to the British 

Journal of Anaesthesia for consideration (Project 2 Report Section 2D).
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A major outcome of this study was the realisation that, due to mechanical design, 

current infusion therapy devices are not able to tolerate the patient pressure 

fluctuations and pump height changes to be expected in intensive care without 

generating significant low flow error.

Flow error results from any factor that may cause internal fluid flow within the system 

rather than direct flow to the system output. The study pointed to the need for an 

alternative infusion pump design suitable for intensive care therapies. In addition, it 

identified 'compliance' as a major limiting factor in providing flow rate accuracy and 

indicated the need for a design to minimise internal flow by the use of small volume 

rigid components.

This study has resulted in the first published reference of the safety-significant flow 

errors that will occur due to patient venous pressure change [31]. It shows the 

International Standard to be of limited value in providing accuracy data to clinicians 

attempting to select equipment for high-risk infusions. The work of Project 2 and the 

derived simulation models and accuracy measurement software directly permitted the 

work indicated by Project 3 - 'The design of an innovative infusion pump' - to be 

carried out.



5.0 Project 3 

'An innovative infusion pump design'
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Infusion therapy is an important part of modern intensive care of critically ill patients. 

Whilst some therapies are tolerant of fluctuations in flow rate accuracy, a large 

amount of treatments in intensive care are based on the infusion of potent drugs at 

very low rates where any short-term flow variation has immediate clinical result.

The design of flow measurement apparatus completed by Project 2 of this study 

enabled a current generation intensive care infusion pump to be assessed for accuracy 

under stable operating conditions, but also under the influence of a sudden step 

change in pump height. Flow rate error was seen to be dependent on the size of the 

disturbance but also on the mechanical compliance offered by the pump system. In 

addition, simulation models of the infusion system were able to demonstrate the errors 

resulting from changes in patient venous pressure. A conclusion was that an improved 

design should incorporate small volume components of rigid non-compliant materials. 

This study concerns itself with the design of an innovative infusion pump capable of 

offering improved performance.

5.1 Aims & Objectives

The aim of Project 3 was to propose and test a prototype design for an infusion pump 

that would be largely immune to the flow errors due to operating conditions to be 

expected in hospital environments. Project 2 had pointed towards the need to 

minimise system 'compliance' in an optimised system. The usefulness of any design 

could be easily assessed by comparison with the performance of a typical 

contemporary instrument [29].
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The following describes the objectives of Project 3:

  To design an infusion pump design based on structured design methods 

suggested by Project 1 and information described in Project 2.

  The testing and accuracy determination of the prototype design using the flow 

rate software tools developed as part of Project 2.

  A performance comparison between the prototype instrument and a typical 

'current-generation' instrument.

  The formulation of a Patent Application to cover design innovation.

  A review of published material of value to the investigation. 

5.2 Methods

A comprehensive literature search was followed by an investigation of the 

performance of examples of current generation infusion therapy devices and the 

design of an innovative prototype to offer improved performance.

5.2.1 Literature

A review of literature (Project 3 Report Section 2C) was conducted to consider such 

factors as design requirements, system compliance and current developments.

5.2.2 Review of infusion pumps

The attributes, of the main types of infusion pump systems used in hospital 

treatments, were reviewed, listing advantages and disadvantages for each category 

(Project 3 Report Section 3B).
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5.2.3 Characteristics of a current generation intensive care pump

A representative syringe infusion pump [29] was evaluated using the software 

developed by Project 2 [33] (Project 2 Report Section 2B1). This part of the study was 

necessary to provide a benchmark for performance against which the prototype design 

could be compared.

The test instrument TOP-5100 syringe pump [29] was evaluated to determine the 

steady-state flow accuracy at low flow rate of Imlh"'. This measurement was 

performed after first 'priming' the pump by running it at an elevated rate of 30mlh"' 

before setting the rate to the desired Imlh" 1 . This procedure is common in this type of 

instrument to remove any mechanical slack or 'dead-space' [1].

A second test was performed without first 'priming' the instrument but immediately 

setting the desired rate to Imlh" 1 and observing the time taken for the pump to deliver 

at this set rate. This test illustrates what is known as 'start-up delay' [15] that users 

will attempt to minimise by 'priming' the pump - as described above.

The infusion pump was exposed to a test that changed the height of the pump during 

infusion. Flow disturbance due to height change of the pump during infusion is well 

reported by researchers [3-5]. The pump was first raised 30cm and the flow allowed 

to stabilise then returned to reference height with flow rate disturbance being 

recorded. These three tests provide a benchmark for performance against which a 

design prototype might be compared.

5.2.4 The design and evaluation of an innovative pump prototype

This design exercise considered the use of a low fluid volume disposable syringe 

operating in concert with a rotary disposable valve to alternately be filled from a 

connected reservoir and emptied to the patient site. The principle is described in a GB 

Patent Application [45].
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The concept described by the Patent Application is the repeated re-use of the syringe 

to maintain a quasi-continuous flow to the patient. One major concern was the ability 

of the disposable syringe to maintain flow accuracy after repeated cycling and 

prolonged exposure to fluid. Previously published material [36] had suggested that 

disposable syringes are significantly degraded in their ability to maintain flow 

accuracy when re-used (Project 3 Report section 3B 8.1). Tests were performed to 

measure low flow accuracy for a new syringe and for the same syringe after repeated 

use.

In order to deliver fluid accurately, a precision linear actuator was used. This device, 

the Zaber® NA 1 IB 30 provides for stepping actuation with minimum step of 3.6um 

over a linear range of 3cm. This linear range was sufficient to allow for infusion of at 

least 1ml before need for refilling. The actuator provided for a rapid syringe return 

during filling at a rate of approximately 2cms"'.

The prototype mechanism was subjected to repeated fill - empty cycles and the 

subsequent accuracy of delivery measured (Project 3 Report Section 3B 8.2).

In addition, the prototype was subjected to the same tests as the commercial TOP- 

5100 instrument i.e. start-up primed, start-up un-primed and height change during 

infusion (Project 3 Report Section 8.2).

5.3 Results

The commercial instrument used in providing benchmark data was the Japanese TOP 

Medical Company TOP-5100. This instrument is in commercial use in the UK as an 

intensive care syringe infusion pump. This study describes the type of infusion pump 

technologies frequently found in hospital use and suggests that the only instrument 

capable of providing the accuracy required for intensive care low flow therapies is the 

syringe pump (Project 3 Report Section 2.6). However, as can be seen from the results 

of subjecting a typical syringe infusion pump to a series of expected operating 

scenarios, accuracy can be degraded significantly under certain conditions.
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5.3.1 Response of a commercial syringe pump to primed start-up at rate of Imlh" 1

Figure 10 represents the outflow of the TOP-5100 pump after first 'priming' the 

system. Measurement was made using software developed as detailed in Project 2 

Report Section 2B1 3.0, Users are aware that, at low flow rates such as Imlh" 1 , an 

infusion pump may take time to start to deliver fluid at the correct rate. For this 

reason, it has become common practice to 'prime' (run at an elevated rate) the pump 

to take up any mechanical inertia or dead-space before setting the desired low flow 

rate and connecting the patient (Project 3 Report section 3B 4.1.2).

0 200 400 600 800 1000 1200 
Time(s)

Figure 10: TOP-5100 syringe pump start-up response at Imlh" 1 after priming

Even after 'priming' the pump takes a significant time to stabilise at the set rate of 

Imlh" 1 . Note also the relatively slow fall-off in flow when the pump is switched off.
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5.3.2 Response of a commercial syringe pump to un-primed start-up at set rate of

Figure 11 shows the delay in start-up when the TOP-5100 pump is set to deliver at 

Imlh"1 but is not 'primed' as described previously.
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Figure 11: TOP-5100 syringe pump start-up response at set rate of Imlh" 1 un-primed

5.3.3 Response of a commercial syringe pump to step change in pump height

Figure 12 shows the response of the test instrument TOP-5100, set to deliver at 

Imlh' 1 , when the pump height is first raised by 30cm then returned to reference height 

(see Project 3 Report Section 3B 4.1.2).
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Figure 12: TOP-5100 syringe pump response to height change during Imlh" 1 infusion 

5.3.4 Prototype pump response to primed start-up at a set rate of Imlh" 1

1.4 -| Flow Rate (mlh" 1 ) 

1.2 -
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Time(s)

Figure 13: Prototype pump start-up response at Imlh" 1 after priming

Figure 13 shows the prototype response at a set rate of Imlh" 1 after the pump has been 

primed by running at an initial fast rate to take up any mechanical dead-space.
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5.3.5 Prototype pump response to un-primed start-up at a set rate of Imlh" 1

The start-up response for the un-primed prototype pump - Figure 14 - (Project 3 

Report Section 3B 8.2) shows a relatively fast achievement of set flow. It takes less 

than 20 seconds to achieve flow rate within 10% of the Imlh" 1 set rate compared to 

2000 seconds i.e. over 30 minutes for the un-primed TOP-5100 pump.
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Figure 14: Prototype pump start-up response at Imlh" 1 un-primed

5.3.6 Prototype pump response to height change during infusion

Figure 15 shows the response to 30cm step change in pump height followed by return 

to reference height. In this case, minimal flow disruption was seen without the 

characteristic zero flow after lowering of the pump seen both in the TOP-5100 pump 

test of Figure 12 and reported by the Medical Devices Authority [1].



40

20 n

15 -

10 -

5 -

0 -

-5 -

-10 -

-15 -

Flow Rate (mhY 1 )

______ 1
———————— i ———— -^ —— i ——— 

100 200

———————— 1 ———————————————— I ——————

300 400
Time(s)

Figure 15: Prototype pump response to height change during infusion at Imlh" 1

5.3.7 Flow discontinuity during the fill cycle of the prototype pump

The principle of operation of the prototype pump was the infusion at set rate of fluid 

via a suitably positioned directional valve to the patient. On reaching the end of travel, 

the valve must change flow direction to allow filling from a connected reservoir. 

Clearly, during the period of filling, no flow can reach the patient from the syringe.
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Figure 16: Prototype flow discontinuity during the fill cycle
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The typical discontinuity of flow at the fill time is shown as Figure 16 - (Project 3 
Report Section 3B 8.4).

5.4 Outcomes, Attainment, Recognition

Project 3 demonstrated that an example of one the 'best available' intensive care 

infusion pumps exhibits poor flow accuracy when subjected to changes in external 

conditions. A Patent Application [45] was submitted to describe the innovative design 

of a reciprocating pump mechanism using disposable syringes. Although, the concept 

of alternate fluid delivery followed by fill from a reservoir looks unremarkable, the 

system does have specific originality. The ability to obtain good accuracy after 

repeated syringe use is contrary to published research [36]. Re-use of the syringe 

component is central to the invention. The disadvantages exhibited by the 

conventional pump are either removed or significantly diminished in the prototype.



6.0 Discussion and contribution to knowledge
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Countries offering secondary healthcare are experiencing a continual expansion of the 
number and complexity of infusion therapies and the consequent demand for suitable 
equipment to administer these regimes.

It is now common practice for as many as 6 or more infusion pumps to be connected 
to a common patient infusion site [2]. These so-called multiple infusions are a specific 
cause for concern, with reports of fluid flowing from one pump towards another rather 
than into the patient under certain circumstances [34]. This phenomenon, known as 
'reflux', along with general concern at the number of incidents reported yearly has 
prompted the UK Department of Health to commence a 3 year investigation in 
collaboration with Brunei University commencing 2005. This Brunei University study 
proposal [2], subsequent to the main body of work described here, is of great value 
since it largely justifies the nature and scope of this work and acts to endorse the 
thoroughness of the literature search conducted. In addition, the Brunei University 
document significantly points towards the necessity of flow simulation techniques to 
predict flow disruption due to changes in environment - an already developed corner 
stone of this study.

Reported incidents that compromise patient safety can result from human error in the 
calculation of the required flow rate [1,2] or in the use of the instrument or can result 
from unexpected flow error of, often, unknown cause or from equipment failure [2]. 
The factors influencing the occurrence of human error are not considered as part of 
this study.

6.1 Fail-safe design and flow accuracy

An instrument providing potent intravenous therapies must do so accurately and 
safely. This study investigates, as Project 1 commissioned by Medical Magnetics Ltd, 
a commercial company involved in infusion pump design, the current methods used to 
design an infusion pump. Most medical electronic systems have used embedded 
software as a means of design. Software-based systems have proven not only difficult 
to safely design [19-28, 37, 38, 46-49] but also difficult to exhaustively demonstrate 
immunity from catastrophic failure in use [19, 20, 28, 38, 39, 48].
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These difficulties have resulted in extended evaluation time causing delay in bringing 
equipment to market and in a software development cycle that is extremely costly 
[19]. Technologies requiring system fail-safety such as medical, aviation, automotive 
and nuclear power utilise various accepted system design approaches all of which will 
assume some level of parallel redundancy [9,22].

This study examines a suitable system level fail-safe design - 'monitor-actuator' - 
commonly used for electro-mechanical infusion pumps [22] - and demonstrates that 
significant advantage in design-time can result from the use of hardware rather than 
software modules.

An infusion pump must not only be safe to use but also capable of accurate fluid 
dosing. This requirement for accuracy implies a means of accuracy testing so that an 
instrument can be assessed as sufficiently accurate for the desired application. A 
measurement technique has been developed and adopted by the international 
community [10] that can compute flow error over intervals as short as 30 seconds for 
flow rates of less than Imlh" 1 . The method involves precision weighing and 
computation of flow rate over timing intervals. This study demonstrates that, whilst 
providing accuracy data for a system under steady-state environmental conditions, the 
method is significantly flawed if used to predict accuracy for a 'patient-connected' 

pump [31,32, 44].

Environmental conditions may change during an infusion that will result in flow 
disruption such as pump height [3-8], patient venous pressure [31,32] or, in the case 
of multiple pump connections, a change in the operating condition of one pump 
influencing flow from others [34]. Mathematical simulation methods, developed by 
this study provide a means of flow error prediction and was published as an original 
contribution to knowledge at the Annual Scientific Meeting of the Society for 
Technology in Anesthesia, Miami, USA in January 2005 [31] and in subsequent 

review by Anesthesiology News.
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6.2 Areas of application

Infusion pumps are used extensively in hospital departments such as Intensive Care, 

Cardiac Care, Transplantation, Special Care Baby Units, Maternity, Oncology, Post- 

Surgery and in General Medicine [1]. The range of therapies can include 

chemotherapy, hormone therapy, palliative care, post-operative pain relief, analgesia 

and anaesthesia.

Single pumps may be used to provide a single therapeutic agent or, in the case of 

Intensive Care, multiple pumps are frequently used to administer a range of different 

medications simultaneously to an individual patient [2, 34]. The patient connection is 

made via a flexible line, the extension line or 'giving-set', from the pump to a needle 

or catheter (generally a fine gauge plastic tube), (Project 2 Section 2B2 2.5), that is 

located either in an accessible peripheral vein i.e. arm or leg or, in the case of 

vasoactive drugs in particular, via a so-called central line. The central line is a flexible 

catheter inserted in the neck area (subclavian or internal jugular vein) and threaded so 

that the exit site locates in the right atrial compartment of the heart (Project 2 Report 

Section 2C 9.1).

6.3 The size of the market

Published statistics are not freely available to describe the market size for infusion 

pumps. Various commercial market research companies offer statistics at costs not 

possible for this study.

However, information does become available in the public domain from time to time 

such as the financial newsletter 'The BBI Newsletter, Feb 1997' [50] that suggested 

that the total infusion pump market value in the USA for 2000 would exceed 

$US730M with projected annual growth of up to 9%. The infusion device market is 

linked to the area of secondary healthcare normally associated with North America 

and Europe and South East Asia that approximates to three times the population size 

of the USA. Hence a rough estimate of current market value worldwide might be in 

the order of $US3,OOOM.
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Whilst this estimate is unsubstantiated, it accords with the current annual sales of 

infusion pumps in the UK anecdotally set at approximately £120M based on 1200 

District General Hospitals with budgeted purchase of 50 pumps with an average price 

of £2000 say. These unsubstantiated estimates are mentioned merely to indicate the 

level of commercial significance of this technology sector.

6.4 Equipment

Project 3 describes the design of an innovative infusion device based on information 

determined by Project 2 such as the need to minimise system mechanical compliance. 

The existing market for infusion apparatus comprise various distinct technologies e.g. 

gravity infusion, volumetric and peristaltic pumps, syringe pumps and cassette type 

pumps [1]. These are described in the Project 3 Report and widely elsewhere [6,10, 

42]. This study has not made mention of so-called disposable pumps and miniature 

ambulatory pumps that do, however, represent a part of the potential market for 

infusion devices but are limited in application by their inherent inaccuracy of delivery 

and, as such, are discounted by clinicians for high accuracy infusions.

The BBI Newsletter describes the projected infusion 1995 pump market for the USA 

with projections to 2000. The major components of the market are listed, by market 

value in 1995, as peristaltic/volumetric pumps 23%, syringe pumps 24%, cassette or 

'piston' pumps 17% with the remaining sales being of disposable pumps, enteral 

nutrition pumps (not intravenous therapy) and implanted pumps (mechanical bellows 

type systems).

6.5 Why use different types of infusion device?

The nature of infusion therapies is diverse. In intensive care therapy, multiple syringe 

pump installations administer various drugs to the patient at rates typically between 1 

and 5mlh"'. At these low rates, syringe changes for the typical 50ml disposable 

syringe need not be frequent and the overall volume of fluid dispensed is sufficiently 

small not to alter the patient fluid balance i.e. volumes infused are small compared to 

total blood volume. The same consideration makes the syringe pump the device of 

choice in neonatal and paediatric departments [1].
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However, other therapies may not require the short-term accuracy of the syringe 

pump and can be performed by the volumetric or cassette pump. In addition, these 

types of pump are not restricted in volume by the size of a syringe so are suitable for 

larger volume infusions. This study demonstrates that infusion of potent medications 

at low flow rates can be significantly disturbed by changes in pump height or patient 

venous pressure [31,32], (Project 2 Report Section 2B2 8.0), even for the most trusted 

technology for such applications as the syringe pump.

If an infusion device could be designed that allowed accurate short-term infusion at 

low flow rates but also the ability to infuse larger volumes at higher rates, the existing 

group of three technologies i.e. syringe, volumetric and cassette pump could be 

catered for by a single device. Such an instrument is the subject of Project 3 of this 

study (Project 3 Report Section 3D).

6.6 Project 1

The design of product can be constrained by various factors such as cost, 

performance, realisable market price and projected product obsolescence [19]. In the 

case of safety-critical medical instruments a further factor must be considered i.e. the 

time needed to satisfy regulatory authorities that the product is fit for sale [9, 10, 49].

This additional requirement is often not easily met. The company Medical Magnetics 

Ltd. - a manufacturer of syringe infusion pumps - had requested a study to determine 

what factors might be required to take a product from prototype through to 

manufacture [51] and whether, a design approach different from traditional embedded 

software, might allow for a speedier transition [52]. The approach suggested was that 

of re-configurable hardware design using low-level hardware modules.

Embedded software has been seen as the technology of choice for medical equipment 

design, however, it is difficult to verify system safety [19-22]. Proving system failure 

requires only one demonstration whilst proof of safety in all operating conditions is a 

lengthy and time-consuming exercise.
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The novelty of this study is the suggestion that a design decomposed into hardware 

modules can be shown to be safe by exhaustively exercising input nodes and checking 

for correct output. This approach cannot be replicated for the software design since 

modularity is not guaranteed i.e. hidden dependencies can cause one 'module' to 

influence the operation of others [22]. The problems associated with the use of 

embedded software in safety-critical systems are documented in the study (Project 1 

Section 1A4). Such considerations as corruption of shared variables, real-time 

constraints, untimely interruption of critical code sections and hidden coding errors 

can all lead to unexpected system failure. This is not to say that embedded software 

cannot be incorporated within a safe system, merely that it must be considered as a 

potentially faulty component [25] that may fail in an unexpected manner [47].

Using the results of the study, two articles were written for peer-review and 

publication that have novelty and originality within the area of safety-critical medical 

system design.

The hardware modular method described by Project 1 is to be recommended to any 

company involved in the design of medium-scale medical electronic systems such as 

infusion pumps. This method offers a design that is easier to understand and validate 

- simpler engineering solutions are, by definition, more reliable and robust.

6.7 Project 2

Accuracy of flow is a vital parameter in critical care infusion therapies. This study has 

shown that the International Standard ISO 60601-2-24 method for flow measurement 

is basically flawed. The assumption that the patient connection point is maintained at 

atmospheric pressure is clearly incorrect. Patient venous pressure changes with patient 

attitude (Project 2 Report section 2B2 8.0).

Whilst short-term flow fluctuations may be tolerated for some therapies, many critical 

care therapies use low flow introduction of vasoactive drugs with short half-life e.g. 

dopamine where short-term fluctuation has an almost immediate physiological 

influence [3,6,40].
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The Society for Technology in Anesthesia conference publication [31] and 

subsequent clinical review form original and significant contributions to knowledge.

Remifentanil® is a commonly prescribed infusion analgesic of the potent ultra short- 

acting opiod family with a half-life of 1-2 minutes. During the course of this study, 

an American clinician detailed for this researcher an instance where a remifentanil 

infusion was temporarily stopped by the simple action of raising the patient operating 

table (to accommodate the height of the surgeon) with consequent loss of analgesia.

Murray [40] details the case of over and under infusion of dopamine caused by 

change in the pressure presented to the outlet of the dopamine pump. Other instances 

of dosing error when using vaso-active drugs are reported widely in the literature [4, 

5, 41] without any direct conclusion being made as to cause. This study has provided 

a model that can be used to explain the above and is of direct value to the intensive 

care community.

Maintaining patient haemodynamic stability is a prime objective of intensive care [1]. 

The UK Department of Health has introduced a so-called 'constancy index' [42] 

(Project 2 Report p 49) that is defined as the minimum time interval over which flow 

can be guaranteed not to exceed +/-10% of the set rate. The purpose of this index is 

to allow clinicians to select a pump that has sufficient short-term accuracy to be used 

for potent therapies with short half-life. This study would suggest that this 'index', 

based on the measurement results of ISO 60601-2-24, is both flawed and misleading.

This study has highlighted the previously unpublished phenomenon of flow rate error 

due to changes in the patient's venous pressure [31]. When infusing highly potent 

vasoactive drugs, clinicians will 'titrate for effect' meaning they will adjust the 

dosage to attempt to maintain the correct physiological balance of the patient. 

However, in a critically ill patient, the maintenance of haemodynamic stability i.e. 

constancy of blood pressure, will be, at best, poor when using this reactive method. 

This is an example of how clinicians will attempt to 'work around' the inadequacies 

of equipment. The procedure of 'priming' the syringe pump i.e. running the pump at 

an elevated rate to take up any mechanical slack before connecting the patient to the 

pump is another such example.
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This study has shown that whilst the user may be able to safeguard against some of 

the undesirable characteristics of contemporary infusion pump operation such as error 

due to height change, infusion start-up delay and unwanted bolus on release of 

occlusion, they will not be able to prevent patient venous pressure change during 

infusion. This change in venous pressure may result from physiological change or 

from change in limb attitude (in the case of peripheral infusion sites) or posture [43] 

(in the case of a central line infusion to central venous pressure).

A major outcome of this study is the linking of a set of undesirable flow error 

phenomena to a single cause i.e. the 'compliance' of the infusion apparatus. Bolus 

infusion, start-up delay, delay in recognising infusion line occlusion and infusion 

error due to height change are all linked to flow irregularities caused by change in 

system volume under the influence of applied pressure i.e. compliance. Very small 

changes in extracorporeal volume are needed to produce significant flow error at 

selected low rates commonly used in intensive care such as Imlh" 1 . Compliance is 

inherent in the plastic and rubber parts of the disposable system but also the electro 

mechanical actuator itself.

One particular concern during this study has been the validity and scope of references 

discovered relating to infusion pump design and accuracy i.e. has the search been 

thorough? The Brunei University project proposal [2], commissioned by the UK 

Department of Health, and subsequent to the work contained in this study, details a 

literature search. Comparison between the references in this study and the Brunei 

University literature search demonstrated that both parties had located identical 

critical material.

The ISO 60601-2-24 measurement method does have use only in the assessment of 

pump flow accuracy under stable operating conditions. It does, for example, show the 

mechanical fidelity of a pumping mechanism and is a useful tool for the manufacturer.

Low flow rate measurement is difficult to achieve and requires careful laboratory 

method. This study recognised that a mathematical simulation model of the infusion 

pump system could be of great advantage in investigating and predicting flow errors 

that might be due to change in operating environment.
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The 'simple model' described by the study details the pump function as a simple first 

order control system. Flow was determined to occur as a result of pressure difference 

across a restriction. This restriction was seen as easily estimated by physical 

measurement. The novelty of the simulation was that it recognised a component of 

internal flow that directly related to flow error and that this component was 

proportional to system compliance i.e. the ability of the fluid circuit to distort under 

applied pressure.

The use of the model in investigating flow disturbance due to external operating 

conditions was detailed by the use of a dual-pump model to duplicate the laboratory 

findings of Laheij [34] (Project 2 Report Section 2B2 6.0). This model was useful 

both in this application and in providing further validation of the simulation model 

assumptions.

A multiple pump system simulation model was derived that would provide 

researchers with the means of simulating and predicting the performance of complex 

multiple pump connections. The UK Dept. of Health has commissioned a thorough 

investigation of infusion pump malfunctions and errors [2] that has highlighted the 

intensive care multiple pump patient connection as a problem due to pump 

interaction. It is expected that the simulation tools provided by this study should 

greatly aid this investigation.

6.8 Project 3

The study demonstrated that an example of the best intensive care infusion pump, the 

TOP-5100, was prone to significant flow error under certain circumstances. These 

errors are caused by the phenomenon of unwanted internal flow due to changes in the 

system volume (mechanical compliance) when applied system pressure changes. In 

Project 2 the influence of compliance on system performance had been demonstrated 

by laboratory method and by the use of developed simulation tools. An infusion pump 

system must operate in a patient-connected manner where patient venous pressure can 

change due to movement and where the pump height may be changed during the 

infusion e.g. during ambulance transfer say.
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Project 3 considered the various types of infusion pump available in hospital use and 
suggested that the syringe infusion pump was the instrument of choice for low flow, 
high-risk infusions. A series of tests were completed to show the performance of the 
test pump TOP-5100 under start-up conditions and when subjected to height change. 

Even when 'primed' the pump took some 10 minutes to deliver accurately at the set 
rate of Imlh" 1 ramping slowly from a start rate of 0.6mm" 1 towards the set rate. The 

performance when un-primed showed a period of approximately 30 minutes before 

flow was seen to commence. This can be explained by the need to take up mechanical 

dead-space in the system. When the test TOP-5100 pump was subjected to a height 

increase of 30cm, a significant bolus of fluid was seen forced toward the patient site.

The prototype design sought to reduce the fluid volume to a minimum by reducing the 
size of the syringe. The system compliance still has an influence on flow e.g. a small 
flow spike was seen during the 30cm height increase test although this was 

significantly smaller than for the TOP-5100 instrument. The start-up performance of 
the prototype was excellent. In addition, repeated syringe use was not seen to 

significantly degrade flow accuracy.

The small drop in flow rate during the fill cycle of the prototype is not clinically 
significant. The prototype mechanism tested in this study is subject to further 
development and patent application. It offers an infusion pump capable of the steady- 

state accuracy of a syringe pump but without the poor start-up characteristic and poor 
immunity to flow error due to height change. In addition, the prototype can offer 

infusion volumes that are not limited by the syringe size. Syringe pumps have not 

been suitable for flow rates greater than lOOmlh" 1 typically since this would 

necessitate frequent syringe change.

The performance of the prototype design was seen to be significantly superior to the 

example of best contemporary design and, as such, offers good commercial potential 

not only in intensive care but also in movement-critical scenarios such as air 

ambulance transfer and emergency battlefield medicine.



7.0 Conclusions and recommendations for future work
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The development of a prototype infusion pump offering continuous flow but using 

low compliance components is subject to patent application [45] and is a continuing 

activity resulting from this study. The major conclusions of this study are listed as 

follows:

• Electronic design methods using embedded software are prone to lengthy 

validation and can be improved by using a method of hardware modular 

design described by this study.

• Current infusion pump design does not satisfy the needs of high-risk infusion 

of potent short half-life drugs.

• Mechanical 'compliance' is a limiting factor in contemporary designs.

• Mathematical modelling and simulation can provide a means of predicting 

flow errors in complex infusion systems such as multiple connections.

• Simulation can be used to predict the influence of factors such as system 

compliance and infusion line restriction as well as sudden changes in system 

environmental conditions on flow fidelity.

• Disposable syringes, under certain conditions, can be re-used allowing quasi- 

continuous flow in systems using constant volume flow director valves - as 

demonstrated by the details of prototype design given in this document.

• Published reports of flow error due to various 'causes' such as faulty valves 

[41], inappropriate use of central line [40], height change of pump during 

infusion [3-6], infusion start-up delay [15] and delay in recognition of 

occlusion are all linked to the single factor of system compliance.

Apart from the continuing development of an optimised, low-compliance infusion 

pump, the investigation of the possible haemodynamic instability caused by infusing 

vasoactive drugs via contemporary high-risk infusion category pumps is identified for 

further work. This theme was subject of conference presentation [31] but would 

benefit from further investigation.
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Drugs such as the short half-life dopamine - (half-life in the order of 2 minutes) - are 

used to provide fast vaso-constriction of vessels to elevate blood pressure in critically 

ill patients. This study would suggest that an unstable condition may reached such that 

the result of increasing the venous pressure on a mechanically compliant pump system 

would be to reduce flow thus causing pressure to decrease i.e. an unstable condition. 

This work would require knowledge of drug half-life and also efficacy i.e. the change 

in venous pressure associated with the drug infusion rate.

Other topics of investigation and activity are:

• The liaising with other researchers active in the area of infusion flow error 

such as Brunei University and Bath Institute of Medical Engineering.

• Modelling the dynamics of multiple pump connected systems - the subject of 

investigation by the UK Department of Health.

• Modelling the performance of contemporary infusion pump systems used in 

air ambulance or battlefield environments.
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Abstract

The sale of medical safety-critical systems can only be made after completion of a suitable 

design cycle that ensures that all design activities are within a structured and documented 

quality system. The manufacturer must submit production-ready examples of the product to 

the type approval authorities such as TUV or BSI along with full documentary evidence of the 

design process. The testing authority will only issue approval for the product when satisfied 

that the company has met all the internationally agreed criteria for safe design.

The company Medical Magnetics Ltd - a manufacturer of medical infusion devices - noted 

that the approval for sale of a typical instrument designed using embedded software could be 

delayed by over a year. The main part of such delay resulted from excessive care required to 

demonstrate software fail-safety to the type approval authority under all operating conditions.

This study - Project 1 of a three-project portfolio PhD submission - investigates methods that 

might be used to improve 'time-to-manufacture' and resulted directly from work performed 

by the company Medical Magnetics Ltd.. The company products are detailed in Section IF. 

The commission of a study and amended study by Medical Magnetics Ltd are detailed in 

sections 1A1 and 1A2. A literature review is detailed as Section 1A3.

Section 1A4 describes an interim report for Medical Magnetics Ltd and details the 'top-down 

bottom-up' approach to design required by the International Standard ISO 60601-2-24 for all 

infusion apparatus. Embedded software is shown to be difficult to exhaustively test when 

compared to modular hardware design. Section 1A5 describes the top-level design of an 

infusion device and how a typical module of this design might be realised in embedded 

software and alternatively in re-configurable hardware. A comparison between the two 

methods suggests that the hardware approach allows far easier demonstration of modularity 

for the re-configurable design in that hardware allows for none of the 'hidden' dependencies 

implied in the embedded software design.

Section 1D - supplied as a appendix on attached CD ROM - details the design of a simple 

infusion pump system using hardware design. An attached CD ROM contains additional parts 

of the portfolio submission.

A novel, structured, seven step design method is proposed that offers potential reduction in 

system integration and validation phases and hence an improvement in the 'time-to- 

manufacture' for the product compared to a similar system using embedded software.
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Design Project Proposal - Medical Magnetics Ltd 

A commission for work by Medical Magnetics Ltd



1 Al Design Project Proposal © Medical Magnetics Ltd Sept 1998

'Investigation of methods to improve 'time-to-manufacture' in the infusion pump 
design cycle'

Background

Medical Magnetics Ltd was established in 1985 and traded as a limited company until 
1996 at which point intellectual property was sold and the company delimited to 
operate as a design company rather than an approved UK manufacturer of medical 
equipment. As part of the company 'knowledge-base' a conventional design and 
manufacture cycle has historically been adopted which follows product concept and 
feasibility through design to international approval standard and subsequent 
manufacture. In order to sell product it must first be 'type approved'. The approval 
process cannot theoretically be started until a 'production representative' set of 
samples is submitted i.e. until the in-house design cycle is complete and all 
manufacturing tools and NRE costs met. The commercial disadvantage of this process 
is that, should design changes be necessary then re-tooling may be needed and also 
that the approval time scale is unknown. Type testing for electrical safety 
'compliance' incorporates checks made against easily verifiable criteria such as 
clearance distances and leakage current measurement. However, the major source of 
delay and uncertainty in the testing procedure conies from the validation of functional 
safety. This commission requires the estimation of the delays consequent on 
functional testing, an analysis of current methods and recommendations for 
improvements which may be made from the manufacturer in order to reduce the time 
required by the testing authority before the product is released for sale.

Objectives and deliverables

1.0 Review of the technical problems which must be solved to enable 
commercial exploitation of a medical electronic system to include:

1.1 Hardware versus software in the design of the system.
1.2 The use of VLSI as a design technology as an alternative to embedded 

software.



1.3 Product safety.
1.4 Safety-critical software.
1.5 Proposals to reduce design and validation time.

2.0 Current trends in safety-critical medical electronic system design to 
include:

2.1 The evolution of design guidelines and procedures.
2.2 The complete 'top-down bottom-up' PDA guidelines for software-based 

systems.

3.0 Software risk management to include:
3.1 Definition of'single point failure' & safe system versus safe component.
3.2 The fundamental importance of FMEA.
3.3 Test House attitudes & the role of third-party assessors.
3.4 Discussion of current practice in modular design - can methods be 

improved, and will this reduce the approval time ?

4.0 Conclusion - How can the 'time-to-market' be reduced

Due date for completion of work: January 2000
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A commission for work by Medical Magnetics Ltd



1A2 Amendment to Design Project Proposal © Medical Magnetics Ltd Jan 1999

This amendment relates to the work commissioned Sept 1998 ('Investigation of 

methods to improve 'time-to-manufacture' in infusion pump design cycle') and 

should be considered as a request for separate and additional evidence.

Background

The time taken for a product to be released from type approval, and hence be

available for sale, will relate to the time taken by the testing authority to satisfy

themselves that the product is functionally safe to use. Parts of the testing standard

deal with the ability of the device to operate accurately and recognise operating fault

conditions (IEC 60601-2-24). Testing against these criteria is straightforward and

predictable. However, type approval also requires submission of an evidence-based

portfolio of quality assurance during the design cycle. The consideration of this

portfolio of information is far more subjective. A top-down, bottom-up design process

must be demonstrated along with full risk analysis and mitigation mechanisms. It is at

this stage that the demonstration of exhaustive risk analysis becomes complex and

time consuming. Modular design has always been seen as an ideal method for

structured software design and should enable easy comprehension of the design

philosophy employed in the design. Unfortunately, software modularisation does not

imply physical modularisation. Dependencies between modules may not be obvious

and uncertainty may result. This amendment requests that the investigation into

methods to reduce time-to-manufacture may include the analysis of design method

using re-configurable hardware rather than microprocessor-based embedded design.

Hardware objects should offer a design with less inter-module dependencies and

hence may offer an improved time-to-manufacture for the class of instrument

considered in the study.



Objectives and deliverables

1. Description of a typical top-level design meeting accepted levels of fail- 

safety - An example of 'Execution Diversity' to meet the safe system 

criterion for safety-critical design.

2. Description of implementation of the design in microprocessor-based 

embedded techniques.

3. Description of implementation of the design using re-configurable 

hardware.

4. Comparison between software and hardware designs of (2) and (3) above.

5. Conclusion to include estimation of improvements in the 'time-to- 

manufacture' and product robustness by adoption of hardware rather than 

software design techniques.

6. A worked example of a simple design based in re-configurable hardware.

Due date for completion of work: January 2000
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1 A3 Literature Review Project 1 - 'Safe Design'

NOTE: Some of the articles cited appear after the work was completed for Part 1 
Project 1 i.e. prior to June 2000 - This revised work reflects new information.

1.0 Background

Since the early 1980's most medical electronic devices have used embedded 
microprocessor technology in their design. The reason for the move from the 
hardware designs of that period was the increased functionality that embedded 
software solutions offered and the reduction in hardware complexity and hence cost of 
the design. The medical electronic system can be simple or complex and may or may 
not require fail-safety built into the design. In this exercise systems of medium 
complexity have been considered requiring a fail-safe design approach - the category 
of the design being medical patient-connected infusion pumps. All methods derived 
could be appropriate to a wide range of mid-range patient-connected instrumentation 
and hence could be of value to designers.

The study seeks to separate the concepts of reliability and safety in the context of the 
equipment under consideration. For patient-connected apparatus, no single fault can 
be allowed to hazard the patient. The methods currently adopted in software design 
translate to hardware design and are supported in the guidelines and protocols 
internationally accepted as good design practice. A hazard analysis is performed on 
the proposed design to discover what damage could be produced by a malfunction of 
equipment, for example, a patient treated by an infusion pump could be injured by an 
unwanted change in fluid delivery rate. Clearly, the patient could also be injured by 
electric shock - however, the study is restricted to hazards caused by software or 
hardware malfunction.

This is sometimes seen as a 'top-down' analysis i.e. the overall functionality of the 
product is considered (i.e. what does it do when operating correctly?) and then all the 
possible malfunctions causing potential injury are proposed (i.e. what can go wrong 

causing injury?).



A Failure Mode & Effects Analysis (FMEA) must then be conducted. This will 
'modularise' the design in the form of an interconnected 'Block Diagram' and the 
failures at the module level studied with reference to their effect on the overall 
equipment. It is at this stage that fault mitigation mechanisms would be added to the 
design and tested. The objective is to verify that module failure will always place the 
equipment into a 'safe' state.

All of the above methods are standard design practice required by international 
approval bodies in the design of fail-safe equipment. This study examines the 
standard methods, and seeks to show that true 'modularity' is difficult and time 
consuming to demonstrate within a software design but that hardware modularity can 
be readily demonstrated and verified. The basis of the study is to attempt to quantify 
the reduction in the 'time-to-manufacture' offered by a hardware approach in cutting 
the verification time for each module considered during the FMEA stage when 
compared with the equivalent software design where 'hidden dependencies' may exist 
and modules use common resource.

Design of embedded software for safety-critical medical electronic applications is 
relatively new and advances are shared by on-line publication in specialist journals 
such as MDDI ('Medical Device & Diagnostic Industry') and EDN ('Electronic 
Design News'). As such, many of the literature references will, without apology, cite 
the appropriate reference URL with access date appended.
It should be accepted that, whilst the subject of safety engineering is well described in 
the literature, this study seeks to consider only a small specialist sub-set i.e. safety- 
critical medical electronic systems. Reference books tend to be too generalised and 
out-of-date to contribute significantly although some are included - notably 'Safe-ware 
: System Safety & Computers' by Leveson [26] which is recommended for 
preliminary reading covering the areas of safety engineering applied to software and 

computing.



This Literature Review has examined over 25 published journal articles and books 
seen as most relevant to the area of safe software development, safety-critical design, 
hazard analysis and mitigation and international guidelines.

2.0 Current design methodology

The design cycle follows established guidelines and protocols.

2.1 Opinion leaders [4,20,12,13,21,26]

Recognised opinion leaders, such as Wood [4] and Levkoff [20] in the area of medical 
equipment safe design and Ganssle [12, 13, 21] and Leveson [26] in the area of safe 
embedded design, use the on-line medium frequently to disseminate information.

2.2 Commercial pressures [2, 21, 4]

The commercial pressure for a manufacturer to bring a product to market can be 
immense with every day lost being reflected in lost sales income in the narrowing 
window of sales opportunity that ends with obsolescence of the product. Products that 
have major mechanical and electronic hardware can consume as much as 70% of 
development budget in software development [4]. In product areas outside safety- 
critical systems it is 'extremely common to see firmware testing get shortened as 
deadline pressures increase' [21].

2.3 Ensuring safe design by following approval protocols [9,16,17,19]

Cuff and Nelson [9] suggest that ' the medical device industry can settle for no less 
than the highest levels of safety and quality' and that ' deliberate engineering 
practices must be applied from the onset of the software design process to reduce 
software complexity for a safer overall system'. The use of software in medical 
devices is relatively new and, at inception, was not subject to any formalised testing 

and design protocols.



The situation today is different - whilst the US guidelines suggested by the PDA 
[16,17] (representing the approach for device validation in the USA) differ from the 
procedure in Europe and Australia [19], both require a generic, non-device specific 
quality assurance scheme with initial user requirements analysis followed by hazard 
analysis, FMEA, mitigation and demonstration.

2.4 Hazard analysis [3,26]

In the context of safety-critical medical electronic systems a formalised hazard 
analysis is mandatory. It is important to differentiate between the terms 'risk' and 
"hazard', which are frequently confused. Leveson [26] defines 'risk' as a combination 
of the likelihood of an accident and the severity of the potential consequences. The 
term 'hazard' is said to be a state or set of conditions of a system (or object) that, 
together with other conditions in the environment of the system (or object) will 
inevitably lead to an accident (loss event). In the context of medical devices a hazard 
is a fault occurrence that will lead to injury and, as such, must be avoided.

Douglas [3] describes the fundamental difference between reliability and safety - a 
safe system may not be reliable and a reliable system may not be safe.

2.5 FMEA [1,2,8,9,14]

In order to accomplish a full hazard analysis, the first step will be a 'Failure Modes & 
Effects Analysis' where the system is broken into functional modules and the result of 
modular failure examined as the effect on the safe operation of the overall system. 
This process is well documented [1,2,8,9,14], but it should be stressed that, in the 
context of safety-critical design, the primary objective of FMEA is to recognise and 
mitigate faults which will lead to hazards rather than those leading to other equipment 

malfunction.

2.6 Single point failure [3,11,15,19,22]

The architecture of medical device electronic hardware and software will impact on 

its ability to prevent hazards.
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The concept of 'single fault failure' [3,11,15,19] is a definition around which 
successful hazard-free safety-critical medical equipment is designed. Douglas [3] 
gives a useful definition of the single fault criterion when dealing with safety as 'to be 
considered "safe" the device must not lead to an incident in the presence of any single 
point fault regardless of the likelihood of that fault'.

In this case, the term 'incident' can be taken as meaning hazard. The origin of this 
safety philosophy applied to medical equipment probably originates from the German 
TUV organisation [22] and is aptly described by Douglas [3].

3.0 Problems with validating safe design [ 1,2,4,6,9,10,11]

A fundamental problem associated with the validation of a safe design is the work 
required to demonstrate that all potential faults have been identified and their 
consequence mitigated. Whilst hardware can be decomposed into physically isolated 
modules and each module scrutinised for the effect failure will have on system 
performance, software is only notionally modular. Wood [4] suggests the inherently 
hidden nature of software meaning dependencies between modules may not be clear. 
This lack of clarity and definition can mean that arbitrary modularisation is not 
necessarily a correct philosophy. Greater software complexity provides difficulty in 
demonstrating hazard-free operation.

4.0 Safety versus reliability [1,2,3,5,8,10,11,13,20,21]

As detailed above, Douglas [3] explains the difference between the concept of safe 
operation and reliable operation. Strategies to mitigate hazards discovered in the 
FMEA process will inevitably lead to additional software or hardware and, by virtue 
of the increased complexity, lead to less reliable, even though safe, operation. The use 
of COTS (commercial-off-the-shelf) software in safety-critical products is 
discouraged [4] since it is almost impossible for a designer to ensure modes of 
operation of such software without the in-depth knowledge of the designer originator.
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5.0 Embedded software

Embedded software is the solution of choice for most medical system designs.

5.1 Cost of software [4,21]

The cost of 'reliable' software development is large. Wood [4] estimates 70% of 

development cost of multi-disciplinary designs will need to be set aside for software 

development and, in his landmark 1999 article, suggests that the cost of 'C' code 

intended for safety-critical medical devices can be as much as US$90 per line - the 

cost reflecting the degree of introspection and checking required to demonstrate fault- 

free status.

5.2 Coding problems [3,6,9,10,12]

The problems that may be introduced to a software design by careless coding are 

legion. In software-based systems, greater complexity results in difficulty to 

demonstrate hazard-free operation. Complexity is seen as 'one of the main enemies of 

safety' [10]. Moylan [6] presents a compelling argument against the use of 'C' in 

safety-critical medical devices. The suggestion is that the ability to generate dormant 

points of failure is large and that the education received by most embedded designers 

suggests that designers may be unaware of many basic errors in writing code.

5.3 Catastrophic failure [1,3]

The conclusion that may be drawn is that embedded software cannot be demonstrably 

modularised and encapsulated. Assuming the software to be inherently faulty, the 

generally accepted practice is to treat software as a potentially faulty component and 

concentrate on designing systems that tolerate generated faults. Douglas [3] lists 

examples of software failure that have caused catastrophic system failure despite 

being subject to rigorous quality assurance in development. He also details accepted 

redundancy designs that change the design philosophy from safe-component 

(software is not 'safe') to safe system - where redundant hardware/ software can 

cause a system to always fail in a safe state.



6.0 Approval protocols

In order to market a product it must first meet type approval.

6.1 Why a generic approach to equipment approval? [16,17,19]

The numerous instances of new medical software-based electronic devices which 

began in the 1980's led to the type approval houses e.g. BSI, TUV being unable to 

adequately cope with testing. Lack of familiarity with the manufacturers' software, 

and the time needed to examine equipment on a case-by-case basis, led to a drive for 

'self-certification' in Europe and the generation of quality assurance guidelines in the 

USA [19]. In both cases, the manufacturer has responsibility in providing a suitable 

quality assurance documentation record incorporating user requirements, hazard 

analysis, FMEA, fault mitigation and validation testing [16,17].

7.0 Hardware design

Any embedded software system could be designed using only electronic hardware.

7.1 Modular design [21]

Ganssle [21] suggests that hardware design (in this case FPGA/ASIC technology) 

may be seen as advantageous since it is usually accompanied by highly accurate and 

exhaustive simulation tools, allowing for comprehensive testing.

8.0 Reducing the time-to-manufacture

The duration of the design cycle influences profitability for the manufacturer.

8.1 Hardware is verifiable [21]

Only if the hardware module is decomposed to a level where structure is obvious does 

the advantage of hardware over software become obvious.



9.0 Does the literature support hardware versus software implementation?

There is no evidence of industry-wide discussion of the merits of limiting design of 

medium-scale safety-critical devices to structural hardware. This is a new and 

interesting possibility. If the system can be shown to be fault tolerant in significantly 

less time than an embedded software solution there will be cost advantage.
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1A4 Interim Report

Revision Date: March 2006

Note: This report was edited on the above date to include some recent relevant

references.

Abstract

The purpose of this report is to fulfil the requirements of the Design Project Proposal 

(Medical Magnetics Ltd - Sept 1998 'Investigation of methods to improve 'time-to- 

manufacture' in the infusion pump design cycle'). It describes the problems and 

procedures associated with risk assessment and fault mitigation of software based 

medical safety-critical designs.

Current trends in medical equipment design are considered along with the procedures 

necessary for design risk management used in software and hardware development.

It is suggested that a VLSI approach will realise a more robust product with a far 

clearer and easier to comprehend safety philosophy and with risk assessment required 

primarily at inter-module level offering potential time saving in the design cycle.

The clarity of the safety philosophy translates into a reduction in the time-to-market 

of the product with all the implied benefits.

1.0 Review of technical problems

In order to present a safety-critical medical electronic product for sale it must be 

demonstrably safe. In particular, there should be no failure that could result in injury 

to a patient or user. This report demonstrates that such demonstration is not 

straightforward and will increase with the complexity of the product. A full hazard 

analysis must be completed and an FMEA (Failure Modes & Effects Analysis) [11] 

completed both at the start of the design and also throughout the design cycle. 

As such, it is not surprising that the guidelines that govern international product 'type 

approval' stress documentation and evidence collection.



1.1 Hardware versus software in the design of the system

The design of medical electronic equipment requires the processing of ideas into 

reliable and functionally safe products. The design cycle is similar to all other 

products and involves the generation of a design specification from an initial user 

requirements list. It is at this stage that the design may be partitioned into hardware 

and software components.

The universal adoption of embedded microprocessor technology to solve design 

problems has led to even the simplest product having major software content. The 

accessibility of cheap electronic design tools such as high level language compilers, 

simulators, emulators etc. coupled with the relatively straight-forward use of such aids 

has led to an embedded approach being the choice for design.

The use of the microprocessor, and more recently the microcontroller, has also been 

seen as a method of reducing the component count and hence the production cost of a 

system. The hardware portion of the product is limited to provision of power supply 

and interfacing components. It has always been recognised that even relatively simple 

software systems cannot be exhaustively tested for all operating eventualities. This 

study considers the problems associated with application specific embedded designs 

for medical equipment, which are "patient connected" but which may be allowed to 

fail-safe in the 'stopped" mode i.e. in a mode where dosage ceases and an alarm is 

generated.

1.2 The use of VLSI as a design technology - an alternative to embedded software

Whilst PLD technology has been available to the designer for over 15 years, it is only 

recently that devices have achieved the same level of low-cost design tool support as 

embedded designs. Also, the introduction of low power, low cost devices ideal for 

such applications as portable medical products have altered perceptions regarding best 

technology choice for design - major re-configurable logic vendors such as Xilinx 

and Altera both offer good solutions e.g. Xilinx 'CoolRunner'® series XCR3256.



Also, of note, is that the teaching of VLSI design at undergraduate level is only just 
beginning to have a ripple-through effect in the choice of design solution in industry - 

until now, any problem with even a small sequential or procedural content would be 
addressed by a microprocessor-based embedded solution.

1.3 Product safety

In medical electronics, functional safety has always been seen as a priority. Whilst a 

product will be tested for electrical safety [1] and also for EMC, it is only recently 
that formalised test criteria have been evolved to enable the demonstration of safe 

functional design. Until the early 1990s, the responsibility for functional safety was 
shared between the manufacturer and the test house e.g. BSI, TUV. The national test 

houses soon discovered that they had not the capacity and technical resource to 

validate all incoming designs for functional safety and it was decided to place a level 
of responsibility firmly on the manufacturer. This involved the UK manufacturer self- 

certifying his equipment for safety after obtaining the necessary type approvals for 

EMC and electrical and functional safety (CE labelling). In order to obtain approval 
for functional safety, the manufacturer was compelled to show extensive evidence of 

structured design processes including comprehensive risk assessment at all levels of 

design abstraction.

The manufacturer is required to demonstrate that his/her design has passed a full 

safety audit. This audit must be performed by personnel detached from the design 

process and usually involves the participation of a third-party specialist company. 

The audit company will need to review an evidence trail of risk assessment, 
mitigation of risk and successful demonstration of such mechanisms. This procedure 

now forms the basis of international type approval and is summarised in the PDA 

documentation [9].

1.4 Safety-critical software

The problems and cost associated with the development of safety-critical software 

will be considered during this study.



The design of 'trustworthy' [4] safety-critical software is expensive and takes time. 

The design must be considered on a line-by-line basis and, when submitted for third 

party audit, the design must be comprehensible and obvious. The modularity of the 

design must be demonstrated and, line-by-line, the code must be shown not to contain 

hidden risks such as the ability to cause corruption of data variables, stack 

components or incorrect interrupt handling.

There has been traditionally a scepticism shown towards software-based designs by 

the test houses causing delay in approvals being issued. A typical time for a medium 

complexity patient-connected product to satisfy TUV has been shown to be nine 

months [2] with the majority of the time being devoted to examination of the code 

safety and bench test of the product in attempts to invoke hidden errors in 'cyclic 

testing'.

1.5 Proposals to reduce design and validation time

The use of a modular VLSI hardware design generates a robust product over 

comparable timescale to the software solution. By realising a design in which the 

sharing of common resource within the design modules is reduced or eliminated (no 

common bus structures, registers, stack usage and interrupt handling procedures), a 

third-party safety audit would concern itself with safety at module level of abstraction 

and be satisfied by proof of risk analysis at module level rather at line-by-line code 

level.

The line-by-line analysis approach is taken simply because the software module 

cannot be assured to be fully independent and guaranteed not to compromise other 

functionality within the overall programme.

A case can be made for hardware acceptance based on rigorous simulation testing of 

the module and demonstration of physical separation. Such a case cannot be made for 

the software module. Firstly testing and simulation have the difficulty that a software 

module does not possess the same physical nodes connecting it to the outside world 

and secondly, the software module implies a physical entity but in fact will share 

common physical resource even if this is merely a data memory block.



2.0 Current trends in safety-critical medical electronic system design

"A major part of the product development cycle for medical electronic products is 

concerned with functional safety. In early years, the preoccupation was with electrical 

safety and with ensuring that no manufacturing or design fault could bring the user or 

patient into contact with lethal voltages and that patient "leakage currents" were kept 

within small permissible level" [1].

This state of affairs was due to the fact that the early medical devices were usually 

very simple electro-mechanical devices - for example, syringe pumps were still 

available only 15 years ago which were operated by clockwork drive mechanisms and 

had virtually no electronic content.

The national standards reflected this in that there was, until the late 1980s, no 

definitive and applicable standard for functional safety for infusion pumps although 

electrical safety was well defined and regulated by the IEC601 and the corresponding 

British Standard. During the 1980s a draft proposal for the functional testing of 

medical infusion pumps was considered and eventually introduced. Whilst this 

proposal dealt with such important aspects as means of preventing the infusion 

apparatus becoming detached from the pump during delivery, detection of 

dangerously high pumping pressures etc., it did not deal definitively with the 

implications of electronic hardware and software failure. In the early days of medical 

infusion pump technology, the main concern was to prevent the electric motor drive 

from "running away" (perhaps due to short circuit of the driver transistor) and the 

safety devices built into the pumps were rudimentary.

The introduction of the microprocessor into the design of pumps allowed greater 

sophistication to be built into the product but also introduced the possibility of 

software errors or failures with consequent safety critical results. Most engineers 

enter the field of embedded software design in areas of application where, provided 

the device "falls over" only occasionally, then the product is ready for manufacture.



The medical application does require a more responsible and structured approach - 

this being accepted after a series of high profile incidents such as the THERAC-25 

system failure in the early 1980s documented by Leveson [12].

In the mid 1990's in the UK, the procedure required to develop a product for medical 

applications changed. Until then, it had been sufficient for the company to be well 

known to the Dept. of Health and to have been inspected and approved as a "Good 

Manufacturing Practice" company (equivalent to ISO9000 certification). In addition, 

any product would be evaluated at the Department of Health Test House at Bath 

University (Bath Institute of Medical Engineering) where it's performance and 

manufacturing standard would be checked. B.I.M.E. would also arrange for the 

product to be assessed under clinical conditions by a hospital department. Electrical 

safety was determined by submitting the product to BSI. However, no definitive tests 

were made regarding electronic functional safety probably since no functional safety 

protocol was up and running and, quite significantly, the personnel did not exist to 

carry out painstaking audits of the safety philosophy behind each and every item to go 

on sale in the UK.

This did not mean that companies did not attempt to design the very safest equipment. 

Changes in company law which suggested that the Directors could be made 

individually liable for injury caused by poorly designed equipment had a very 

focussing effect.

Full functional safety protocols (Part 2 of the existing standards) had been debated 

and were being implemented in Germany by the late 1980's but not in the UK. The 

problem was, however, that it was impossible for the Test House to completely satisfy 

itself with regard to a submitted item when perhaps only two skilled engineers were 

available to consider as many as 30 or 40 pieces of equipment a year.

It was thought sensible that the manufacturer should be responsible for self- 

certification. The introduction of mandatory CE marking within the EU meant that the 

manufacturer was not just saying "the product is good" but he was demonstrating that 

he had ensured all possible steps in safe design and manufacture had been met.



For example, he had obtained third-party certification with regard to RFI (Radio 

Frequency Interference), electrical safety and most significantly (in the context of this 

study), he had satisfied a full safety audit of the function and underlying design of his 
product.

Many companies have now been established to perform the role of "independent 

design auditors". Unfortunately, the tasks associated with the generation of a safe 

design still have to be met by the manufacturing company and the "audit" company 

would need all the supporting information in place before any audit can take place. 

So the situation for the manufacturer is, as always, that the work must be done.

To quote from one such "design verification" company:

"The verification process begins with the production of a test specification based on 

the latest performance specification and regulatory requirements. Test specifications 

are produced for each "level" of a system, from basic hardware, through software 

drivers to final applications software.

It is important to state that a sound design is essential to ensure a system operates 

correctly. You cannot "test and verify" performance into a basically flawed system. 

Because of the above, we would always perform a risk analysis and review of any 

design prior to verification.

To run the audit process, personnel not employed in the original design process are 

used, either in-house or from external independent organisations. This "clean room" 

approach produces the best possible audit results from both our own and our clients' 

experience. It is also essential, to meet many of the regulatory standards, for medical 

and other safety critical devices" [3].

A conclusion might be that the regulatory bodies have realised that to audit the 

functional safety of all the wide range of medical equipment is outside the resources 

they possess so they have put the responsibility on the manufacturer.



Firstly, the manufacturer must define a safety procedure for the design (this will be 

considered subsequently) incorporating risk indices, risk analysis, safety specific 

software, risk mitigation and demonstration of mitigation effectiveness. Secondly, the 

manufacturer must involve a third party test house in the independent verification of 

the design.

The main point is that the safe design philosophy must be achieved and, when 

considering functional safety of software, this will take skilled design time. It has 

been estimated that medical software written in 'C' may incur development costs in 

excess of US$90 per delivered source line [4].

2.1 The evolution of design guidelines and procedures

The international consensus has created a generally accepted standard governing the 

design of medical electronic equipment with programmable parts - as such, it will 

apply both to the more usual implementations using embedded processors as well as 

re-configurable logic. All current standards follow the principles of IEC 60601 [10] 

which are essentially a definition of a design quality system. Interestingly, no attempt 

has been made within the industry to define any mandatory rules regarding safe code 

writing although such guidelines exist in such documents as IEEE Std 1012-1986 [7].

The reason for this is that safety is regarded as a system-based approach and that, by 

forcing manufacturers to adopt a system approach, the effects of 'bad code writing' 

will be detected during the design cycle.

Another reason may be that the coding implementations of functionality provided by 

manufacturers will vary widely from company to company and engineer to engineer 

providing a difficulty in forcing standardisation. The PDA offers excellent summaries 

of the appropriate standards i.e. IEC 60601-1-4, ISO 9000-3 etc. with the emphasis 

being placed on full documentation of the design life cycle [8,9].



2.2 The complete 'top-down bottom-up' PDA guidelines for software-based 
systems

Top-down bottom-up is a recognised structured design method. 

2.2.1 Top-down bottom-up design of infusion systems

In brief, and following the guidelines of IEC 60601-1-4, the following general 

procedure must be accommodated which includes a top-down, bottom-up design with 

risk assessment, mitigation and validation at all levels of 'abstraction'.

It is the manufacturers' responsibility to construct a 'User Requirement'. This 

document is used to define the functionality of the design and also the user interface. 

It will provide the documentation of the product 'functionality' and provide the basis 

of a specification.

The next stage of the design process must be a full 'risk assessment' in which all 

potential failures are analysed and, according to frequency and probability of 

occurrence, given a risk value e.g. low, moderate, high. The risk assessment may take 

the form of a 'fault tree' analysis. All faults resulting in patient hazard are regarded as 

'high risk'. A 'mitigation' mechanism must be designed and tested.

It is at this stage that the design of a 'fail-safe' system will become evident since the 

inclusion of redundancy mechanisms (parallel software or hardware) may be the only 

possible mitigation method.

Once the functionality has been risk assessed, the design must be decomposed into 

lower levels of abstraction to allow modular design of hardware or software. It is this 

lower level design process which proves problematic for the software solution.

Each designer will adopt a differing approach for a solution at modular level and each 

solution must itself be risk assessed. In hardware, the decomposition is 

straightforward with little if no interdependency on common system resource and 

often only one solution is indicated.
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At the lower level, the design must be documented and 'validated' i.e. tests carried 

out to confirm correct functionality. It must again be 'risk assessed' to ensure no fault 

can affect system safety. Finally, all modules must be integrated as a system and 

validation testing carried out at system level.

2.2.2 A summary of PDA procedural guidelines

The international standards such as IEC 60601-2-24 [1] suggest the following 

itemised procedure for the design of equipment with software components - which is 

taken directly from PDA (USA) guidelines [9]. A commentary is given which 

suggests possible advantages in the use of VLSI (Very Large Scale Integration) 

hardware technology compared to the use of conventional embedded software.

Item 1

Assign a 'level of concern' for the product - in this case the level would be 'major' 

meaning that software failure could cause serious injury or death.

This is a simple decision based on the potential of the device to cause injury if it were 

to malfunction - a 'major' classification will mean that all subsequent documentation 

must be detailed and thorough.

Item 2

Provide a full functional description of the software system showing interaction with 

users, what changes the user can implement by operating controls, and which features 

are offered to back-up product functions or over-ride functions when appropriate. A 

written description is indicated but may take the form of, or maybe assisted by, 

structural charts showing interfaces and user interaction - i.e. a 'UML' or similar 

approach. The idea is 'what does the software do and how does it do it?' - but 

limiting the description to the functional level i.e. no code although details of the 

proposed programming language, platform i.e. processor etc. should be included.
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This is a top-level description with as much functional detail as possible. The 

approach would be identical for the VLSI design route.

Item3

A 'Device Hazard Analysis' should be completed. The hazardous event(s) should be 

defined along with mitigation and validation. This is the 'AMD' system i.e. 

Acknowledge Mitigate Demonstrate. All potential hazards must be listed and, in 

tabular form, the cause and mitigation solution must be identified. A 'fault-tree' 

analysis may be useful. The solution might be the use of some form of redundancy 

and this may adjust the top-level design. This activity will apply both to software- 

based systems and VLSI designs.

Item 4

Software Requirements Specification

This will include
Hardware requirements such as processors, memory devices, sensors,

energy sources, safety features, communications etc. - Needed for software

and VLSI designs.
Programme language and programme size - Needed for software and

VLSI designs.
Interface requirements e.g. printers, monitors, keyboards etc.- Needed for

software and VLSI designs
Software performance and functional requirements i.e. such things as

algorithms, software internal tests, interrupt handling, timing as well as

fault detection and tolerance - A simplified version could be suggested for

the VLSI design.
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ItemS

Architectural Design Chart

This takes the form of a chart showing partitioning of software into functional sub 
systems - This is where the VLSI and software solutions will diverge - the software 
chart will define functionality that cannot be directly physically partitioned whilst the 
VLSI version can show both functional and physical separation.

Item 6

Design Specification

This is a high-level summary of the design and specifications 'detailed enough' such 
that a programmer is not required to make ad hoc design decisions' [2].

It does not tell the designer how to code a solution only what that solution will 
achieve in functionality - The software designer will be permitted to code according 
to personal preference provided functionality is achieved.

Item?

Traceability Analysis

This is an indexing system allowing movement through the complete documentation 

system.

ItemS

Development

This is a summary of the project design life cycle plans.
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Item 9

Validation, Verification and Testing

This requires a full documentation that all requirements have been met - this must, for 

products with 'major' concern level, include all tests and procedures and commentary 

down to 'unit' level - This is an area where there could be great advantage in the 

VLSI approach since the true modular nature of the low level design will allow for a 

simpler and faster progression through this stage.

Item 10

Revision Level History

This records all major changes of software during development cycle.

Item 11

Unresolved Anomalies ('Bugs')

A list provided for the user detailing all unresolved issues and their possible effect on 

performance.

Item 12

Release Version Number

This provides an indication for type approval of the date and version number of 

software in product to be covered by the approval certification.

From the above, it should be possible to argue that the VLSI approach would greatly 

simplify the required approval process in that Items 4, 5, 6 can be simplified whilst 

Items 3 (hazard analysis) and 9 (validation and testing) will be significantly more 

straightforward.
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2.2.3 Does hardware offer a better route to manufacture?

The top-level process of risk assessment and mitigation (perhaps to include 

redundancy) will be identical for the hardware and software solution. When the lower 

level decomposition is made, the software solution presents a much greater problem 

in design and documentation since the solution will be more subjective - many 

solutions offered for the same problem - and there will be an amount of potential 

interdependency between decomposed modules.

Design of decomposed hardware modules will be obvious, easy to document, easy to 

demonstrate the lack of dependency and interaction with system resource and 

straightforward in the validation cycle i.e. test bench design to fully exercise system 

nodes can be achieved speedily.

Whilst the reliability and competence of the software design (particularly the writing 

of test code) will rely heavily on experience, the hardware solution offers far less 

variation in method and can be a design procedure requiring a much shorter learning 

curve and can be more comprehensively validated. It is generally accepted that the 

simulation tools currently provided by re-configurable hardware vendors are more 

comprehensive than are available in the embedded software domain [13].

In addition, the hardware design is able to use a standard structured design technique 

that can be directly implemented in the documentation design cycle whilst attempting 

to use the same technique for software is useful but not straightforward.

3.0 Software risk management

The demand for intelligent medical therapy devices has until now been filled by 

software based designs. It has been suggested that the software content of a 

development budget, even for products with a large mechanical content, may be 

anything from 40% to 70% of total expenditure [4]. The fundamental concern when 

considering an "embedded design" used for a medical product is the software risk 

management. Put more bluntly, "how do we ensure that, even when the software 

crashes, the device will be safe?"
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When considering the average 8 or 16 bit microprocessor used in many medical 

system designs you are offered the possibility of constructing what is, in effect, an 

infinitely programmable state machine. The two or three hundred instructions on offer 

can be sequenced in a manner unique to the application under consideration. The 

programme will be stepping at rates of typically 15MHz say, fetching and executing 

instructions, inputting and outputting data, branching within the programme sequence 

when stimulated by the appropriate internally generated result, external prompt or 

interrupt event.

A lot of complex sequential activity is being undertaken merely to control (in the 

case of many medical devices such as infusion pumps) relatively simple tasks and one 

single failure to follow the programme sequence, perhaps generated by a power 

supply 'brown-out' or RFI, may generate unpredictable and potentially dangerous 

results.

If you take the case of the medical syringe infusion pump, (the design under 

consideration in this study), the requirement is to accept a flow rate input by the user 

from a keyboard and convert this to a suitable step rate to a stepper motor driven 

linear actuator operating on a filled syringe. Whilst this description is a 

simplification, the device under design is still relatively straightforward and slow 

(when considering current computational throughputs) with maximum stepping rates 

in the order of tens of milliseconds. The speed with which the system may need to 

respond to the fault condition is also relatively slow e.g. in 'over infusion' fault 

condition, the maximum infusion rate may be mechanically limited to lOOmlh" 1 say 

and the maximum permissible bolus error volume might be in the order of 0.5ml (as 

assessed by clinicians), suggesting a 'safe' response time of up to 18 seconds before 

the system must be placed in a safe state.
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The use of COTS (commercial-of-the-shelf) software will not be considered but the 

use of software development tools, compilers etc. will be included. COTS software is 

problematic when included in a design submission since the approval body will need 

to be assured of source code. Often source code is not available and the manufacturer 

will not be able to demonstrate failure analysis and mitigation.

3.1 Definition of'single point failure and 'safe system' versus 'safe component' 

Functional safety is of critical importance in patient-connected systems.

3.1.1 Safe system philosophy

As it is recognised that software cannot be 100% fault free assured - in safety-critical 

systems a philosophy of safe system rather than safe component must be employed. 

The software can be considered as a system component. This will be the basis of all 

design philosophy, and, as will be detailed subsequently, the concept of redundancy 

will be universally employed in safety-critical medical equipment.

Other industries have exhaustively examined the philosophy of the 'safe system' 

including such areas as transportation - including automotive systems [5] and atomic 

energy.

A question which might be asked - "if the system is safe from the effects of 

component failure, why should we be preoccupied with the design of such 

components - why not just let the system cope with the component failure by nature 

of its redundant design?" An answer would be that, whilst the component will be 

expected to potentially fail, it must do so in a predictable manner - the recognition of 

the failure being a fundamental part of the system safety concept. This concept is 

again well documented [5]. Component failure can be ignored only if it is 

exhaustively demonstrated that such failure cannot influence the performance of any 

other component in the system - an unpredictable manner of failure may not have 

been anticipated.
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3.1.2 The 'single fault hazard'

The safety philosophy associated with the functionality of medical equipment has 

evolved over the last twenty years and includes one central theme. 

No single fault shall cause a patient hazard. Obviously, faults will occur but, provided 

they are recognised and cause the equipment to enter the "safe state", they are 

permissible. In addition, any fault which is not directly hazardous in itself, but which 

might stop the entry into the safe state after a subsequent potentially hazardous fault 

has occurred must not be hidden but recognised before each and every use of the 

device or within a small enough time period that makes the likelihood of subsequent 

hazardous fault occurrence negligible.
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TO = FAULT TOLERANCE 
TIME

T1 = TIME OF 2 nd FAULT 
BASED ON MTBF

YES

NO

FIGURE 1 : TUV SINGLE FAULT ASSESSMENT

Figure 1 shows a 'single fault' hazard philosophy, developed by the German TUV 

organisation, which has formed the basis of design for medical device developers 

[14]. In Figure 1, TO - the fault tolerance time - is a concept which allows for 

transitory fault condition. If the fault causes a hazard after TO the system is unsafe. If 

this fault is detected before a second fault is expected to occur then the system is a 

safe system. If, however, a second fault occurs before detection of the first, and if this 

causes a hazard, then the system is deemed unsafe.
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This philosophy is an example of considering the idea of "risk exposure." The fail 

safe philosophy is best demonstrated by an example:

SYSTEM

GUARD

INHIBIT

B

A^B

COMPARE

Figure 2: EXECUTION DIVERSITY

A system shown in Figure 2, generates an output A, whilst a separate, but functionally 

identical "guard" generates an output B. The COMPARE unit will inhibit the SYSTEM 

when it detects an inequality between A and B.

In this example, a fault in A will be detected and cause a safe state to be entered, a 

fault in B will be detected and cause a safe state to be entered. However, whilst a fault 

occurring in the COMPARE unit will not cause a direct hazard, if it remains hidden, the 

next time a fault occurs in the system COMPARE may not respond to cause the safe 

state to be entered.

A method of minimising the risk is to ensure that the COMPARE functionality is 

rigorously checked before each and every use of the system or within an acceptably 

small time interval.
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A fault could occur in the COMPARE unit, which may be followed by a malfunction in 

the SYSTEM, but the likelihood of such an occurrence within the average usage time 

of the system is so low that the overall risk is assessed as negligible. This is the basis 

of the fail-safe philosophy used in this type (i.e. medical infusion pump) of instrument 

and formed the design method for the Medical Magnetics Ltd infusion devices MD50 

andSPOl.

The above example shows the design as interconnected blocks and suggests a 

hardware solution but might also describe a software solution provided sufficient 

modularity and lack of interdependence exists between the blocks.

3.2 The fundamental importance of FMEA 

FMEA is the basis of safe design. 

3.2.1 FMEA definitions

The term FMEA or 'Failure Modes and Effects Analysis' refers to a quality system 

used to assess all sources of failure and to analyse their likely effects. Some of the 

FMEA considerations have already been described. Specifically, in the area of safety- 

critical medical systems, failures that could cause injury, i.e. 'hazards', are identified 

and the design modified by some suitable mitigation mechanism to remove the 

unwanted result of such failures.

The following refers to general design although 'software' is mentioned as a theme. 

The management of risk when designing software is comprised of three parts. The 

designer must recognise that software errors can cause certain risks. Some system for 

minimising these risks must be put in place and finally he must be able to demonstrate 

that the mechanisms used to minimise the risks actually work.

The designer must identify equipment malfunctions that will expose the user to hazard 

and then search for the software error that might cause such a malfunction. 

An example might be in an infusion pump where the flow rate setting is stored as a 

variable in a register which might be erroneously over-written and corrupted causing a 

flow rate error say.
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A mechanism must be produced to minimise this identified risk. In addition, tests 
must be contrived to simulate the potential software error and check the effectiveness 
of the mechanism designed to minimise the risk.

An overall view of the development process is deemed to be sensible since 
weaknesses in the tools used in development and the experience (or lack of it) of the 
development engineers may well lead to a suspect design result. Common sense 
dictates that a designer with poor prior experience is more of a risk to the 
development of safe software than his/her more experienced colleague.

In terms of risk management, the concept of "Risk Exposure" is frequently 
mentioned. "Risk Exposure" is defined as " a function of the potential for loss and the 
size of the loss" [4]. Exposure is said to be greatest when the potential for loss (i.e. 
probability of a fault) is high and the size of the loss (consequences of such a fault) is 
high.

3.2.2 Mitigation

The term "mitigation" is used to describe the steps taken to minimise the risk and 
hence reduce the risk exposure to acceptable levels. Just as it might be standard 
practice in mechanical systems to reduce the risk of a nut becoming loose by fitting a 
washer, there are common practices used in software engineering to reduce risk. Also, 
there may be more than one possible solution to the mitigation of a potential risk and, 
sometimes, a combination of techniques may yield the best result.
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3.2.3 Fundamentals of risk management - safety requirements

The device must fulfil a specified range of functions that, in a structured design 

environment, would result from exercises such as the completion of a comprehensive 

user requirements specification and, perhaps an initial risk analysis.

3.2.4 What is a software risk analysis?

It is a process that seeks to identify how well software meets the requirements of 

system safety. It must identify software errors which may occur which might impact 

on safety and lead to patient hazard (for medical devices) or injury. It will be applied 

throughout the development cycle and should lead to a system-wide appreciation of 

how safety is supported in the design.

The software risk analysis should identify the requirement for safety specific software 

or hardware in a design and may identify the need to rethink overall design concepts 

in order to better address the mitigation of risks.

A software risk analysis will assume that the design is organised as a hierarchical 

interconnection of functional building blocks. These blocks may take the form of a 

subroutine, a function, or an object, a collection of functions i.e. a module etc..

3.2.5 Risk indices

As with virtually all concepts to be employed in functional safety, a structured and 

documented approach is needed to ensure a satisfactory outcome. The compiling of a 

table to identify the potential hazard and indicate firstly the likelihood of occurrence 

and then the consequences of such occurrence by way of loss or hazard severity.
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Such a table might typically be as follows:

Hazard Severity / Loss
Probability of occurrence
Improbable
Remote
Occasional
Reasonable
Frequent

Minor
Low
Low

Moderate
High
High

Moderate
Low

Moderate
High
High

Very High

Severe
Moderate

High
High

Very High
Very High

Table 1: TYPICAL RISK INDEX TABLE

What does this table really mean? It allows the designer to assign a value or index to 

each recognised fault such that, if for example, the fault is improbable, then if the 

potential for loss is severe if such a fault did occur, the weighting of the fault could be 

seen as moderate.

Such a table might be used to compile a "mitigation" mechanism. A mitigation 

mechanism is a process or mechanism to cause the device to fail-safe in the event of 

the fault occurrence.

All potential faults must be subject to mitigation - the use of the "risk index table" is 

to allow management to share in the mitigation decisions associated with high-risk 

faults. For example, in an organisation, it may be deemed appropriate for low risks to 

be mitigated by the designer without need for review whilst moderate risk-index items 

may require mitigation followed by project manager sign-off. High risk-index faults 

may need the mitigation process to be authorised only by the quality and engineering 

executive whilst a "very high" risk-index might need considerable scrutiny before a 

mitigation process can be authorised at the highest level of engineering management.

In the above, what is required is consistency. This means that, the procedure for risk 

mitigation and authorisation is well documented and is inflexible. In a medical device 

software design, all software faults resulting in potential patient hazards would be 

deemed "high risk" and the risk management protocol would expect the mitigation 

mechanism to be authorised by the highest level of engineering management.
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3.2.6 Trustworthiness

The term trustworthiness [4] is one used in the risk management environment and is 

used to indicate the confidence that can be placed in software failure causing the entry 

to a predictable safe state. The overall emphasis in software design for medical 

devices must be that software failures do not result in danger to the user.

The nature of the safe state will clearly depend on the type of equipment under 

consideration. For example, when considering a syringe infusion pump, the safe state 

is usually a condition of alarm with no flow. However, if the device under 

consideration were a ventilator then the safe state would need to be redefined.

It has been recognised that the development of software follows the creativity of an 

individual and will be "knowledge intensive". A system can be controlled by an 

almost infinite variety of differing software solutions, each of which will superficially 

fulfil the functional design criteria. In non-safety-critical applications, rigorous fault 

analysis is often omitted with the faults being left to evidence themselves over a 

period by feedback from the field. This situation can be readily observed when, if 

considering the use of most applications software packages, the potential user browses 

the "bugs and fixes" offered for the technology.

The rigorous risk analysis that must be carried out for medical patient-connected 

devices will, by definition, take time and cost money.

3.2 Test House attitudes and the role of third party assessors 

All type approval must meet test house requirements.

3.3.1 The Test House

Traditionally, manufacturers have resorted to the use of "Test Houses" such as BSI 

and TUV to act as independent assessors of the degree of correctness of their 

products.
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The Test House has always realised that it cannot hope to "know" the design of a 
product presented to it better than the manufacturer and will seek to reassure itself that 
the manufacturer has integrity. This will mean that the design personnel must ideally 
be able to present a record of subject knowledge and prior experience. For example, 
the TUV evaluation department would first inspect the credentials of the design 
personnel with preference given to engineers who had worked in the medical 
equipment field or, at least, in an equivalent safety conscious area such as nuclear 
energy generation say [2].

Any design for a medical infusion pump, or similar patient-connected device, would 
need to demonstrate a full "single fault hazard" protection philosophy [14]. It would 
not be sufficient to offer a single processor solution with some form of software or 
hardware "watchdog" to vector the device into a safe state. The use of watchdog 
devices is not seen as a solution for safeguarding flow controllers since, whilst a 
branch from the normal program sequence may be detected, the possible corruption of 
system parameters which might hold current set flow rates will not be prevented.

It is realised that one of the greatest dangers to a flow controller is a sudden and 
undetected flow error. The Test House would seek to see a design that used a great 
degree of parallel redundancy and physical isolation in a method that has evolved into 
a virtual mandatory use of two parallel processor channels. In providing the two- 
processor solution, the manufacturer would be expected to show that each processing 
channel is achieved by use of different manufacturers' component and with isolated 
and separate software tools so avoiding the propagation of systemic faults [2].

Ideally, the manufacturer should show that the software has been written by different 
engineers and certainly undergone a process of rigorous risk assessment. Evaluation 
personnel are also most suspicious of the use of compilers or other high level 
language tools that are "new to the market". The idea is obviously that care must be 
taken in using unproven tools in the design of your product - again to avoid 

propagation of systemic faults.
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The Test House will also be concerned that any risk analysis has addressed the 

potential problem of corruption of variables associated with the primary flow control 

function. An infusion pump may, for example, use registers to store the "flow rate 

setting", the "volume infused" to-date in the treatment, the maximum volume 

permissible during the treatment session etc. One particular "favoured" solution is for 

the settings to be transferred between each channel on a regular basis and checked for 

equality.

These considerations can be understood when considering the case of what is called 

"patient controlled analgesia". In this treatment method a specially designed pump 

will respond to a button pressed by the patient to administer a set amount or "bolus" 

of morphine based drug. The pump must not allow any error in the bolus administered 

or allow the patient to repeat the administration within a predefined time (typically 5 

minutes). In this type of application, failure to rapidly detect a dosing error and to 

fail-safe would be fatal.

3.3.2 The third party assessment company

As detailed in the notes previously presented, the last decade has seen the introduction 

of the concept of CE marking which involves "self-certification" by manufacturers to 

indicate that they have achieved the necessary compliances with such things as EMC 

and functional safety. The standards still need to be achieved, but the manufacturer is 

also involved in the certification process. The test houses such as TUV and BSI have 

realised that validating the software design and safety philosophy is an impossible 

task for the weight of equipment pending approval. It is for this reason that third party 

companies have appeared which will undertake the risk analysis of software-based 

designs on behalf of the manufacturer.

As independent and separate entities, these companies can perform the necessary 

tasks needed to demonstrate the risk and mitigation philosophy to the Test House - 

essentially performing a large part of the functional testing needed to satisfy the Test 

House but at the manufacturers cost.
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3.3.3 Safety significant variables

As previously noted, approvals organisations are most concerned where there is a 

possibility of safety critical settings being corrupted. Whilst the potential corruption 

of many variables will not result in an unsafe condition, common sense would suggest 

that a variable holding the flow rate of an infusion pump should not be corrupted and 

allowed to alter the flow rate without detection and fail-safe state entry. Variables 

whose values affect the safety of a system are, not surprisingly, called "safety- 

significant variables".

3.3.4 Safety specific software

In a typical system, there will be some areas of software that do not impact on the 

safety requirements of the device. For example, software that performs routine 

background tasks such as monitoring the charging rate of batteries say. Care has to be 

taken at all stages to ensure that such software has been correctly classified. In the 

case of battery "housekeeping" duties, the detection of incorrect charge rates may 

seen as indirectly influencing the system safety if the equipment is designed to 

operate for a guaranteed interval on battery reserve power.

Clearly, the definition of what is safety-specific software is easier in some areas, and 

again common sense will dictate the classification.

The above also assumes that code is rigidly isolated into modular blocks with no 

inter-dependence that is not the case in practice. The threat is perceived as follows:

1. Safety-critical variables maybe corrupted by the action unrelated software. 

This means that all safety-critical information must be duplicate-stored so 

that, should a corruption occur, it cannot go undetected. This means 

parallel redundancy.
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2. Other software can cause execution threads to fail which may result in "out 

of sequence" safety-critical code execution. A suitable mitigation device is 

to ensure methods are used to maintain proper sequence of critical code 

segments.

3. Although not a consideration in the design example of an infusion pump, 

other poorly designed software can cause an impact on the system under 

consideration by capturing an undue amount of system resource such as 

system memory and computational bandwidth.

The whole concept of risk management is based on the fact that software failure can 

result in increased risk and that software engineers must identify a mechanism 

suitable for reducing, or mitigating the risk. This simply means that, in the event of a 

failure, the failure is recognised and some process entered to protect or inform the 

user.

The most obvious mitigation mechanism would be a user prompt, although this does 

rely on the trained user being able to recognise and respond to the visual message 

prompt. It fails to be a strong mitigation method because the onus is placed on the 

user and his/her state of training. Sometimes this type of mitigation is the only 

feasible choice. For example, an infusion pump will require display of flow rate often 

as a 'seven segment' display array. The 'seven segment' display, if faulty, will 

exhibit either a missing segment or, in the case of a printed circuit board short circuit, 

two segments instead of the intended one. How is the user to be protected from 

misinterpreting such a faulty display? The mitigation mechanism, in this case, is to 

arrange for the user to be made to visually check the functionality of the displays prior 

to use. This can be done by causing the displays to "count up" slowly from 0 to 9 

during the power up or initial test phase of the device prior to use. The User Manual 

would then inform the user of his/her responsibility for device safety.
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3.3.5 Software mechanisms

As detailed above, one of the major concerns in the design of an infusion pump is to 
avoid corruption of flow rate data. The designer is responsible for the software 
mitigation method that would best be the redundant storing of the rate variable that 
can only be accessed and changed by a single function.

3.3.6 Hardware mechanisms

Totally software based mitigation methods can be supported by a hardware solution. 
This might take the form of a hardware based watchdog timer and would have, in the 
context of safety, an excellent position based on the use of an alternative technology 
to provide the fail-safe. The use of 'watch dog timers' may not satisfy the mitigation 
required for the system fault - as previously noted.

3.3.7 Execution diversity

This is a safety mitigation philosophy based on the use of a "safety supervision" 
system within the system architecture. It is best illustrated by the example detailed 
previously by Figure 2. The safety supervisor employs a separate processor with its 
own software to ensure that the primary processor and software stream operate 
according to requirements. In Figure 2, a section of the design is implemented as a 
self-test module with no adequate parallel redundancy, and, as such, must be checked 
for functionality prior to equipment use (a form of BIST or "built-in self-test").

3.3.8 Speed of mitigation response

In the context of the infusion pump, the most serious fault might be an unintended 
motor "runaway". This might be caused by a corruption in the programme sequence 

and would be picked up by a watchdog timer. However, the WDT may respond after 
it's characteristic delay which may be too late i.e. the pump motor having infused an 

unacceptable fluid bolus before the mitigation mechanism kicks in.
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A "lock and key" process might be employed to operate on any change to such safety- 

critical parameters such as flow rate. As implied, this would mean that any change to 

pump speed would be possible only after the software had followed a predefined 

sequence with total accuracy. In the event that entry appeared further down the 

function, lock-and-key would detect an illegal command since the expected lock 

sequence would have been corrupted.

3.3.9 Cause & mitigation patterns

A fairly recent paradigm amongst software developers is the concept of patterns [6]. 

This would suggest that, from application to application, there exist patterns in the 

type of predicted software failure and possible mitigation.

The following table (Table 2) of failure patterns and mitigation mechanisms is based 

on a suggestion by Wood - "Software Risk Management for Medical Devices" 1999 

[4] and is seen to agree with many of the fault and mitigation patterns seen in the 

development of the Medical Magnetics SP01® Syringe Infusion Pump.

FAILURE
Data/variable corruption

Hardware induced problems

software runaway 
illegal function entry

memory leakage starves execution stream 
(less important in small systems)

flawed control value submitted to hardware

flawed display of information

overlapped illegal use of memory

MITIGATION MECHANISM
redundant copies / validity checking/ 
controlled access
Rigorous BIST at start-up / 
reasonableness checks
watchdog hardware/ 
lock and key entry and exit/ 
reasonableness checking/ 
execution thread logging with independent 
checking
explicit code inspection checklist and coding 
rules/ 
memory usage analysis/ 
local memory control for safety-critical 
functions
independent read back with reasonableness/ 
hardware mechanism provides independent 
control to safe state
BIST with user review direction in User 
Manual/ 
read back with independent software check/ 
separate display processor checks 
reasonableness
explicit inspection checklist item/ 
coding rules on allocation de-allocation/ 
special pointer assignment rules

Table 2 : FAILURE PATTERNS AND MITIGATION MECHANISMS
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Table 2 shows a selection of common device failures with corresponding ideas for 

their mitigation and would be a useful start point when considering the documentation 

of risk management for the project. As with all engineering concepts, the more 

complex a system the greater the number of possibilities for error and the greater the 

task involved in ensuring safety compliance.

3.3.10 Large versus small project

A small project may have only one developer. This is seen as a "bad" idea by the 

approvals bodies since a mistake made by the individual may be subsequently 

propagated throughout a design. The use of separate software developers within a 

project is an attempt to prevent this type of fault propagation. However, the use of 

numerous developers within a large project has dangers in that the potential for not 

implementing all safety-related software and thus not supporting properly the 

mitigation mechanisms will be larger.

A case of some notoriety is that of the first ESA ARIANNE 5 launch that ended in 

failure after a control system became faulty. Subsequent analysis had shown that the 

guidance parameters were to be held in a register system that was allowed to overflow 

and generate erroneous control data. The engineers responsible for that section of 

software had fulfilled their design brief but no mitigation mechanism had been put in 

place to guard against register overflow. How such errors can occur in well-funded 

development programmes and propagate into manufactured product indicates why 

users should be wary of software solutions and why there is a compulsion for rigorous 

risk management.

3.3.11 Software categories

It is useful to attempt to categorise software blocks in the process of determining 

safety-significant software.
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These categories might include:

• Software that will definitely compromise safety in the event of failure. All 

control software for therapeutic devices and algorithmic software used to 

compute values for diagnostic systems would fall into this category.

• Software used to mitigate errors generated by other sections of software such 

as BIST software used in start-up self testing.

• Software used to access safety-critical variables. Good practice usually 

dictates the use of specialised routines to access and change such variables.

• Support software directly called by the other categories of software.

Once the software has been categorised and identified it can be subjected to a level of 

quality assurance that will include reviews and tests. Safety-significant software 

would be subject to higher levels of control with more formalised design and code 

reviews with functional and structural testing.

The more intensive the controls the greater the cost of development and common 

sense would dictate that the smallest percentage of safety-critical software that a 

design can function with must be the objective. As an example, the percentage of 

safety-significant software in relatively simple diagnostic devices might be as small as 

20-30% whilst devices providing life-supporting energy might contain over 85% [4].

3.3.12 Development process linkage

The concept of software risk-management depends on a manufacturer having in place 

a defined software development process.
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Typically, an organisation will have put in place as part of its design process 

systems of traceability, code inspections, interface and structural testing, 

integration testing and design validation. The whole concept hinges on a 

structured and understood approach with input from skilled engineers. The 

organisation may well include a statement of its ability to detect software faults as 
part of an overall mitigation mechanism.

3.3.13 A formalised strategy

As with all structured processes, a formalised set of procedures is essential in the 

risk-management of a developing product. The first essential is to realise a system 

called AMD (Acknowledge Mitigate Demonstrate). This system identifies all 

possible safety-significant faults, suggests the mitigation mechanism and then 

shows by relevant testing that the mitigation mechanism is effective. This overall 

concept must be flexible enough to be applied to an evolving system where small 

incremental changes are made to a known working system. It must also support 

regression testing to ensure that any change in specification does not influence 

other previously assessed components of the design.

The structured quality system needs full and indexed documentation of test 

results.

3.3.14 Initial risk analysis

An initial risk analysis would be carried out at a stage when the product concept and 

initial architectural layout is known. It may take the form of a table of possible 

hazards along with their perceived seriousness and an indication of a minimum 

response that might be suggested as mitigation of the hazard. This is important at this 

stage as it can aid the inclusion of safety mechanisms at an early stage in the design.
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HAZARD

patient 
overdose

patient 
overdose

SEVERITY

major

major

POTENTIAL 
CAUSE

Control 
software 
failure

corrupted 
rate variable

PROBABILITY

improbable

remote

RISK 
AFTER 
MINIMUM 
RESPONSE
moderate

high

MINIMUM 
RESPONSE

separate 
hardware 
monitoring & 
control circuit 
[IRA_soft fail]
redundant 
storage of rate 
variable 
[IRA corrupt var]

Table 3 : FAILURE PATTERNS AND MITIGATION MECHANISMS

The above shows that two differing software errors could result in a similar hazard. 

The mitigation method of the first uses a separate technology (hardware solution) and 

not software related and is judged to provide for a lower risk after the minimum 

response has been implemented even though the probability of occurrence might be 

higher. A traceability label e.g. [IRA_soft_fail] is appended to allow for tracing and 

documentation when the mitigation and demonstration phases are performed.

3.3.15 Detailed risk analysis

Detailed risk analysis can take one of three forms:

• A design team can develop a fault tree analysis that is a top-down approach.

• A software failure mode and effects analysis can be performed which is a 

bottom-up approach that looks at individual software faults and considers their 

likely effect on safety.
• A hybrid approach might seek to amalgamate the above two approaches.

When considering an FMEA approach, a systematic documentation process is needed 

which tabulates the software component under consideration, its possible failure, the 

cause of such failure and the effect on the system, what sort of hazard is created and 

detail of suggested mitigation.
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The table headings might look something like the following:

Software 
component

failure mode 
(software 
error)

error cause system effect hazard mitigation

There is no reason why this bottom-up approach might not be used on any system 

(hardware or software) that can be separated into low-level components.

3.3.16 Safety-critical faults

In carrying out a bottom-up FMEA all safety critical components can be identified. 

Clearly, these components will require detailed inspection and different authorisation 

levels for mitigation systems that are suggested i.e. any possible fix must be approved 

at management level so that the organisation is involved at the top levels in safety 

critical design.

3.3.17 Fault insertion testing

All mitigation procedures must be validated for effectiveness. The documentation 

must detail the fault insertion and successful resultant mitigation i.e. a test procedure 

for, and simulating, all fault eventualities must be described with outcomes.

3.3.18 Use of design tools

The impact on the design of electronic design tools such as software compilers must 

be recognised.

3.4 Discussion of current practice in modular design - can methods be 
improved to reduce 'time-to-market'?

This study suggests that embedded software is currently the universal tool for the 

realisation of most medical electronic devices. Various strategies can be used to 

reduce the incidence of unintended faults - primarily the adoption of a well-ordered 

company-wide quality system.
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International type approval requirements for software-based systems - exemplified by 
the guidelines published by the US PDA [9] - suggest a thorough top-down bottom-up 
design and validation cycle.

Software must be treated as a potentially faulty component and systems must provide 
demonstrable 'fail-safety' at system level. A common strategy, already employed by 
the company Medical Magnetics Ltd, is that of 'execution diversity'.

Whilst software should be developed in a modular manner, it is difficult to ensure that 
true modularisation exists, and that all hidden dependencies have been examined in 
the design process.

The 'execution diversity' system employed in the design of the MM Ltd SP01 syringe 
pump required demonstration that failure in any section of the 'program' resulted in a 
deterministic outcome. This was seen to be both difficult to exhaustively demonstrate 
and took time - TUV evaluation for the SP01 syringe pump [2] extended over 9 
months primarily due to software validation.

An observation of this study is that hardware at structural level can offer 
demonstrable modularisation although at the expense of functional flexibility. The 
Medical Magnetics MD50 syringe pump employed a fixed hardware design and 
proved to be both reliable and safe over the product lifetime of 1500 unit sales 
volume. In contrast, the development of the two-processor SP01 pump by Medical 
Magnetics Ltd, although employing the same method of 'execution diversity' as the 
MD50 required considerably more design time and validation for type approval. The 
advantage of the SP01 being slightly more flexibility - for example, being 
programmable for more than one manufacturer's make of disposable syringe.

By examining the PDA guidelines, it was seen that a large theoretical saving in time 

could be made at the system validation stage.
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To improve the time-to-manufacture the following steps should be taken:

1. Institute a rigorous company quality assurance culture to include a 

formalised structured design strategy.

2. Identify faults that are hazards and show comprehensive mitigation 

(FMEA top level exercise).

3. Use well-established software development tools and observe good 

software design practices.

4. Consider the option of a design using re-configurable hardware.

4.0 Conclusions

The syringe infusion pump is a medium-complexity design that might be modelled in 

hardware as a simple state-machine controlled system. For example, the system states 

may be as simple as 'self-test', 'run', 'stop' and 'alarm'. This design approach has 

been used successfully by the company MM Ltd - MD50 syringe infusion system. 

However, the design offered no functional flexibility being a fixed hardware design.

If a re-configurable hardware design is considered, the additional flexibility may be 

offered e.g. straightforward firmware change to offer different syringe options say. In 

addition, complex but non-safety-critical components could be added without the 

need for extensive regression testing e.g. serial transmission of pump data for remote 

monitoring say.

By implementing a design in hardware, the demonstration of low-level modularity 

would be straightforward. A hardware module has fixed input/output nodes and can 

be exhaustively tested as contrasted with the equivalent software module where 

hidden dependencies and interactions with other system resources may create non- 

deterministic failures.

By concentrating on a simple design method, the time-to-manufacture will be reduced 

and the product should benefit from improved reliability.
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Section 1A5

Amended Report - Medical Magnetics Ltd

January 2000

This amended report was commissioned in January 1999 shortly after the 

commencement of the Interim Report - Item 1A4. The Interim Report had identified 

possible advantages in the use of hardware rather than embedded software techniques 

in the design of safety-critical devices. The company Medical Magnetics Ltd had 

decided to commission this Amended Report to consider, as a priority, these potential 

advantages.



1A5 Amended Project Proposal (Final Report) for Medical Magnetics Ltd January 
2000

Revision Date: March 2006 

Summary

VLSI re-configurable hardware rather than embedded software can be used to design 

medical electronic equipment - e.g. a syringe infusion pump. A procedure is 

advanced in this study that will satisfy mandatory safety requirements of documented 

design cycle. It is suggested that the quality system documentation required for a 

similar software-based solution will be more detailed and require a higher level of 

designer skill to complete at the stage of system integration.

The 'time to manufacture' of medical electronic equipment is set by the time taken 

not only to complete pre-manufacture design tasks but to satisfy the type approval 

authority and obtain certification. A speedy, less skill-dependent process (hardware 

design) offers manufacturers a financial advantage if re-configurable hardware is 

carefully considered as a design option.

This study describes the top-level design of a safety-critical system. Modular design is 

described as a design example for embedded software and equivalent hardware 

modules. The two example modules are compared. The hardware module shows true 

physical and functional isolation from other system assets whilst the software module 

uses common system resources and will require line-by-line code validation at the 

system integration level to demonstrate that all dependencies have been anticipated.

A conclusion is that hardware design offers a means of reducing design time and 

increasing the clarity of the design hence reducing the design cycle time and the time- 

to-manufacture.

A complete design exercise is included as an appendix. This exercise follows the 

hardware design of a syringe infusion pump from top-level to decomposed module 

design and testing.



It is suggested that the removal of line-by-line code validation needed in the 

embedded software design solution could halve the overall design time and system 

integration. Steps are proposed in the design exercise to allow designers to implement 

a structured hardware design cycle.

1.0 Description of a typical top-level design meeting accepted levels of fail-safety 

- An example of 'execution diversity' to meet the safe system criteria for 

safety-critical design.

Safety-critical system design must commence with a suitable top-level design suitably 

modified to incorporate 'fail-safety'.

1.1 What is required in the 'Design Cycle'?

The international standards such as IEC 60601-2-24 suggest the following procedure 

for the design of equipment with software components (reproduced from the 'Design 

Project Proposal (Interim) Medical Magnetics Ltd' January 2000):

1. Assign a 'level of concern' for the product - in this case the level would be 

'major' meaning that software failure could cause serious injury or death. 

This is a simple decision based on the potential of the device to cause injury if it were 

to malfunction - a 'major' classification will mean that all subsequent documentation 

must be detailed and thorough.

2. Provide a full functional description of the software system showing 

interaction with users, what changes the user can implement by operating controls, 

which features are offered to back-up product functions or over-ride functions when 

appropriate.

A written description is indicated but may take the form of, or maybe assisted by, 

structural charts showing interfaces and user interaction - i.e. a UML approach. The 

idea is 'what does the software do, and how does it do it?' - but limiting the 

description to the functional level i.e. no code, although details of the proposed 

programming language, platform i.e. processor etc. should be included.



This is a top-level description with as much functional detail as possible. The 

approach would be identical for the VLSI design route.

3. A 'Device Hazard Analysis' should be completed. The hazardous event(s) 

should be defined along with mitigation and validation. This is the AMD system i.e. 

'Acknowledge Mitigate Demonstrate'. All potential hazards must be listed and, in 

tabular form, the cause and mitigation solution must be identified. A 'fault-tree' 

analysis may be useful. The solution might be the use of some form of redundancy 

and this may adjust the top-level design, This activity will apply both to software- 

based systems and VLSI designs.

4. A 'Software Requirements Specification' should be completed.

This will include
Hardware requirements such as processors, memory devices, sensors,

energy sources, safety features, communications etc. - needed for software

and VLSI designs.
Programme language and programme size - needed for software and VLSI

designs.
Interface requirements e.g. printers, monitors, keyboards etc. - needed for

software and VLSI designs.
Software performance and functional requirements i.e. such things as

algorithms, software internal tests, interrupt handling, timing as well as

fault detection and tolerance - A simplified version could be suggested for

the VLSI design.

5. An 'Architectural Design Chart' should be produced.

This takes the form of a chart showing partitioning of software into functional sub 

systems - This is where the VLSI and software solutions will diverge - the software 

chart will be defining functionality which cannot be directly physically partitioned 

whilst the VLSI version can show both functional and physical separation.



6. A 'Design Specification' should be formulated.

This is a high-level summary of the design and specifications 'detailed enough such 
that a programmer is not required to make ad hoc design decisions' [2].

It does not tell the designer how to code a solution only what that solution will 
achieve in functionality - The software designer will be permitted to code according 
to personal preference provided functionality is achieved.

7. A 'Traceability Analysis' should be completed.

This is an indexing system to allow movement through the complete documentation 
system.

8. Documentation of the 'Development Cycle' should be presented. 

This comprises of a summary of the project design life cycle plans.

9. Validation - Verification and Testing

This requires a full documentation that all requirements have been met - this must, for 
products with 'major' concern level, include all tests and procedures and commentary 
down to 'unit' level - This is an area where there could be great advantage in the 
VLSI approach since the true modular nature of the low level design will allow for a 
simpler and faster progression through this stage.

10. Revision Level History

The 'Revision Level History' is a record of all the major changes of software during 

development cycle.



11. Unresolved Anomalies (Bugs)

A list is provided for the user detailing all unresolved issues and their possible effect 
on performance.

12. Release Version Number

The 'Revision Version Number' is an indication, for type approval, of the date and 
version number of software in product to be covered by the approval certification.

From the above, we should be able to argue that the VLSI approach will greatly 
simplify the required approval process in that items 4, 5, 6 can be simplified whilst 
items 3 (hazard analysis) and 9 (validation and testing) will be significantly more 

straightforward.



1.2 A practical design example - The Syringe Infusion Pump

The following design example seeks to show how a system, that might normally use 

an embedded processor design, can be more efficiently generated by VLSI hardware 

design methods. Comments on the divergence expected between the two approaches 

will be made at suitable intervals.

Following the procedural guidelines of 1.0 above:

1. A 'major' level of concern is recognised for the product.

2. What is the function of the product?

The Project calls for the design of a medium-scale patient connected product. A 

syringe infusion pump was selected for the case study. A syringe infusion pump is an 

electro-mechanical device which acts on a fluid-filled plastic disposable syringe to 

force fluid into a patient-connected line at a pre-determined flow rate. It will consist 

of a linear actuator mechanism that is acted on by motor-gearbox drive. The motor is 

frequently a stepper type providing an excellent digital interface and offering an open 

loop but accurate mechanism design.

In its simplest form, the syringe pump motor will be acted on by a repetition pulse 

rate proportional to the set infusion rate. The user enters the infusion rate via a 

keyboard. The keyboard will allow for setting of the infusion rate decades over the 

range of typically 0 - 99.9 mlh" 1 .

The keyboard is usually of membrane panel construction to resist fluid ingress and 

allow for the start and stop of the pump action as well as a button for cancelling 

audible and visual alarms.The infusion rate is usually displayed on '7-segment' 

displays - this type of display technology being suitable for the hospital lighting 

environment. The use of intelligent display modules introduces an additional 

complication in that the display is a safety-critical component requiring assessment of 

risk.



The activity (in this case described by the functional specification of the medical 

instrument) must firstly be understood and documented. This can take place as part of 

the initial design procedure as a 'user requirements analysis'. As will be seen, the 

initial risk assessment must be performed at this stage since it will highlight the need 

for hazard mitigation schemes within the design and these must be incorporated at an 
early stage.

The user requirements analysis for a medical syringe infusion pump might take the 

following typical form as Figure 1:

INPUT 

EXTERNAL

POWER ON-

INPUT 

KEYPAD

SET INFUSION 

RATE - USER 

ENTERS RATE

PRESS START 

USER ACTION

'STOP' KEY 

PRESSED

'RESET 

PRESSED

THEN

'STOP'

5WARE/ SOFTWARE

INDICATORS 

ZERS

STORED & 

AYED

f COMMAND —————————

HE = 0 & 'START'

1AND 

R STOP > 2 MINUTES? —— *

COMMAND >

OUTPUT 

ALARM

ALARM

ALARM

CANCEL 

ALARM

OUTPUT

MOTOR

DRIVE

MOTOR 

RUNS AT 

SET RATE

MOTOR 

STOP

Figure 1 : A BASIC USER REQUIREMENTS ANALYSIS

The requirements analysis is an attempt to detail the flow of activities between 

various actors and interfaces within the design. In this case it describes a relatively 

simple functionality.
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The medical infusion pump is required to cause a mechanical linear actuator to 
compress the plunger of a disposable syringe at a constant rate directly proportional to 
the flow rate in ml/hour set by the user.

Figure 2 demonstrates a block schematic of the initial user requirements:

DISPLAY 
MODULE

RATE GENERATION
ALARM 

PROCESSING

rr
KEYPAD

STEPPER MOTOR

Figure 2: BLOCK SCHEMATIC OF INITIAL USER REQUIREMENTS

The operation of the pump should follow the initial requirements analysis:

On switching on the power to the pump, basic testing of audible and visual alarms and 
displays must be performed by way of an automatic self-test. The user is then able to 

set the desired flow rate by operating the keypad and monitoring the set rate on the 

display.



On pressing the START button the system will drive the motor (a stepping motor 
would be a suitable digital interface) with a step frequency which will translate to the 
correct movement per minute of the syringe plunger and hence the correct infusion 
rate.

If the pump is left in the ON state but without selecting START, an alarm will 
commence after 2 minutes. Similarly, the alarm will be activated if a rate of 0 mlh" 1 is 
selected followed by START. A RESET switch will reset the alarm.

3. Device hazard analysis

The 'Initial Risk Analysis' suggests a tabular description as detailed in the 'Feasibility 
Study Report' i.e. hazard, severity, cause, probability, risk after minimum response 
and minimum response. It calls for the designer to show that all potential hazards 
have been recognised, a mitigation mechanism suggested and an analysis of the 
effectiveness of the mitigation made.

1.2.1 Fail-safety - assessing the risk

The above simple system would enable the design of a potentially accurate infusion 
pump but would not be intrinsically safe. It is at this stage that an initial risk 
assessment would be made and the results incorporated in the functional design of the 
product before continuing any further with development.

The essence of risk analysis is the identification of what constitutes a hazard. In this 
case, the hazard is any fault or error in the system which, should it occur in isolation, 

would hazard the safety of the user.

Taking the above design the following would correspond to an unacceptable fault - 
There is one major hazard that presents itself for this type of instrument i.e.

HAZARD - RATE SET DOES NOT CORRESPOND TO RATE INFUSED
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By observing the initial user requirements analysis and the above block diagram this 
could be caused by any of the following:

1. Motor faulty or disconnected - the rate applied to the motor is not translated 
into the desired physical movement.

2. Display faulty - the rate indicated by the display is not the rate being used to 
calculate and generate the step repetition rate to the motor.

3. Rate generation faulty - a rate is generated that differs from the displayed
value.

So, it would seem that a fault in all but the keypad section could result in a patient 
hazard.

1.2.2 Mitigation at system level

As described, the design is not safe. Some thought must be given at the system level 
to providing a safe philosophy before attempting any lower level hazard analysis.

The most obvious method of mitigation for the above hazard would be the provision 
of a level of design redundancy. If the keypad acted on a separate and isolated module 
that would generate an identical pulse repetition rate as an output and if this output 
was continuously compared with the output from the drive module or channel to the 
motor, a fault in the step rate generation would be indicated. The concept is detailed 

in Figure 3.
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DISPLAY

TT
DRIVE CHANNEL 1

T r
KEYPAD

J.-U
COMPARISON 

CHANNEL 2

INHIBIT MOTOR

Figure 3: System mitigation by redundancy - 'execution diversity'

Figure 3 shows a more complex system but one that should mitigate the main hazard 

presented above. If the step rate generation due to the drive channel is in error, then 

the comparison with the reserve CHANNEL 2 signal will not take place and an inhibit 
will be placed on the motor causing it to stop and so fail safe. Clearly, this process 

will also apply for a fault occurring in CHANNEL 2.

This system change must be incorporated but needs to be expanded to cater for a fault 
in the comparison and inhibit section of the design (not subjected to parallel 

redundancy). Also, a fault in the display or keypad is not, at this stage has no 

mitigation mechanism.
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1.2.3 A self-test sequence - a requirement of execution diversity

Whilst the comparison circuit - as described in Figure 3 - will act to inhibit the motor 

drive and cause the pump to fail-safe in the event of an infusion rate error, there is a 

possibility that the comparison circuit might develop an error and any subsequent 

fault in rate generation would go undetected. Again, a further level of design must be 

implemented to safeguard against this occurrence.

A self-test sequence can be automatically initiated at power-up which will exercise 

the comparison and motor inhibit function and only allow the pump to be used if the 

comparison circuit is found in order. This concept follows the idea of "single fault 

hazard protection" i.e. protection need only be provided against faults which, on their 

own, would present an immediate hazard. In the above, the comparison circuit would 

need to fail followed by a rate error fault in order to compromise user safety. The 

assumption made is that the probability of such an occurrence within the duration of a 

normal treatment period of a number of hours is so remote as to require no practical 

attention. Error in the comparison circuit would be recognised at power-up in that the 

pump would fail the self-test sequence.

A simple block schematic illustrating the "self-test" system is given in Figure 4.

DRIVE CHANNEL A 

t INJECT A

GUARD CHANNEL B

SELF TEST 

SEQUENCER

INJECT B

DRIVE A

INHIBIT MOTOR

Figure 4: SELF-TEST OF COMPARATOR MODULE BY SIGNAL INJECTION
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The procedure of the self-test is as follows:

On power-up, the self-test sequencer injects a rate command INJECT A to CHANNEL A. 

The motor will run until a lack of comparison is generated by the comparison circuit 

i.e A / B. The system will alarm. The alarm will be automatically cancelled and a 

rate signal will be generated INJECT B into the guard CHANNEL B. Again the 

comparison circuit should detect the error and cause an alarm. Again the alarm will be 

automatically cancelled. Only if all the sequence has occurred in order within a set 

time will the pump be enabled to set a rate by the user.

The above represents another level of complexity but is unavoidable if the pump is to 

meet the "single fault protection" criterion. Two additional points need to be 

considered:

1. The input A to the comparison circuit is best provided by a feedback sensor 

monitoring the actual motor movement rather than the drive signal to the 

motor. This would allow motor failure to be detected.

2. The motor "inhibit" signal would be derived as shown in Figure 5.

+V SUPPLY 

MOTOR

INHIBIT = "0" 
ENABLE = "1"

GND

MOTOR'OFF 1 ="1" 

MOTOR 'ON' = "0"

FET 
SWITCH

PULL-UP RESISTOR

Figure 5: DETAIL OF MOTOR INHIBIT
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In the case of a stepper motor, this diagram is simplistic and only shows the GND 
return being interrupted if the motor is to be inhibited. During self-test, the feedback 
signal from the pull-up resistor is monitored to check the result of correct or incorrect 
comparison.

This study does not exhaustively compile the 'device hazard analysis', but it will take 
a tabular form as shown in Table 1:

HAZARD
Pump does not run at set rate

CAUSE
Failure of drive channel

Failure of comparison channel

Display fault

Motor fault

MITIGATION
Parallel redundancy + self-test - 
fail-safe
Parallel redundancy + self-test - 
fail-safe
User monitors display self-test 
on power-up
Lack of comparison between 
drive and comparison channel

Table 1: SIMPLE DEVICE HAZARD ANALYSIS

Whilst compiling information to assess the design hazards, we have generated a 
system functional schematic that requires no modification to fulfil the requirements of 
Item 5, i.e. 'Architectural Design Chart'. Also, we have considered and discussed the 
modification of the overall system to mitigate the identified hazards to a form that will 
meet the needs of Item 6 i.e. The Design Specification'.

The real advantage of the hardware solution is that the system diagrams showing sub- 
assemblies as functional decomposition also represents the true physical 
decomposition of the system. This means that, when commencing the actual design, 
we will consider design headings of DISPLAY, KEYPAD, DRIVE CHANNEL, 
COMPARISON CHANNEL etc. knowing that each of these sub-assemblies are individual 
self-contained physical entities with no interdependence on resource used by any 
other module. The only interaction between modules will be the consequence of faults 

that force connecting nodes to an incorrect logic state.



15

This is the key to the proposal that we can extract a significant design advantage from 

a realisation in hardware - each module is a physical entity. This will enable the 

designer to design a suitable and exhaustive module test procedure which will allow 

Item 9, 'Validation, Verification and Test', to be demonstrated. For the software 

designer, this part of the approval procedure will be difficult since software 

functionality will have dependencies on other system resource and it will be a task to 

demonstrate that functionality of one module does not influence the functionality of 

other parts of the system.

By demonstrating that structural modularity maps functional decomposition in VLSI 

whilst software design can be modular in function but is not structurally constrained 

i.e. a software module has interdependencies that must be demonstrated and are often 

misunderstood, we would claim that significant parts of the recommended IEC 60601- 

2-24 'design cycle' can be 'fast tracked'. If this is the case then, VLSI offers faster 

time-to-market as well as a more understandable and robust design. A level of 

justification will result from consideration of a simple design exercise performed in 

software and in VLSI re-configurable hardware.
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2.0 Description of implementation of module design in microprocessor-based 
embedded techniques

Modular design in embedded software has hidden dependencies.

2.1 Background

As part of the design of the syringe infusion pump, a fundamental design module is 

the motor drive channel. This takes a reference signal and performs a BCD 'rate 

multiplier' operation to output a pulse train to a stepper motor, where the number of 

steps per second is scaled to the input three-decade BCD rate entered from a keypad. 

The module to be designed will have inputs and outputs as shown in Figure 6:

STOP 
RESET 
RATE IN

BCD RATE MULTIPLIER 
DESIGN EXERCISE MODULE

'4 x '4 x '4 

HUNDREDS TENS ONES

RATE OUT

Figure 6: BCD RATE MULTIPLIER MODULE

If the STOP signal is T then the BCD rate data on the three decade inputs is read and 

converted to a signal format suitable to operate on the rate multiplier. If the RESET 

signal is asserted then all function is halted and the internal counters/flags are reset. If 

RESET is '0' and STOP is '0' then the unit will deliver pulses at RATEJDUT which will 

be at a rate that RATEJDUT = RATEJN . ABC/(1000) where A, B, C are the BCD code 

settings for HUNDREDS, TENS and ONES respectively.
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A structured design method such as JSD (Jackson's Structured Design) is 
recommended. This diagrammatic method of decomposition allows each activity to be 
represented, as well as its position within the system. 
For the above problem it might be as shown in Figure 7:

BCD RATE MULTIPLIER

FOREVER *

SAMPLE & CONVERT GENERATE OUTPUT 
PULSES

STOP=T O STOP='0' O

SET RATE GENERATE OUTPUT

Figure 7: JSD DIAGRAM TO REPRESENT BCD MODULE

An explanation of the above would be that it describes a repeating process which 
samples the rate settings and converts them from BCD to binary then will output 
pulses only if the system is not in the 'stop' state. If the pump is in the 'stop' state 

then the set rate can be updated.
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The GENERATE OUTPUT box can be further decomposed as shown in Figure 8:

GENERATE OUTPUT

1
COUNT<SET RATE O

OUTPUT PULSE

COUNT>=SET RATE O 
<1000

COUNT ++

1
COUNT=1000 O

RESET COUNT

COUNT++

Figure 8: DECOMPOSITION OF GENERATE OUTPUT

Figure 8 describes functionality that checks to see how far through the 1000 pulse 

count sequence the system has reached - if the COUNT is below the set rate, an output 

pulse will be produced and the COUNT incremented. If the COUNT is above the set 

rate then no activity is required except to increment COUNT. Finally, if the COUNT 

reaches maximum 1000 then the system will be reset to repeat the output process.
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2.2 Software Realisation

The realisation of the design in software allows for a range of possibilities - the 
following 'C' code listing is one possible solution:
// bcd.c 
#include <pic.h>

bit flag2=0;
bit flag 1=0;
int RTC=0;
bit STOP=0;
char units;
char tens;
char hundreds;
int rate=0;
int count=0;
//========================

void read_ports(void); 
void init_rx_tx(void); 
void init_ports_ints(void); 
void run(void); 

//========================
void interrupt isr(void)

if(TOIF) // interrupt every 0.5ms
{
TOIF=0; 
RTC++;
flag=flag1 A 1; // toggle the flag every 0.5ms 

if(flag1==1)

count++; // count increments every 1ms 
if(count<=rate)

flag2=1; 
else

flag2=0;
}

if(count>=1000) 
count=0;

_______ _} __________ ______________

void init_timer(void)

TMRO=0;
TOIE=1;
GIE=1;
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//============================================================
void init_ports_ints(void)

{
TRISA=OxFF;
TRISB=OxFF;
TRISD=OxFF; // set all ports except PORTC as inputs
TRISC=Ox80; // set RC7=IP all other pins OP
OPTION=OxOO;
} 

//============================================================
void read_ports(void)

{
hundreds=PORTA;
tens=PORTB;
units=PORTD;
rate=hundreds*100 +tens*10 + units;

____________ _} ____ ___________________________________
void run(void)

{
if(flag2==1 &&flag1==1)

RC4=1;
else
RC4=0;

void main(void)

init_ports_ints(); 
init_timer();

while(1)

if(STOP==1)
read_ports(); 

else
run();

On first inspection, the code for this functionality appears to follow the decomposition 

suggested by the JSD diagram i.e. read_ports() takes input data through three port 

structures PORTA, PORTB and PORTC. This could have been shared between two 

ports since the individual decade data is 4 bits wide but would still take a significant 

part of the available I/O resource for a mid-range microcontroller. This function also 

does the conversion from BCD to binary.
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The function read_ports() is only performed when the pump is in the STOP state - 
which satisfies the original brief and again follows the JSD. The function run() is 
executed when the pump is in the run condition i.e. STOP = '0'.

This is, however, where the functionality starts to utilise microcontroller resource that 
may conflict with other aspects of the overall design. A timer interrupt is used to set 
and clear flags that allow output pulses to be generated - the interrupt also manages 
the update of the count and the checking of count to see whether the maximum has 
been reached.

3.0 Description of implementation of the design using re-configurable hardware

The following VHDL code listing describes the behaviour of a hardware module 
capable of performing the required BCD to rate conversion:

LIBRARY ieee;
USE ieee.std_logic_1164.all;
USE ieee.std_logic_unsigned.all;

ENTITY bed IS PORT (
rate_in : IN stdjogic;
rate_out
reset
stop

hundreds 
tens 
ones 
END bed;

OUT stdjogic; 
IN stdjogic; 
IN stdjogic;

IN stdjogic_vector(3 downto 0); 
IN stdjogic_vector(3 downto 0); 
IN stdjogic_vector(3 downto 0));

ARCHITECTURE behavioural OF bed IS
SIGNAL hunsjn : stdjogic_vector(9 downto 0);
SIGNAL tensjn : stdjogic_vector(9 downto 0);
SIGNAL onesjn : stdjogic_vector(9 downto 0);
SIGNAL count : stdjogic_vector(9 downto 0); - to hold count from 0 to 1000
SIGNAL rate : stdjogic_vector(9 downto 0);
SIGNAL flag : stdjogic;
BEGIN

PROCESS(hundreds,tens,ones) - samples and converts input settings 
BEGIN

CASE hundreds IS 
WHEN "0001" =>

hunsjn<="0001100100"; 
WHEN "0010"=>

nuns in<="0011001000";
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WHEN "0011" =>
huns_in<="0100101100"; 

WHEN "0100" =>
huns_in<="0110010000"; 

WHEN "0101" =>
huns_in<="0111110100"; 

WHEN"0110"=>
huns_in<="1001011000"; 

WHEN"0111"=>
huns_in<="1010111100"; 

WHEN "1000" =>
huns_in<="1100100000"; 

WHEN "1001" =>
huns_in<="1110000100"; 

WHEN OTHERS =>
huns_in<="0000000000"; 

END CASE;

CASE tens IS
WHEN "0001" =>

tens_in<="0000001010"; 
WHEN "0010"=>

tens_in<="0000010100"; 
WHEN "0011"=>

tens_in <="0000011110"; 
WHEN "0100" =>

tens_in<="0000101000"; 
WHEN "0101" =>

tens_in<="0000110010"; 
WHEN"0110"=>

tens_in<="0000111100"; 
WHEN"0111"=>

tens_in<="0001000110"; 
WHEN "1000" =>

tens_in<="0001010000"; 
WHEN "1001" =>

tens_in<="0001011010"; 
WHEN OTHERS =>

tens_in<="0000000000"; 
END CASE;

ones_in<="000000" & ones; 

END PROCESS;

PROCESS(rate_in) - assigns rate synchronously with input clock 
BEGIN

IF(rate_in'EVENT AND rate_in=T) THEN 
IF(stop=T)THEN
rate<=huns_in + tensjn + ones_in ; 
END IF; 
END IF; 

END PROCESS;
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PROCESS(ratejn)
BEGIN
IF (ratejn'EVENT AND rate_in=T ) THEN - this to generate pulses 

IF(reset=T) THEN 
count<="0000000000"; 
flag<='0';
ELSIF(stop='0') THEN - only when stop='0'! 
IF ( count < rate ) THEN
flag<=T; - flag set to '1' for valid pulse o/p period 

count<=count + 1;
ELSIF (count<999) THEN 
flag<='0'; 
count<=count+1; 
ELSE

count<="0000000000"; - reset count when period elapsed 
END IF;

END IF; 
END IF; 

END PROCESS;

rate_out<=(NOT rate_in AND flag); 

END behavioural;

The hardware realisation can be seen to consist of elements which duplicate the JSD 

diagram i.e. a PROCESS is indicated which samples and converts the rate setting data 

(note that the VHDL tools used did not allow direct multiplication operator * so 

conversion was done by CASE statement - in practice this is a good idea since it does 

not allow description at the higher level of abstraction. A PROCESS is also defined to 

assign the rate setting during the pump STOP state. A PROCESS is indicated which 

generates output pulses depending on the set rate and the position of the system 

relative to the 1000 pulse cycle period. In this way, it can be seen that the hardware 

design follows the JSD both functionally and also structurally since, once compiled, 

the physical implementation is self-contained.

It might be seen that the hardware design differs in that it does not generate the motor 

drive pulses but uses an input clock pin ratejn to pass or reject an externally 

generated pulse sequence. To expand the hardware design to be fully identical to the 

software version would require the addition of a clock generator module to divide a 

suitable crystal reference or an external hardware clock source.
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4.0 Comparison between software and hardware designs

An important observation is that the hardware realisation follows the functional 

decomposition and generates a physically isolated structural realisation, whilst the 
software version follows the JSD diagram but is not physically constrained - using 
other resources (timer interrupt and RAM) which may need to be used by other parts 

of the overall system. It would appear that most experienced embedded software 

designers would consider a problem at system level - trying to assign system resource 
in an overall strategy before attempting to partition the design.

4.1 Testing & simulation

It is not suggested that the design of reliable software is impossible - just that it is a 
process that can offer numerous solutions with the experienced designer using 

previous design examples to guide his or her thinking and hence the design outcome. 

A software solution will not generate physically isolated modules only modules of 

functionality where the dependency on other modules and system resource may be 

hidden.

The hardware realisation must suggest itself as the design of choice for medical 

critical-safety applications if simply for its physically isolated 'modularity'.

Both realisations require testing but it might be argued that only the hardware module 
solution can be exhaustively tested by simulation - firstly the tools are extremely well 

developed - owing in part to the need for excellent testing inherited from ASIC 

design technology - and universally available. In the above example, we would seek 
to model a 'test bench' based on exercising all the input node permutations i.e. set rate 

in sequence from 001 to 999 and measure the number of pulses generated in a 1000 

pulse timing interval for each setting checking, at each iteration, that a new rate can 

only be input and acted on when the pump is in the STOP state.

The software module can be tested - some platforms offer good simulation tools. 

However, the testing will be incomplete since only when the other system 

functionality has been implemented can the module in question be fully exercised.
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Even then, at system validation, the discovery of hidden dependencies is not 100%.

5.0 Conclusion (to include estimation of improvements in the 'time-to- 
manufacture' and product robustness by the adoption of hardware rather than 
software design techniques)

In this study, the international attitude towards medical electronic design considered 
and found to be a quality-based system following the protocols of ISO 9003. 
Specifically, the IEC 60601-2-24 concerning the design of programmable medical 
electronic equipment has a defined 'design cycle' of some twelve key headings such 
as risk analysis, validation and test. By examination of these requirements it is 
suggested that a hardware design allows validation at inter-module level rather than 
on a line-by-line code analysis that is needed for software.

The physical isolation and 'testability' of hardware modules means that the 'cross- 
contamination' of system functional modules will be removed.

A key assertion is that thoughtful hardware design can follow a functional 
decomposition method such as JSD and allow greater understanding of the design by 
those not directly involved within a manufacturing organisation.

If a hardware module can be modified without a consequent but hidden impact on 
other modules or system performance then it offers a great improvement in safety 
philosophy. The PDA estimates that between 60% and 70% of all software recalls are 

initiated by modification of existing code.

6.0 A worked example of a simple design based on re-configurable hardware 
modules

This exercise is described as an appendix Section ID in the attached CD ROM 

medium.
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Section 1B1

"Analysis of current software design methodology for safety-critical medical 
equipment - factors influencing 'time-to-manufacture"

Abstract

The current regulations regarding the introduction of software-based systems take a 

'quality system' approach rather than enforcing strict coding protocols even though 
such protocols regarding good design practice do exist [1]. Manufacturers must satisfy 

the regulatory body that the software-based system has resulted from a full hazards 

analysis as part of a 'failure modes and effects analysis' and that demonstrable 
mitigation mechanisms have been introduced.

The decomposition of a software design to low-level functional modules and the use 

of structured design techniques are seen as good practice and necessary in the design 
cycle [2]. However, code written must be subjected to a rigorous line-by-line analysis 

to ensure hidden dependencies and problems are recognised. The cost of this line-by 

line approach is seen as a major cost of most projects.

This article examines the problems posed for software developers and suggests that 

re-configurable hardware may be a useful alternative design technology.

Background

The use of embedded software in medical electronic systems dates from the mid 

1980s and was seen to have the advantage of flexibility of design and offer a cost 

saving over traditional hardware designs in that the component count and physical 

size of the electronics part of the project was reduced. At that time, many 

manufacturers saw advantage, and no danger, in implementing new technology 

solutions for products. A number of high profile incidents e.g. THERAC 25 [3] in 

equipment using software resulted in draft proposals for international standards 

governing the design of safety-critical devices.



Safety versus reliability

A reliable system can still be unsafe. Consumer goods manufacturers would be 
satisfied if their product malfunctioned in a non-catastrophic way perhaps only once 
every 12 months provided that, at all other times, the equipment worked 'perfectly' 
24/7. The user perspective would be that the equipment was reliable. Large multi 
national electronic manufacturers often use a faults/bugs discovered per week statistic 
in deciding whether the product is fit for release. After extensive software testing and 
cycle testing of the product, when the incidence of reported failures falls below a 
certain weekly level it can be released for sale without customers perceiving it as 
anything other than a reliable product. Such a policy cannot be used in safety-critical 
design since the hidden fault may result in a 'hazard' i.e. a fault condition resulting in 
injury to the user.

International standards 'guide' the design process for embedded software-based 
systems. The teaching of embedded software design at undergraduate level is largely 
unregulated with graduates released to industry often with no safety-specific training. 
The THERAC 25 incident [3] was a seminal moment in the history of safety-critical 
software development. The lessons learnt by this incident have resulted in the 
formulation of a set of international standard guidelines covering a quality system to 
be adopted during the design cycle of medical electronic systems.

What is the problem with software?

Knutson [4] suggests that complexity, error sensitivity, testing difficulty, correlated 
failures and a lack of professional standards are considerations which apply to 
embedded software. If software is complex, it is difficult to fully understand and 
demonstrate. Software is sensitive to small errors meaning that a misplaced 'bit' 

within a program may cause catastrophic system failure.

The type, number, and order of instructions within an embedded system program 
allow for a unique functionality but means that exhaustive testing of each and every 

operating scenario will be impossible.



The concept of 'correlated failures' means the propagation of identical faults within a 

system - this is most significant in the design of system-wide fault mitigation using 

redundancy where main and redundant components are populated with an identical 

fault. Whilst there are guidelines governing the good design practice required for a 

safety-critical medical system design, there is at the present time no system of 

licensing controlling the use of embedded software engineers.

Knutson [4] quotes - 'It has been said that if architects built houses the way software 

engineers built software, the first woodpecker that came along would destroy 
civilization.'

The universally adopted language for embedded systems is 'C'. There are numerous 

documented criticisms of the suitability [5] of 'C', with some suggestion that it is 

completely unsuitable for safety-critical design. Most problems relate from the lack of 

modularisation provided by the program. The design procedure will call for a 

downward decomposition of functionality to low-level modules. Although the low 

level functionality of a system can be coded, there will be hidden dependencies with 

other parts of the system, whether this is memory usage, accessibility and 

susceptibility to corruption of safety-critical variables, timing conflicts or inadequate 

protection of safety-critical code sections. The question might be - 'How do we ensure 

that the software operates in the manner desired and that a fault in one area of 

decomposed functionality does not have a knock-on effect on other parts of the 

system?' The answer is in validation and integration testing as the low level modules 

come together in the complete system and is a fundamental part of the design cycle. 

For embedded software, this phase will be thoughtful and time consuming, adding to 

the delay in bringing the product to market with consequent loss of potential sales 

revenue. There is a need to simplify this process and software is not an answer.

We should assume that we cannot exhaustively test software, that it should be 

considered a potentially 'faulty system component' and that effort should be made to 

ensure overall system safety by partitioning software by the use of multiple 

processors.



What is the current design procedure?

The international approach to the design of safety-critical embedded systems takes the 

form of a quality assurance top-down design, bottom-up validation, cycle as 

exemplified by the PDA guidelines [6]. These guidelines call for the following steps 
to be demonstrated in the design cycle:

1. Assignment of a level of concern for the device - a 'major' classification 
meaning that software failure could cause serious injury or death.

2. Provision of a full functional description of the software system - in 
written form perhaps with structure diagrams e.g. UML

3. A 'Hazard Analysis' identifying potential hazards, their cause and how 
they are to be mitigated and the mitigation mechanism validated.

4. A software requirements specification - i.e. what hardware, programming 
language, interfacing, software performance such as algorithms, internal 
tests, interrupt handling, timing issues etc.

5. An 'Architectural Design Chart' showing partitioning of software into 
functional sub-systems.

6. A design specification - a high level summary of the design and 
specifications offering sufficient detail such that the programmer is not 

required to make ad hoc design decisions.

7. A traceability analysis - an indexing system to allow movement through 

the documentation system.

8. Development - a summary of the project design life cycle plans.

9. Validation & testing - this requires documentation and proof that all 

suitable testing has been performed from 'unit' level upwards.

10. A revision history - this logs all major changes to software during the 

development cycle.
11. Unresolved anomalies - a list detailing all unresolved bugs and their likely 

effect on performance.
12. A release version number - type approval data and version of software.



The top-level design is subjected to a 'failure modes and effects analysis' (FMEA) 
that breaks the design up into functional blocks and analyses the system for potential 
hazards.

Once a hazard is discovered, the architecture of the design is modified to include a 
mitigation mechanism for the fault causing the hazard. This will frequently require 
additional functionality such as redundancy. The basis for each design is the concept 
of mitigation for the 'single fault' as described by the German TUV organisation [7]. 
This concept suggests that, in a final design, the device must not permit an incident 
(injury to the user) in the presence of any single point fault regardless of the 
likelihood of that fault.

Fault patterns

Wood [8] identifies the concept of fault and mitigation patterns. This means that types 
of equipment will be prone to certain previously seen faults and can be addressed by 
suitable existing mitigation mechanisms. This suggests that designer familiarity and 
skill are integral to recognising such patterns. In any safety-critical system, the 
optimum solution is a design process requiring the minimum skill and experience 
level from the designer to ensure safety.

Why use embedded software?

The main reason that embedded software is used in a design has traditionally been the 
ability to build-in functional complexity hence making the design more attractive to 
the user and potential purchaser. A hardware design has been seen as fixed and 
limited in what it can provide, whilst 'simple' software code change can allow speedy 
modification to specification in a software-based system. A software-based design 
allows diagnostic routines to be implemented to provide the user with additional 
information. In addition, such features as intelligent display interfacing allow the user 
a more interesting product.



However, in the area of safety-critical design, this flexibility comes at a price. It has 

been estimated that total system design cost may include software development at 

between 40% and 70% of the total design cost allocation [8].

The cost of embedded 'C', developed for safety-critical applications, has been 

estimated to be in the region of $90 per line [8] reflecting the true cost of development 

when exhaustive validation and system integration are included.

Can hardware be considered as an alternative?

The transition from hardware 'glue logic' designs to embedded software permitted the 

commercial advantage of increased product functional specification. Many safety- 

critical medical systems are small or medium scale developments e.g. drug infusion 

devices. Such designs do not handle complex computation, data manipulation and can 

be modelled as relatively simple 'state machine' type systems. Using re-configurable 

hardware techniques to design low-level functional components of a decomposed 

system should result in robust and physically independent entities. An advantage of 

the re-configurable hardware approach is that such modules are encapsulated and 

offer true concurrency so that the problems associated with task scheduling in an 

embedded software system are simplified.

In the notional system shown below, a system has been decomposed into four 

functional modules controlled by a simple state machine.
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Data is connected between modules as shown, for example, MODULE D receives a 
byte of data from MODULE C and MODULE D outputs 2 bits to MODULE B and receives 
1 bit from MODULE B. The STATE CONTROLLER outputs control signals to modules 
and receives input signals from MODULE A and MODULE C. Each module is separate 
physical entity with defined input and output nodes. It is assumed that the above 
schematic would result from the first top-level FMEA exercise after the inclusion of 
suitable hazard mitigation mechanisms. Each module is designed and evaluated 
individually, the procedure being to exercise exhaustively input nodes and check for 
correct resultant output changes. After individual testing the modules are integrated as 
shown in Figure 1 and connections forced to 'stuck low', 'stuck high' and 
'indeterminate' states and the effect on operation at system level verified. In a safety- 
critical system, no fault condition should be capable of causing a hazard. The 
documentation of the indicated design exercise and testing at module and system level 
would form the documentary evidence for the bottom-up phase of the design cycle.



What are the advantages of the hardware approach?

The hardware approach offers a structured, skill-independent, routine for validation. 

A developer would need, for validation, only to ensure that each module was 

exhaustively tested - by exercising all input nodes. Provided the initial system FMEA 
exercise of hazard identification and mitigation had been performed, bottom-up 

integration testing would then be performed by the forced signal method detailed 
previously.

The equivalent software design validation would differ since modularisation of Figure 

1 ignores potential 'hidden dependencies', interrupt and timing issues and the 

possibility of unintended corruption of critical code - all concerns needing detailed 
analysis in the bottom-up validation phase of a software based solution.

Apart from speeding the validation phase of the product design cycle, the hardware 
approach should result in a simpler and hence more robust design.

Conclusion

Safe software design requires designer skill and suffers from the problem of 

demonstration - it is easy to demonstrate a failure of a system but very difficult to 

demonstrate that a system will always be safe.

A design procedure suitable for safety-critical medical electronic systems of medium 

complexity -using re-configurable hardware - is introduced which offers the 

possibility of reducing the design cycle time by removing large parts of the 'software 

specification' needed for the equivalent software based design. An improvement in 

the clarity of design documentation and a massive reduction in the validation and 

testing phase of the design cycle are indicated. This approach should offer 

manufacturers financial advantage by shortening the 'time-to-market' for new 

products.
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Abstract

A simple procedure is described that enables a top-level FMEA ('Failure Mode & 
Effects Analysis') of a safety-critical medical electronic system to be defined. A 
system-wide hazard mitigation mechanism is introduced as a 'Monitor-Actuator 
Pattern' (MAP) scheme of redundancy.

Once the hazard mitigated top-level system has been designed, modular design of 
low-level components in re-configurable hardware is considered. The use of modular 
hardware eliminates the traditional inter-module dependencies of embedded software 
and allows for a simpler bottom-up integration and validation cycle. It is proposed 
that such a system may allow faster 'time-to-market' by reducing the validation 
complexity. An additional advantage of such a simple design methodology would be 
the potential of increased reliability and robustness.

User requirement - 'top-level' system design

In any design cycle, a first consideration is the user requirement detailing the principle 
functionality of the project concept. In this article, the design of a simple syringe 
infusion pump is considered.

In the simple design, the user would enter a flow rate data in three separate decades 

from 00.0 to 99.9 mlh" 1 . This data entry can only be accommodated when the pump is 

in the stopped state. The rate set is displayed on a digital display. When a START 

button is pressed, the pump will operate a stepper motor driven linear actuator at a 

step rate proportional to the rate that the user has previously set by keypad and is 

recorded by the digital display.



Design procedure

From this initial user requirement a block schematic of the system can be constructed 
as shown in Figure 1.

( OSC 1 )———»• MOTOR DRIVE

Figure 1
TOP LEVEL

DESIGN
WITHOUT
HAZARD

MITIGATION

In Figure 1, a system oscillator provides a master reference frequency to the 

CHANNEL 1 module. The rate set by the (three) decade switches of the keypad will be 

held in the CHANNEL 1 module but also will be connected to the DISPLAY module. 

Pressing of a STOP key must first be done to allow a rate setting change. Once rate 

setting is completed, a RUN key is pressed and a pulse train of frequency proportional 

to the set rate is applied to the stepper motor to allow the motor and hence the 

connected linear actuator to operate on the syringe plunger to displace fluid at a 

controlled rate.



The proposed design must be subjected to a simple FMEA (Failure Modes and 

Effects Analysis) to identify hazards and propose mitigation mechanisms.

A 'hazard' being defined as a fault which may cause injury to the user. For this 

example, a hazard analysis is quite simple since only two hazards (under or over 

flow) can be identified. The hazard analysis takes the form of hazard 

identification, cause and mitigation mechanism as shown in Table 1.

HAZARD
Positive or negative flow 
error to patient greater than 
+/-10%

CAUSE
Malfunction OSC 1

Malfunction CHANNEL 1
Malfunction MOTOR
DISPLAY incorrect
Keypad error

MITIGATION
SYSTEM 
REDUNDANCY 
(MAP)
MAP
MAP
MAP
MAP

Table 1: HAZARD ANALYSIS - CAUSE & MITIGATION

At this stage, it would appear that virtually any malfunction of the system 

components could lead to the generation of the recognised hazards of under or 

over-flow.

The mitigation mechanism is a standard architecture called 'Monitor Actuator 

Pattern' [1] where a second monitor channel is introduced, and the outputs of the 

main CHANNEL 1, as seen by feedback from the motor mechanism (ideally at the 

linear actuator), and the monitor CHANNEL 2 are compared. In the event that 

CHANNEL 1 and CHANNEL 2 are in disagreement, the motor drive is inhibited. This 

redundancy mechanism is shown in the Figure 2. The 'monitor' and 'actuator' 

channels are compared by the COMPARATOR module such that the MOTOR is 

inhibited, (stopped in the safe state and the alarm activated), if there is a difference of 

greater than 10% say in outputs from each channel. The comparator is a single system 

component and, as such, could fail leaving the system unprotected from the 

subsequent flow error fault. To meet the 'single point failure' criterion, a failure of the 

COMPARATOR must be recognised before the occurrence of a subsequent flow error. 

By recognising the COMPARATOR fault before the next treatment interval, the pump 

can be prevented from further operation.



The probability of a COMPARATOR fault followed by a flow error fault, within the 
treatment period, being deemed insignificantly low.

To ensure that the COMPARATOR is functional, a 'self-test' sequence on power up is 

used, generated by a SELF-TEST module. This will inject test signals to force the 

inequality between outputs A and B from the two channel system. The CHANNEL 1 

motor drive is forced to cause the MOTOR to operate, which generates an A>B 

condition, which should result in the generation of an INHIBIT signal to the MOTOR. 

This generated INHIBIT signal is fed back to the SELF-TEST module which will then 

cause a signal to be injected into the monitor channel - CHANNEL 2. 

The COMPARATOR will output an INHIBIT to the MOTOR, caused by the A<B 

condition. Again the INHIBIT signal is fed back to the SELF-TEST to show correct 
operation.

System SELF-TEST

The system must exercise the ability of the design to respond correctly to hazards i.e. 

over or under flow. The SELF-TEST module implies a state machine type sequencer 

where, on power up, a fault condition is injected and the correct response to the fault 

condition i.e. MOTOR inhibit monitored. Provided the response is correct a second 

fault condition is injected and again correct response monitored. Only if the two 

responses are received in order can the system proceed to be used.



DISPLAY

CHANNEL 1 MOTOR DRIVE

INJECT SIGNAL 1

KEYBOARD

CHANNEL 2

INJECT SIGNAL 2

Figure 2

TOP LEVEL DESIGN WITH
HAZARD MITIGATION
MONITOR-ACTUATOR

PATTERN

SELF-TEST

Figure 2: SYSTEM DESIGN WITH INTEGRATED MAP

FMEA is active throughout the project design cycle.

Whilst it would appear that the identified hazards have been successfully mitigated, 
examination will show that the KEYBOARD and DISPLAY modules are not protected by 
redundancy. Assuming a 7-segment type numerical display, a faulty segment may 

cause the user to set an undesired rate.
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For example, the activation of a faulty segment might be hazardous as shown in 
Figure 3.

Faulty segment changes set rate from

'3'to'9'

Figure 3: FAULTY SEGMENT DISPLAYS INCORRECT RATE

HAZARD
Pump runs at rate different 
from desired set rate

CAUSE
Display segment fault

Key fault

MITIGATION
User monitors the function of 
display segments on power 
up
Rate setting only in STOP 
state 
User detects stuck switch 
during power up sequence

Table 2: CONTINUED HAZARD ANALYSIS

The mitigation mechanism proposed will force the pump to generate a test signal on 
power up to cause the displays to count slowly from '0' to '9' exercising all segments. 
Any 'stuck' switches will be detected at this stage before the pump is allowed to enter 
operation.

Modular hardware design

The design would proceed by partitioning the functionality between two physical 
devices - traditional embedded software-based designs would seek to realise 
CHANNEL 1 within a microcontroller and CHANNEL 2 within a second microcontroller 
using different vendors and software to prevent propagation of systematic faults. The 
problem with this approach is that software modularisation is 'notional'. By using two 
separate re-configurable hardware devices e.g. FPGA or CPLD, true physical 
modularisation is possible meaning that modules can be exhaustively tested and their 
independent functionality relied upon in upward system validation.



The design process would continue by firstly completing the low level decomposition 

of the system design. The modularity of Figure 2 is correct, except that there needs to 

be the addition of a suitable state machine module to replace the module labelled 

SELF-TEST. This would not only inject suitable test signals for each channel on power 

up, but also incorporate the identified need to exercise display segments and test keys. 

This state machine would identify the system states e.g. SELF-TEST, SET RATE, RUN, 

ALARM and STOP.

The SELF-TEST sequence is entered automatically on power up. Only successful self- 

test will allow the state machine to advance to SET RATE. In this state, keys are 

enabled to allow the user to set the desired rate. Pressing a START key causes the 

system to enter the RUN state where drive is enabled to the motor and flow error 

monitoring takes place. Any detected flow error will cause the system to enter the 

ALARM state where the MOTOR is inhibited and an alarm sounded - no further 

operation of the pump is possible in this state. If the pump is running correctly in RUN 

state, pressing the STOP key will inhibit the MOTOR and allow the set rate to be 

altered and the pump to be started again by pressing START.

The example detailed represents a rudimentary system and is intended to be 

figurative. Once the state machine has been incorporated in the low level design of the 

system, all the modules can be considered as separate design tasks. Each module 

would be exhaustively tested. All input node combinations would be simulated and 

the module output monitored for the correct response. The modules will then be 

integrated in a bottom-up validation phase where system test will rely on forcing 

interconnecting nodes as stuck or indeterminate states.

Conclusions

The syringe infusion pump is a relatively simple control system that must be safe to 

the user.

A first design is tested to identify user 'hazards' (faults which can result in injury to 

the user). All possible causes of such hazards must be considered and a mitigation 

mechanism introduced for each hazard.
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Traditionally, in this type of instrument a standard 'Monitor Actuator Pattern' 
redundancy method is used. The design is modified to include the necessary 
redundancy component modules and also to include a state machine controller to 
allow the pump to correctly transit the identified system states.

The traditional approach would be to partition the design into two halves each 
containing the functionality of actuator and monitor channel respectively. In the 
embedded software design, each half would be realised using a different target 
microprocessor and software tools, so as not to propagate systematic faults. The 
allocation of self-test functionality and system state machine immediately presents a 
design problem. The nature of embedded software is one of hidden interdependence 
and lack of true physical isolation making both the design partitioning difficult but 
also the bottom-up system integration and validation.

The use of re-configurable hardware offers the benefit of true physical and not 
notional modularity. A procedure of exhaustive low-level module testing and upward 
integration offers a design procedure which is less skill dependent, easy to understand 
and demonstrate and should satisfy the current international design guidelines [2] 
regarding the development of programmable medical electronic systems.

Reducing the complexity of the design should offer a faster 'time-to-market' for 
products and a product of greater reliability and robustness.
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Medical Magnetics Ltd
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The Medical Magnetics Ltd MD 50 Syringe Pump - manufactured for UK sales and 
under 'own label' to Schoch Electronics Switzerland, Tri-Gate South Africa, Levant 
Israel



i

The SPOI Syringe Pump designed and manufactured by Medical Magnetics Ltd for 
Shiwa GmbH - BASF Germany

This instrument was successfully evaluated against the prevailing type approval 
standards by TUV Koln 1990-92
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'Accuracy of infusion - simulation as an alternative
strategy'
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Abstract

The flow rates of infusion systems used in intensive care require high accuracy. The 
accuracy of flow depends on the time measurement interval with short-term 
fluctuations being averaged out over longer intervals such as 1 or 2 hours. Small flow 
fluctuations become significant where the infused drug is of short half-life and where 
the set flow rate is low as, in these circumstances, the fluctuation will cause an 
immediate physiological reaction. At the low flow rates used in intensive care 
therapy e.g. 1 - Smlh" 1 , the only practical flow measurement technique is the 
weighing of fluid displaced by the pump over a specific time interval. The accepted 
method of measurement is described by the International Standard ISO 60601-2-24.

This study, partially funded by Manukau Institute Research Group, required 
appropriate literature search detailed as Section 2C followed by two main bodies of 
work Section 2B1 and 2B2 carried out in that order. Section 2B1 considers the current 
methods of flow accuracy measurement relied on by clinicians in selection of suitable 
infusion apparatus. These methods, detailed by the International Standard ISO 60601- 
2-24, are shown to be flawed - a significant outcome of this study.

The design of the infusion pump - notably mechanical compliance - is described as a 
significant factor influencing susceptibility to flow rate error when the pump 
hydrostatic gradient is disturbed and it is recommended that pump compliance is 
considered by the Standard. Whilst it is possible to measure fluctuation due to pump 
height change during infusion, it is not practical to use this method to replicate the 
flow variation consequent on small changes in patient venous pressure.

Section 2B2 of this study describes the mathematical modelling of the infusion pump 
system so that investigation can be done in simulation. A simple model of a syringe 
pump, a model of a dual pump system and a model of a multiple pump system are 

described. The models predict that significant flow errors can be caused by relatively 
small patient venous pressure changes - a significant and previously unpublished 

outcome of this study.



The susceptibility to error is shown as proportional to system compliance and 
indicates that an innovative pump design is required using low volume rigid 
components a conclusion subsequent developed as a theme of Project 3 of this 
submission. The inclusion as an appendix of current UK guidelines developed by 
Bath University Institute of Medical Engineering are intended to be illustrative of the 
continuing use of such methods as 'constancy index' - a parameter discredited by this 

study.



Section 2B1

Current methods to determine accuracy - suggested 
amendments to protocols



2B1 Current methods to determine accuracy - suggested amendments to protocols 

1.0 Abstract

Intravenous infusion therapy follows a wide range of applications. In intensive care 
and neonatal applications a special classification of infusion equipment capable of 
'high-risk' [1] applications has been established. Infusions in these 'high-risk' areas 
are frequently within the range Imlh" 1 to Smlh" 1 . Because of this, and since many 
drugs have a short half-life, the short-term accuracy of equipment must be very high. 
The construction and design of many types of equipment means it will be unsuitable 
for such applications. Even for equipment regarded as suitable, testing methods have 
largely ignored the effect of system 'compliance' on accuracy. Factors influencing 
compliance and hence error are identified and a recommendation is made for the 
amendment of the accepted International Standard ISO 60601-2-24.

2.0 Infusion pump design

Electro-mechanical intravenous therapy pump technology has evolved over the last 
thirty years from roller clamp control of the fluid flowing from a suspended fluid bag 
to various forms of 'positive pressure' pump apparatus. Peristaltic pumps, of 
rudimentary design, were replaced by so-called 'volumetric' pumps. A 'volumetric' 
pump is one where a fixed volume of fluid will be forced forward towards the patient 
site by some means of mechanical actuator. Whilst the volume will be fixed, the rate 
at which it is processed into the patient site may vary with time according to 
mechanical and other factors. The volumetric pump is used as the principle of 
operation of the 'syringe pump' where a fixed volume disposable syringe is operated 
on to dispense fluid in a regular flow manner. A range of 'ambulatory' pump also 
exists with lesser accuracy to permit the patient freedom of movement whilst the 

infusion is maintained.

The long-term error (e.g. measurement over one hour) will tend towards zero since 
the guaranteed volume is dispensed. However, the short-term error may fluctuate. In 

some applications where the fluid is of long half-life such as insulin or heparin, short- 

term specification will be of lesser importance.



However, for drugs such as vasoconstrictors or dilators e.g. dopamine, dobutamine 
and epinephrine, where half-life may be measured in minutes, the short-term accuracy 
must be good - where we define short-term accuracy as the accuracy measured over 
an interval equal to or less than the half-life [2].

Exhaustive testing by national test houses, such as B.I.M.E. (Bath University) in the 
UK and others, has shown that only syringe infusion pumps can be recommended for 
high accuracy in the short-term [1].

3.0 Testing procedures

The procedures used to test long and short-term accuracies are detailed in the 
international standards such as IEC 60601-2-24 [3] and are interpreted by the testing 
authorities such as the B.I.M.E. The B.I.M.E. procedures are included as Appendix A 
in the subsequent submission of this study - i.e. 'Derivation of mathematical model 
for simulation of infusion pump operation'.

Using software developed for this study [4], the testing procedures of ISO 60601-2-24 
could be replicated and flow rate curves may be plotted. Typical curves for three 
types of instrument are shown as Figures 1-3, and from these it may be seen why the 
syringe infusion pump is the preferred equipment for 'high risk' infusions.
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Figure 1: Ambulatory pump with poor short-term accuracy
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Figure 2: Volumetric pump with poor medium-term accuracy
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Figure 3: Syringe infusion pump with good short and long-term accuracy

Whilst it can be seen that, if averaged over a time interval of one hour or greater, each 

of the above pumps will give accuracy to within +1-5% say, only the syringe pump is 

able to offer good short-term accuracy. Project 3 of this submission describes the 

operation and characteristics of various pump types.

The flow rates plotted in the above curves have been generated by the collection of 

weight change data at intervals of 30 seconds as detailed subsequently.

3.1 The Importance of Long-Term Accuracy

The hour-to-hour variability of flow is important in most applications. The overall 

accuracy over the prolonged period is important where there is a narrow 'therapeutic 

margin'. The 'therapeutic margin' is defined as the ratio of the toxic dose TD to the 

effective dose ED and is seldom less than 2 [1].



Note there will be variability from patient to patient in therapeutic margin and the 
half-life of some drugs. The 'half-life' of the drug being the time taken for the 
concentration of the drug to fall to 50% i.e. the body having utilised the remaining 
50% by metabolism or excretion - with so-called 'fast acting' drugs having a short 
half-life parameter. The inability of the infusion apparatus to maintain constancy of 
long-term flow may cause toxicity.

3.2 The International Standard ISO 60601-2-24

Note: The following data has been reproduced in part from the 60601-2-24 Standard 
documentation and respects copyright and ownership.

The internationally agreed method for determining infusion pump accuracy is detailed 
in the ISO 60601-2-24 standard [3] and uses the collection of fluid volume output 
from the pump into a weighed container. The apparatus recommended is as shown in 
Figure 4:

COMPUTER
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see ISO 7864
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Figure 4: ISO 60601-2-24 Test apparatus for syringe pumps

The Standard advises that a balance 'accurate to five decimal places' is required for 

pumps with 'low minimum rates'.



The testing, which must be carried out, is done at the equipment minimum rate which 
will be 1 mlh" or less dependent on manufactured type and at an intermediate rate - 
often selected as 5 mlh" 1 .

The testing calls for flow measurements to be made at intervals of every 30 seconds 
and for flow Qj (mlh" 1 ) to be plotted over the first two hours of the test period (this 
will show any delay in establishing flow on start-up. The formula used to calculate Qi 
is as follows:

Qi = 60( Wj - WM ) / Sd ———- (1)

Where

Wj = the ith mass sample (g) from analysis period TO

TO = the analysis period (min)

S = the sample interval (min)

d = the density of water ( 0.998 g/ml @ 20°C )

This exercise of calculating and plotting flow rate will provide the user with 
performance curves similar to those already illustrated for the types of infusion 
device.

In addition, calculation is made (for syringe pumps the final hour of testing is 
considered) of maximum (Ep (max)) and minimum (Ep (min)) percentage errors over 
observation windows of 2, 5, 11, 19 and 31 minutes.

For observation windows of time period P = 2, 5, 11, 19 and 31 minutes within an 
analysis period Tx there a maximum of 'm' observation windows, such that:

m = [(Tx - P)/S ] + 1 —— (2)

Where

m = the maximum number of observation windows



s
Tx

the sample interval (min) 

the analysis period (min)

The maximum Ep(rnax) and minimum Ep(min) percentage variations within an 
observation window of duration period P min are given by:

Ep(max)
m 

MAX [(S/P)x 100[(Qi-r)/r]] (%) - (3)

Ep(min)
m

MIN [(S/P)x Z 100[(Qi-r)/r]] '«) - (4)

The above expressions for Ep(max) and Ep(min) are used to plot performance curves 
known as 'trumpet curves'. In addition, the Standard calls for the derivation of an 

overall mean percentage flow error 'A' to be calculated for the analysis period TI 
(second or final hour of the test period). This mean value is calculated from the 

following formula:

A

Where

Q

r

Wj

W

[100(Q-r)]/r (%)

[60(Wj-Wk)/Tid] (ml/h)

the rate ( ml/h )

the mass sample at the end of the analysis period TI (g) (j=240)

the mass sample at the start of the analysis period TI (g) (k=120)

the analysis period (min)

density of water (0.998 g/ml@20°C)



3.3 The importance of short-term accuracy

The minute-to-minute accuracy of flow rate with some types of pumps cannot be 
assumed - hence the importance placed on the accuracy testing method. The UK 
MHRA [1] suggests that 'there is evidence that minute-to-minute variability of flow 
can cause variation of the physiological parameters and consequent difficulties in 
management, in both adults and neonates, where the half-life of the drug is short'.

The MHRA further suggests careful choice of equipment when considering the 
infusion of drugs with short half-life such as adrenaline, dopamine, dobutamine and 
dopexamine.

In that 'short' half-life is taken as any drug where plasma levels have decreased to 
50% or greater after 5 minutes [1], the user must consider the effect of a system 
problem where the line to the patient becomes blocked or 'occluded' causing flow 
disruption over such a time interval.

3.4 The Trumpet Curve

This is a graph generated to allow the user to assess the accuracy of the pump over 
defined timing intervals - as described above. The effect of operating equations (3) 

and (4) is as follows:

The data which has been collected and stored for each !/2 minute timing interval of the 
data collection period is processed to determine the percentage + or - error in weight 
of fluid dispensed over each timing interval. This data is then scanned and the 
maximum positive and negative errors found in the intervals are plotted on a curve. 
The interval is now increased to 1 minute. Again, the errors in the new timing 
intervals are considered and the maximum and minimum for the complete set of 
timing data plotted. Clearly, the maximum errors over the longer minute interval 

should be less than the 30-second interval analysis.

The same procedure is continued in 1/2 minute extensions of the timing interval up to 

31 minutes.



The averaging effect of a longer timing interval will show as a smaller calculated 
error. The overall plot of these errors versus timing interval shows a converging set of 
curves replicating the shape of a 'trumpet'.

A 'Trumpet Curve' is shown in Figure 5 for a typical 50ml syringe pump.

Time (minutes)

-5%

v

- ERROR (%)

Figure 5: Typical syringe pump 'Trumpet Curve' Imlh" 1

The usefulness of the trumpet curve to the user is that he or she can assess the short- 
term accuracy of the device quickly - for example, in the above diagram it can be said 
that over time periods of not less than 10 minutes, a maximum error of approximately 
+/- 3 % might be expected on the desired set flow rate. The trumpet curve clearly 
refers to one pump operating at one specific flow rate - in this case Imlh" 1 .

4.0 Discussion - appropriateness of the ISO 60601-2-24 for measurement of flow 
accuracy

The above details derived from information given in the ISO 60601-2-24 provide a 
method for measuring flow defined as volume displaced per unit time interval. The 

methods assume water at 20°C as approximating the density and temperature of the 

infusion fluid.



The methods detailed have served to provide clinicians with important information 
regarding the suitability of an infusion pump for specific applications - within the 
high-risk areas of neonatal and intensive care this might be applications requiring 
accuracy within 10% over intervals of less than several minutes and at rates as low as 
Imlh' 1 .

The 'trumpet curve' is intended to offer information to the user about the likely 
'maximum' and 'minimum' percentage deviations in flow that might be expected 
over specific intervals of time e.g. 2 minutes, 5 minutes, 11 minutes.

4.1 Usefulness

Infusion pumps are electromechanical devices with syringe pumps having a linear 
actuator that presses on the plunger of a disposable syringe to force fluid output. In 
any mechanical system there will be manufacturing tolerances, mechanical backlash 
and mechanical imprecision which will all result in the actual output flow deviating 
from the desired set rate. As such, methods that monitor the mechanical accuracy of 
the infusion pump by assessing the linearity of flow at output offer advantage. This 
study will, however, suggest that by ignoring normally occurring operational pressure 
changes either caused by pump height change or by venous pressure change, the 
Standard does not fully inform the user of the accuracy he or she might expect during 
use.

4.2 Disadvantages - derivation of a flawed 'constancy index'

The fundamental problem with the measuring technique of ISO 60601-2-24 outlined 
in this study is that the measurements of flow are all taken with the fluid outlet 

maintained at atmospheric pressure.

The Standard does, indirectly, recognise that flow irregularity arises from the 
occlusion of the fluid outlet (site or link blockage) and that the build up of fluid circuit 
pressure will result in bolus release to patient when the occlusion is removed. A 
separate 'bolus' test is described in the Standard where the pump is allowed to build
nn nressnrp aaainct a Wnr-tarr^ anrl tVip Knliic vnliime is f.ollected On release.
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Clearly, unwanted bolus infusion is undesirable and the MHRA [1] suggests that the 

pump 'occlusion pressure' should be regulated to a low level thus minimising the size 

of the bolus e.g. SOOmmHg for neonatal applications say.

Draft proposals to the International Standard 60601-2-24 are discussed in the Bath 

Institute of Medical Engineering document (Appendix 'A' - 'Derivation of a 

mathematical model for simulation of infusion pump operation'). This document re- 

enforces the consensual view amongst opinion leaders that there is a need for short- 

term accuracy definition. The document suggests the idea of a 'constancy index' 

based on calculations obtained during the compilation of trumpet performance curves. 

The 'constancy index' is a quoted interval of time. The BIME document states:

'In brief, the constancy index represents the period over which the flow can be 

guaranteed to remain consistently within 10% of the mean flow rate at 1 mlh" 1 over 

the last 18 hours of a 24 hour run.'

The problem with this parameter is again that it is obtained by operating the pump 

into atmospheric pressure. This study will suggest that the influence of normally 

occurring venous pressure changes on accuracy at low flow rates is significant and 

should not be ignored. In the subsequent section of this study i.e. 2B2 'Derivation of 

mathematical model for simulation of infusion pump operation' - it will be shown that 

a slow sinusoidal variation in venous pressure (+/- SmmHg at 0.01 radians/s) can 

produce typically +/- 20% error in infusion at Imlh" 1 for a syringe infusion pump 

system of representative compliance.

Offering clinicians a 'constancy index', which does not accommodate flow errors due 

to venous pressure variation, is misleading and potentially hazardous.

4.3 The value of the 'bolus' measurement

The International Standard [1] calls for the assessment of an occlusion bolus volume 

with the recommendation that high-risk, low rate infusions should avoid high 

occlusion pressure alarm settings thus reducing the bolus size at alarm and subsequent
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By measuring the occlusion bolus, the test house is indirectly providing information 

about the infusion system compliance i.e. compliance = AV/AP where AV is the bolus 

volume resulting from a pressure change of AP in the fluid extracorporeal circuit.

As will be seen, the flow rate error which will be introduced by a change in pump 

height or by a change in patient venous pressure will be proportional to the system 

compliance so bolus measurement may have an importance to the clinician in 

assessing the potential accuracy of the pump - and hence its suitability.

4.4 The influence of 'compliance' on flow rate

The term 'compliance' is used to describe the ability of the extracorporeal fluid circuit 

to expand or contract when the fluid pressure increases or decreases. In a syringe 

pump, when the pressure starts to build in the fluid compartment - perhaps due to 

cannula blockage say - the dimensions of the line set and syringe will change slightly. 

At Imlh"' an observation window of 5 minutes will see 1000/12 = 83ul of fluid 

dispensed. To meet the 10% error limit suggested by a constancy index of 5 we would 

need to see flow not exceed 83 +- 8.3ul over this 5 minute window. Clearly, to 

maintain this level of flow accuracy that may be needed for optimum infusion of short 

half-life drug great care must be taken.

4.5 Occlusion pressure & flow rate disturbance

A problem associated with infusion systems is the disturbance of steady flow caused 

by a blockage or occlusion of the line or cannula. All the pumping systems 

considered, other than simple gravity infusion devices, operate by producing positive 

pumping pressure. If the line becomes blocked, the pump will continue to operate 

building up pressure in the line and fluid compartment. When the blockage is 

released, an unintended bolus of fluid will be released into the patient site.

Short half-life drugs do not tolerate sudden changes in flow - on occlusion the 

cessation of flow of short half-life drugs will result in immediate pharmacological or 

physiological response - the plasma concentrations of the drug drop rapidly.
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The immediacy of response will similarly occur on infusion of the occlusion bolus 
when the blockage is released. The literature offers reported instances of undesirable 
bolus infusion due to occlusion [1,5].

The effect on the size of the bolus is proportional to the pressure built up in the fluid 
compartment. Pumps will offer some form of pressure dependent 'cut-out' such that 
when the pressure builds to a certain level the pump will cease pumping and hence 
stop the potential bolus build-up.

The so-called 'high risk' category infusion pumps will be designed to detect a 
pressure build up of less than SOOmmHg before ceasing pumping thus limiting the 
bolus size.

Users are advised of the potential effect of line blockage and encouraged to ensure 
lines remain kink-free and the cannula is optimally positioned to prevent blockage. 
However, the creation of the bolus depends, not just on pumping pressure build-up, 
but also on so-called administration set 'compliance'.

5.0 Conclusions - Recommendation to change the Standard

Various researchers [1,2,5] have documented the unwanted flow irregularities 
associated with vertical pump height displacement. Flow error will be seen to result 
from system pressure change either due to pump height change or due to venous 
pressure change. This error will be seen to be proportional to compliance. A system 
with low compliance will be resistant to such generated flow errors. As such, the ISO 
60601-2-24 should be modified to measure compliance and to suggest the range of 
expected flow rate error that will eventuate from a defined change in pump height or 
venous pressure. This should be in addition to the current measurement of flow to 
atmosphere that does offer useful information about the mechanical fidelity of the 
pumping system. The 'constancy index' in its present form should not be relied upon 

to assess equipment for low flow high-risk infusions.
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2B2 Derivation of mathematical model for simulation of infusion pump operation 

1.0 Abstract

The methods used to assess infusion pump flow rate accuracy employ an indirect 
method of fluid weight displacement with respect to time. This method is essentially 

flawed in that, by displacing fluid to a weighing apparatus at atmospheric pressure, it 
does not represent the operating conditions of the pump i.e. the patient venous 
pressure will not be atmospheric pressure and will not be constant. Most high-risk 
infusions employ flow rates below Smlh" 1 and often below Imlh" 1 making any other 
method of direct flow rate measurement difficult. The nature of the infusion syringe 
pump system is considered and a mathematical model derived to allow prediction of 
flow rate variation when the system is exposed to normal operating conditions. A 
simple model is expanded to consider flow variation in two pumps operating at 
differing flow rates and connected to a common patient entry site. The dual pump 
model is compared in this study with published empirical research and is found to 
accurately predict infusion pump infusion characteristics. Finally, a universal model 
of the system is explained which allows multiple pump connection scenarios to be 

examined.

2.0 Background

The infusion syringe pump - patient circuit is as shown in Figure 1:

Line length L

Figure 1: Pressure across syringe pump line restriction

The syringe is operated on by a linear actuator that causes the plunger to propel a 

constant volume per unit time e.g. Imlh" .



The syringe is connected by line-set to the patient with pressure at one end P2 and the 

pressure at the patient end PL Under normal operation, the 'flow rate in' will cause a 

pressure difference across the restriction formed by the line-set to establish an 

identical flow rate into the patient. So, if the patient pressure rose then the internal 

pressure P2 would rise to maintain the required pressure differential for the 

commanded flow.

Assumed are the following:

• Line set has internal radius R.

• Fluid density is that of distilled water say at constant temperature 20°C.

• The connection from line set to patient is via stiff tube (cannula) of same 

internal radius as the line set - typically 0.75mm.In practice, the cannula bore 

will usually be significantly less than the line bore and represent the majority 

of the restriction to flow.

An example might be:

Let R = radius of line = 0.75mm (a typical dimension)

Let L = length of line = 1m (a typical dimension)

P2 - PI = pressure difference across line length

Q = flow rate in m s"

Then, from Poiseuille's Law [1]

P2 -Pi = 8QnL

nR4
Where

P2 - PI measured in Pascals

n = 1.005xlO'3 Pa.s
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The calculations are all in S.I. units, so there will be a conversion needed to convert 

pressure in Pascals into the normally quoted hospital pressure units of mmHg.

The following are useful conversion data:

2.1 Volume unit conversion 

lml=10'3 l = l(r6 m3

Hospital convention is to define flow rate in mlh" 1 therefore you need to take the SI 

unit of m3 i.e. cubic metres and multiply by 106 to get mlh" 1 .

2.2 Pressure unit conversion 

The SI unit is the PASCAL (Pa).

Hospital practice is to define pressure in mm of Hg (millimetres of mercury) 

IPa = 7.498 x 10'3 mmHg and ImmHg = 133.3 Pa

2.3 Fluid viscosity

For most infusions the fluid viscosity may be taken to be that of water at 20°C 

i.e. n = l.OOSx 10"3 Pa.s

2.4 Low pressure differential for low flow rates

A flow rate of Imlh" 1 established through a line set and cannula of 1 metre length and 

1.5mm internal diameter (bore) would allow the calculation of the pressure 

differential across the line set and cannula by the use of Poiseuille's Formula as 

follows:

flR4

Where Q is the flow volume m3, TI is fluid density, L is line length m and R is line 

internal radius mm.



Hence

P2 -Pi 8 xlO"6 xl.005xlO'3 xl = 2.25 Pa =2.25/133 = 0.0169mmHg 
3600 x 3.14x(0.75xlO'3)4

The above example demonstrates that very low differential pressures will be required 

to maintain the order of flow commonly found in intensive care applications where 

flow rate ranges are Imlh" 1 to 5mlh"' for 95% of applications.

2.5 Cannula size influences the pressure differential

Intravenous infusions are made either to a peripheral vein - a typical site might be the 

back of the hand where veins are visible and access straightforward - or, especially in 

the case of vasoactive drugs (inotropes) via a central line catheter to the right heart 

atrium.

For venous peripheral access, syringe infusion pumps are usually connected by a 

relatively long line - typically 1.5meters - connected at one end to the syringe outlet, 

(either by push-fit or more likely by screw 'luer' connector) and at the other end - the 

patient site - to a needle or cannula assembly.

In the UK, the proprietary name VENFLON® describes the cannula assembly.The 

VENFLON® consists of a sharp hollow needle or cannula which is used to pierce the 

skin and vein wall and allow the introduction of a soft plastic fine tube through which 

the fluid will flow.

The following sizes of VENFLON® are commonly used in intravenous therapies:

Colour

Grey

Green

Pink

Blue

Yellow

Venflon -

Venflon -

Venflon -

Venflon -

Venflon -

Gauge

16g

18g

20g

22g

24g

OD

1.7

1.3

1.1

0.8

0.7

X

X

X

X

X

L

55mm

45mm

32mm

25mm

19mm

Table 1: Common Venflon® dimensions



An accepted recommendation for use is as listed below, however, this is only a 
guideline and, generally, as large a needle bore as possible will be used for the 
application [2].

Colour 
Yellow

Blue

Pink

Green

Grey

Max Flow 
13ml/min

30ml/min

55ml/min

80-100ml/min

180ml/min

Application 
neo-natal

paediatric

adult infusion

adult infusion

rapid infusion

Table 2: Typical Venflon® applications

The reason that maximum flow rates are indicated in Table 2 is an acceptance that at 
higher flow rates the pressure differential required to ensure flow becomes 
significantly large and places a limit on the mechanical ability of the pump to drive 
flow through the restriction.

Clearly, from Poiseuille's Law, the smaller the cannula inner diameter or bore the 
greater will be the applied pressure differential to maintain a set flow rate. Catheters 
such as the Venflon®, and other proprietary makes of venous peripheral catheter and 
central venous catheter, usually define the outer diameter, which is not helpful in 
determining the true restriction. However, wall thickness will be in the order of 
0.15mm - determined by measurement of sample cannulae - so a good estimate of 
internal diameter can be made.

Example - To determine the pressure drop across a 'Yellow Venflon' delivering 
20ml/min.

From Table 1, the catheter length is given as 19mm and the OD 0.7mm. Assuming 
wall thickness is 0.15mm the ID will be 0.4mm and radius R = 0.2mm. 

From Poiseuille's Equation

FIR4



Where Q is the flow volume mV, r[ is fluid density, L is line length and R is line 
internal radius.

Hence

P2 -Pi 8 x 20 x 60 x 10 "6 x 1.005 x IP'3 x 0.019 = 10135.2 Pa 
3600 x 3.14x(0.2xlO'3)4

= 10135.2/133 = 76.2mmHg

In practice, the use of a cannula recommended for 'neo-natal' applications at a flow 
rate of 20 x 60 = 1200mlh"' would find no clinical application. However, the 
calculation does show that appreciable pressure can be dropped across a cannula 
restriction if the flow rate is raised.

2.6 Alternative catheter size classifications

Catheters are usually specified by gauge number e.g. Grey Venflon = 16g.

Alternatively, the so-called French system may be used, where IFr or IF refers to a 
catheter with an outside diameter of 0.33mm. To convert Fr to mm multiply by 0.33 
e.g. a 7.5F catheter has an outside diameter of 7.3 x 0.33 = 2.475mm. In clinical 
practice, the outer dimension is important and clearly must be within the vein 
diameter to be catheterised. If we assume catheter wall thickness in the order of 
0.15mm, it is possible to estimate ID and hence radius R to be used in Poiseuille's 
Equation.

In this investigation, the influence of flow restriction on the simulation model of the 
infusion system is important.

3.0 Syringe pump model - 'simple model'

A simple model assumes that flow into and out of a system must be equal. In a system 
that has no compliance:

Flow Out = Flow In



However, considering the system with 'compliance' an additional flow term 
associated with the non-rigid nature of the administration set system must be 
included.

Flow In = Flow Internal (due to compliance) + Flow Out

Flow In = constant = B (e.g. Imlh" 1 )

Flow Internal = rate of change of internal volume V due to compliance

If the internal volume is proportional to pressure P2 i.e. dV/dt <x dP2/dt then

Flow Internal = C (dP2/dt) = dV/dt

Flow Out = n R4 ( Pg-PQ = AfPa-PO 

Where A = n R4
8r]L

Therefore

B = (Pa-P^A + C dP2 
dt

P2 = 1/C/[B - ( Pj-P, )A] dt--———-(1)

The above equation (1) forms the basis of the mathematical simulation model. It 
assumes that the compliance is concentrated within the syringe and that the line set 
forms the rigid restriction to flow along with the connected cannula.

The above relationship serves as a model for the infusion system and leads to 
investigation by simulation of a 'simple model' of a single syringe pump by the use of 

MATLAB SIMULINK® as described by Figure 2:



Inflow = Outflow + Change in Volume

B = (P2-PDA tC(dP2/dt) => P2 = ("CS)| B-(P2-P1)A] 

OR

P2 = (B/A)/(1+SC/A) + P1/IH-SC/A) 
This looks like an RC circuit with 2 inputs • B/A and P1, and C/A is the time constant.

P1-Slep1

Scope

P1-Step3

Figure 2: Simple model of a single syringe infusion pump system MATLAB 
SIMULINK®

Careful inspection of the above model will show that it represents the relationship 
given by equation (1). The scale factor 7.498e"3 converts the SI units of pressure in Pa 
to mmHg. The scale factor 3600e6 is used to convert flow from the SI units of mY 1 
to mlh" 1 . This simulation was designed to duplicate an actual experiment where the 
syringe pump height was changed in steps and flow to atmosphere recorded by 
weighing displaced volume with respect to time.
In the simulation, the 'pump height' was kept constant and identical changes made to 
the pressure gradient (P2 - P-,) by forcing step changes in outlet pressure PL

The simulation called for a -48mmHg step in PI at time 106 seconds (replicating the 
raising of the pump by a hydrostatic height of 48 mmHg i.e. 13.6 x 48 mm - 653mm 

for the water filled infusion pump system.



The second step change was +48mmHg at time 226 seconds (the equivalent to 

returning the pump to the reference height). The third step change was +26mmHg 

(equivalent to lowering the water filled system by 26 x 13.6 = 354mm with respect to 

outlet reference height) and finally a step of -26mmHg was introduced at time 474 

seconds (equivalent to returning the pump to reference height).

3.1 To calculate representative values for A and C

In order to operate on the above simulation representative values for A and C would 

be needed as well as defining the input flow rate B. The restriction A is made up of 

the restriction offered by the extension line set i.e.

AL = 8.24x10"11 =riR4 /(8TiL) (Pa'V1 )

This has assumed a line length L of 1.5 metre and an internal diameter of 0.75mm.

An allowance must also be made for the restriction offered by the cannula. For the 

experiment, a metal cannula of approximate internal bore 0.36mm and length 35mm 

giving was used giving:

AC = 0.11 x10'11 (PaV)

The total restriction 1/AT = 1/AL + 1/AC = (0.121 + 9.09) x 10 11

i.e. AT = 0.108 x 10 - 1

Clearly, when using narrow bore cannulae, the contribution to overall restriction to 

flow from the line extension set is insignificant.

C = compliance = AV/AP where AV is the bolus volume collected when a pressure of 

AP is released - values of AV = 0.5ml and AP = 500mmHg were used which gave 
C = 0.8xlO'11 (m3Pa' 1 )
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3.2 Empirical determination of C

The value C was based on bolus fluid measurement from the test instrument TOP - 

5100 ® syringe pump plus BD 50/60ml Plastipak® disposable syringe with connected 
1.5m (1.5mm bore) Alaris® extension set. The extension set outlet being blocked and 
the pump being allowed to build up an internal pressure of 500mmHg before the bolus 
was released and measured.

A number of measurements were carried out to demonstrate that the 'compliance' 
factor C was largely constant over the range of applied pressures +/- SOOmmHg.

3.3 To calculate dispensed volume

To determine the volume of fluid dispensed would require integration of the flow rate 
with respect to time. The expression of weight change in grams per second requires 
multiplication by 1/3600.

4.0 Simulation results - 'Simple Model'

The simulation allowed the graph of dispensed volume (ml) with respect to time to be 

described as shown in Figure 3:

Volume vs Time 50ml Syringe Simulated Height Test

100 200 300 400 

Time(s)

500

Figure 3 - Simulation - Volume dispensed due to step changes in pressure differential
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4.1 Background set flow rate

Both in the actual height test and in the simulation, the background set flow rate had 
been set at 2mlh' 1 . In the SIMULINK® diagram Figure 2, the step input 'B-Step' is a 
step change of 5.56 x 10~ 10 mV which is equivalent to 2mm' 1 from zero input 
occurring at the start of the simulation.

4.2 Comparison - simulation versus actual results

The above simulation result compared well with the actual plot of dispensed volume 
with respect to time obtained by digital weighing of fluid output to electronic scales 
and software [3,5]. The experimental method used to determine actual pump 
performance when exposed to pump height change is detailed below.

A period of zero flow was seen in the actual measurements after the step at 226 
seconds that was not seen in simulation and is a phenomenon mention by the MHRA 
[4]. It is suggested that this zero flow anomaly is caused by the syringe pump design 
where the applied pressure step change forces the actuator backwards into a 'dead 
space' - the actuator must then take up the system slack before non-zero flow can be 
seen to resume. The 'actual' volume dispensed is shown in Figure 4:

Volume vs Time 50ml Syringe Height Test

501

Figure 4 - 'Actual' volume dispensed due to step changes in pressure differential
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5.0 Practical flow rate evaluation methods 

Apparatus

Pump

TOP Syringe Pump TOP-5100 S/N 3E40023 - A syringe pump capable of receiving 
syringes of BD type and in the range 10/20/5 Oml. The syringe is sensed by a 
'clamping arm' - used to hold the barrel in place and also measure the syringe size.

Syringe

New syringes were used of type BD Plastipak® 50/60 ml luer lock connector.

Line Set

Alaris® Syringe Pump Administration Set 1.5m length 1.5mm internal bore.

Cannula

Bore 0.36mm Length 35mm.

Weighing System

SHIMADZU AY120 O.OOOlg with full scale of 120g.

Software

MIT developed DELPHI application for monitoring flow rate [3,5].
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5.1 Measurement of flow rate

Lifted to 653mm

RefHt 

Pump

Lowered to -354mm

Fluid Flow

Digital Scales

PC Software

Figure 5: Fluid flow measurement during pump vertical height change

In measuring the flow rate, the pump was allowed to stabilise flow and the weight 
change per second logged. Experiments took the form of applying a step change to the 
pressure differential across the line by raising the pump 653mm and lowering it by 
354mm. As water was the test medium, correcting these heights to pressure variation 
from the reference position would give 653/13.5 = 48 mmHg -354/13.5 = 26 
mmHg. These heights were arbitrary and represented the position of stable platforms 
available for testing. However, the procedure followed the guidelines suggested by 
B.I.M.E. for pump height change bolus measurement. (See reference [4] Section 3.4 
page 64).



14

5.2 Measurement of compliance'C

Compliance is described by the change in volume resulting from a change in internal 
pressure i.e. C = AV/AP. The test apparatus of Figure 6 was used:

SYRINGE CLAMP

PRESSURE METER

V
FLUID BOLUS

Figure 6: Measurement of occlusion bolus to estimate compliance 'C'

A digital pressure meter was placed to measure the input pressure to the line set and a 
mechanical clamp used to block fluid flow. The pump was allowed to stabilise flow 
with the clamp open - a rate of 30mm" 1 was used. Once the flow had stabilised, the 
clamp was closed and the pump allowed to operate until the occlusion caused the 
alarm state to be entered and the pump to be stopped. The occlusion pressure was read 
from the meter and the clamp then released and the bolus of fluid released was 

measured.

Results

The occlusion pressure 'cut out' was found to vary, but this did not impact on the 

experiment. Using a 50ml syringe the ratio AV/AP was found to be approximately 
0.8 x 10"". Measurements using a smaller 10ml syringe showed a compliance factor 

of approximately 0.4 x 10" 11 .
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5.3 Influence of the line set on bolus volume

By modifying the above procedure an estimate of the percentage contribution to bolus 
size due to line compliance was made.

The line was clamped at the syringe end and the pump allowed to run to the point of 
occlusion cut-out. The clamp was released and the volume of fluid expelled captured. 
By measuring the bolus volume in this test and subtracting it from an identical 
pressure released bolus to include line + syringe it was seen that the line exhibited 
compliance and was approximately 20% of the total compliance for the complete 
syringe plus line system.

5.4 Measurement of flow rate disturbance due to raising and lowering the pump 
height

The international standards [5,6] recognise that the flow rate for infusion pumps will 
be modified when the pump is raised or lowered. This is illustrated in the MDA 
Bulletin [4]. The draft standard suggests a set of tests where a flow stabilised pump is 
first raised above the outlet point by 136cm, (136cm of water being equivalent to 
lOOmmHg) then lowering the pump 272cm i.e. dropping the pump to the equivalent 
of -lOOmmHg.

A similar test was conducted where the pump was raised the equivalent of +48mmHg 
and lowered in height to the equivalent of - 26mmHg - these values were arbitrary 
and marked convenient and stable platforms for the pump. The pump was allowed to 
stabilise in flow at a set rate of 2mlh~ 1 at the reference zero level, then raised to the 
height equivalent of +48mmHg. The flow was allowed to stabilise and the pump 
returned to the reference level. The flow was again allowed to stabilise, then lowered 
to the equivalent of-26mmHg. After flow stabilisation, the pump was returned to the 
zero reference level.
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6.0 A dual pump simulation model

Researchers have noticed that the current hospital practice of connecting multiple 
syringe pumps to deliver patient dosage of different medications presents problems. 
The Department of Trade has commissioned an investigation by Brunei University to 
examine factors influencing incidents of unexpected flow errors and disruptions in 
such connections [7].

Laheij [8] details the results of a practical experiment in which two pumps operating 
at differing flow rates of Imlh" 1 and lOmlh" 1 were connected by a common site. In the 
experiment, the site is blocked (simulating a blockage in the patient entry cannula) 
and the characteristics of the pumps observed. Each 50ml syringe pump continues 
pumping until the occlusion backpressure cut-off occurred at 750mmHg. At this point 
it was determined that fluid from the lOmlh' 1 pump had flowed into the line of the 
Imlh" 1 pump.

The occlusion alarm had been reached only after 14 minutes and during this time fluid 
flow had been possible due to the system compliance. The expelled bolus volume was 
2.2ml and the backflow into the Imlh" 1 pump line was measured as 73cm that 
approximated to 0.8ml of fluid due to the lOmlh" 1 pump.

The researcher found that differing syringes and pumps gave differing results (clearly 
due to differing compliance values). However, a conclusion was that fluid would 
continue to flow in the circuits of two connected pumps after site occlusion and that 
flow was towards the slower pump (when identical pumps were considered). This 
phenomenon has been termed 'reflux' [7] and is undesirable since it shows that multi- 
pump connections can allow unwanted recirculation and mixing of fluids within the 
overall system rather than correctly dispensing them to the patient site.

A model was devised to simulate the practical experiment described by Laheij. The 
system consisted of two identical 50ml syringe pumps, with compliance based on the 
interpretation of bolus release tests on the pump, plus 1.5m extension set - as used 

above for the 'simple model'.
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As each pump would be joined at the end of the extension set to a blocked patient 

cannula, the model can be simplified to be two pumps where the exit of each is 

connected to either end of a line extension of double the individual line length i.e. 3m. 

This model made the same assumption as the previous 'simple model' in that the 

pump compliance was assumed to be a factor of syringe compliance and actuator 

compliance. The extension set was assumed to be a rigid component.

J-
B1-10ml/hr

1/0.86-1 i

C1-compliance

4.126-11 •
= pi*RM/(8'n L)

r+ -*>

-+ X
lA(P1-P2 1 ^GJ ^

I

PUMP 1

1
s *• 5—

Flow out of Pump 1 

Flow out of Pump 2

y±n _ ^^-\ *.u ^y "
1
s -*• X

P1
—————————— ̂~

I 7.498e-3 J ————— ,

Sea eFactor-mmHg —— ̂
| ————————— —— ——————— *• 

—————————————————— ̂

3600e+6 ———— i

ScaleFactor-ml/hour '
—————————————————— >

p 2 1ml/hour-> cubi m Is 
1/(3600e6)

B2-1ml/hr 
I 1/0.8e-11

1/C2-compliance

PUMP 2

Scope

Klf CVS C2 are close, out flow issmall. , 
| A only affects the ramp-up time. ,

the line restriction (A) Is common to both. 
Pressure P1 feedback to Pump 2, and 
Pressure P2 feedback to Pumpl. 
For Pumpl:

B1 -C1(dP1/dt) = A(P1-P2) 
->(1/S)[B1 -A(P1-P2)]/C1 =P1

For Pump2:
.if|>!ijg2(dP2/dt) = A(P2-P1)

Figure 7: Two identical 50ml syringe pumps delivering fluid to an occluded common 
patient site.

From Figure 7, it can be seen that the model defines P1 as the syringe outlet pressure 

in the faster pump (flow rate lOmlh' 1 ) whilst P2 is the syringe outlet pressure in the 

slower pump (flow rate Imlh" 1 ). The restriction 'A' is calculated as previously based 

on Poiseuille's Equation i.e.

A = 4.12xlO'n = nR4 /(8T!L)

Where the line length is twice the individual line length i.e. 3m and R = internal radius 

= 0.75mm.
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6.1 Results - dual pump system

3000

2500 -

pressure 
(nrnHg)

2000 -

1500

1000

500

200 400 600 800 1000 1200 1400 1600 1800 2000

Figure 8: Pressure build-up until occlusion alarm at 750mmHg is reached after 525 
seconds of simulation.

flow rate n 
(nth)

-0.5

-1.5

-2

-2.5

-3.5

•4.5

Negative flow in 1ml/h syringe line

0 200 400 600 800 1000 1200 1400 1600 1800 2000
time (s)

Figure 9: Negative flow of-4.5ml/h in the Iml/h pump extension line.
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The simulation time was set at 2000 seconds and pump pressures P1.P2 and pump 
flow rate into the blocked line for each pump graphed.

Assuming the same occlusion cut-off pressure as the Laheij experiment i.e. 
750mmHg, the pump internal pressures P1 and P2 were seen to increase linearly until 
the cut-off which occurred after 525 seconds (8 minutes 45 seconds). The flow within 
the restriction formed by the occluded line was seen to be 4.5mlh" 1 in the direction of 
the slower (Imlh" 1 ) pump. Each line-set holds 2.65ml of fluid volume (this model 
assuming a rigid line set) so, in the time taken to reach occlusion, the fluid volume 
from the lOmlh" 1 pump entering the line set of the slower pump and displacing the 
slower pump fluid back towards the pump will be as follows:

Fluid volume = (8.75/60) x 4.5 = 0.65 ml

Taking the line length as 1.5m, this means that the fluid from the faster pump will 
have advanced 37cm from the occluded site into the line of the faster pump. The fluid 
bolus that would be released on removing the occlusion is dependent on the 
compliance 'C' already calculated. For each pump, a bolus of fluid would be ejected 
into the line of 0.75ml i.e. a total bolus volume of 1.5ml.

6.2 Comparison with published empirical results

The experiments performed by Laheij did not identify the type of pump or line set 
used. In the experiment, Laheij reports 'we see backflow of the drug with 10 mlh" 1 in 
the infusion line of the Imlh" 1 drug. At the same time, a bolus builds up in the 
infusion system' [8]. Laheij evaluated bolus volumes ejected as ranging from 0.4 to 
2.2ml.

A test yielding a bolus release of 2.2ml reached the 750mmHg cut-off point after 14 
minutes, and showed the extension line of the slower pump had accepted 0.8ml of 
fluid from the faster pump which equates to flow of 3.43 mlh" 1 toward the slower 
pump.
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The results indicated that, as in our simulation, after occlusion fluid was forced 
through the line sets towards the slower pump. Also, that pump pressures will build 
until the set occlusion backpressure cut-off point is reached. The bolus released in the 
test was higher than that for the simulation, but this can be explained by differences in 
system compliance. The test showed a slower flow rate within the line set i.e. 
3.43mlh" 1 compared with 4.5 mlh" 1 in the simulation. The simulation was useful only 
in modelling this one type of operating scenario occurring in dual pump connections.

In neonatal intensive care applications, it is becoming more commonplace to see as 
many as 6 to 10 syringe pumps connected to the patient via between 1 and 3 sites [8]. 
As such, in order to estimate flow disruptions to the patient caused by site occlusion, 
change in vertical height of an individual pump, sudden changes in set flow rate etc. it 
is necessary to evolve a simulation model capable of representing both multiple pump 
connections but also the compliant nature of connecting line sets.

7.0 Modelling the multiple pump connection

The 'simple' simulation model allowed a single infusion pump system to be 
investigated. Whilst the effect of vertical height change of a syringe pump has been 
well noted [9,10,11,12], and can be observed by conventional flow weight 
measurement technique, the influence of venous pressure changes cannot be easily 
replicated using this method. Simulation can be a useful tool in predicting errors both 
due to vertical pump displacement and venous pressure changes.

The 'dual-pump' model was designed to simulate the experiment performed by Laheij 
[8]. Researchers [7,13,14] have noted numerous unexpected flow rate variations in 
multiple pump connections. This type of multiple pump therapy is now commonplace 
in intensive care and has prompted a DTI-funded initiative by Brunei University in 
collaboration with B.I.M.E. [7]. The two models outlined above have shown that 
simulation can be a useful tool in the prediction of flow rate error. However, both 
models assume that the system compliance is concentrated in the syringe and pump 
assembly and that the line set is a rigid non-compliant component.
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In order to offer useful universal modelling suitable for multiple pump connections 
and allowing the compliance of line extension set to be included a multi-pump 
simulation model is described.

The 'multi-pump' model

A1 = pi*RM/(8'n*L) 
Output Line restrictionl

A2 = pi'RM/(8-n'L) 
Output Line restriction

Pp-patienl pressure 
20mmHg, at 200s

Scopel

Disturb2 1/C-compliance

System instability occurs at: 
Disturb! = O.le-12, Cp=0.09e-17

The connecting blockiseffectively a 
syring-pump with A=0 and O=>0, 
when patient line isblocked.

Inflow = Outflow + Change in Volume 
Bo1 + Bo2 = (Pe-Pp) A + C (dPe/dt)

Figure 10: A universal model for multiple pump connection.

In Figure 10, two pumps are shown with output flow from each connected to a 
'connecting block'. This component represents the patient site cannula. The 
connector block uses an identical pump model template i.e. it has flow in and flow out 
and can be given parameters of compliance 'C' and restriction 'A'. For the connector 
block we expect a rigid (zero compliance) restriction. This novel approach of 
modelling both syringe pump and connection site ( e.g. VENFLON® cannula, central 

line catheter) with identical component should simplify simulation.
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The underlying structure of each syringe and also the connector block component 
'Sy_Pump3' is shown in Figure 11.

Ps

vry
^—5 — ̂ |
^ Pe Feedback Pressure 

at output

Flow In

A-re strict! on

Product2

te^^\ fc 1
" V* y s

^ ^
Integrator

•H — I

Product

Flow Out ^/—i — \

Flow Out

Inflow = Outflow + Change in Volume 
B = (Ps-Pe)A + C (dPs/dt)

1/C-compliance Ps= (1/CS)[B-(Ps-Pe)A]

Figure 11 - Pump component used in the 'multi-pump' model

7.1 Simulation results - multiple pump system

By modelling each component (in this case the model incorporates 2 pumps and a 
connector block) by it's own flow restriction A and compliance C, the system can be 
decomposed and analysed. The expansion of the model to include an additional pump 
would require only an additional component and access to the connector block by a 3- 
wide summer rather than the 2-wide summer of Figure 10.

7.2 Testing the model

In Figure 10, two pumps are shown connected to a common patient site via a 
'connector block' that could be a cannula or catheter say.

This particular simulation applies a constant value of zero from time zero until 500 
seconds representing a blocked (occluded) site. At 500 seconds a non-zero value for 
restriction A is applied i.e. A = 0.1 x 10' 11 - this representing the restriction due to a 
narrow bore cannula. Fluid can now flow through the cannula to the patient.

At time 700 seconds the simulated venous pressure from the patient is made to 
increase from zero to + 20mmHg. At time 1500 seconds, the restriction A is set to 

zero, simulating a site blockage once more.
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The simulation shows the ramping internal pressure build-up in the occluded pumps - 
since we have chosen identical pump characteristics to the 'dual pump' model, this 
build-up of pressure is identical to the 'dual pump' simulation and the flow in the 
external pump circuit is seen to be 4.5mm" 1 in the direction of the slower Imlh" 1 
pump.

The applied positive step change in patient venous pressure is seen as a negative 
going discontinuity in the output flow at time 700 seconds. The simulation is shown 
in Figure 12 and Figure 13.

(i) Figure 12: The total flow out through the patient site i.e. zero when site 
occluded but settling to a combined output of llmlh' 1 after transient 
change due to release of occlusion and step change of 20mmHg in venous 
pressure.

(ii) Figure 13: The flow out from the faster lOmlh" 1 pump showing 4.5mm' 1 
during site occlusion followed by settling at a rate of lOmlh" 1 when the 
occlusion is removed.
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Figure 12: Total flow through connector block 1 Iml/h when site not occluded.
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Figure 13: Flow out from lOml/h pump showing 4.5ml/h during site occlusion.
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7.3 Expansion of the 'multiple pump model'

In the multiple pump simulation model each pump was integrated with its associated 
line set i.e. the compliance 'C' used represented the compliance of pump + line. 
Generally, whilst the line represents a restriction, it will be insignificant with respect 
to the site restriction. In the multiple pump model, the line restriction was included to 
be the pump restriction e.g. A = 8.23 x 10" 11 being the restriction due to the line 
dimensions of 1.5m length and 0.75mm internal radius. It would be possible to 
expand the model to treat the line set as a distinct and separate 'pump' component 
taking input flow from the connected syringe pump and providing output flow to the 
connector block.

Only two pumps have been shown in the 'multiple pump' model, but expansion to 
represent more system pumps would be a simple exercise requiring additional 
summing at the input to the connector block. Under simulation, the occurrence of a 
site occlusion can be readily modelled.

7.4 Can the 'multiple pump' simulation model be useful in predicting flow errors?

A study by Brunei University was commissioned by the Department of Trade [7] and 
in collaboration with the MHRA (Medicines and Healthcare Products Regulatory 
Agency) as a direct result of the unacceptably large number of adverse incidents 
reported of dosing errors in multiple pump systems. Whilst in vitro testing of pump 
systems can give some useful results, such as the experiments performed by Laheij, 
the fundamental problem when considering low flow is one of accurate measurement. 
Simulation can allow complex pumping systems to be examined and conditions for 
which reported problems have been identified replicated. Typical flow discontinuities 
will result from such causes as vertical movement of the pump(s), changes in patient 
venous pressure, site occlusion and release, line occlusion and release, changes in 
pump setting rate including stopping a pump and starting at a differing rate within a 
complex system. All of the above scenarios can be simulated by using the derived 
'multiple pump' model, either directly, or with minor modification.
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8.0 The influence of patient venous pressure change on flow

The simulations show that a step change in venous pressure will cause a 
corresponding transient change in flow rate e.g. Figure 12. Numerous references 
detail the effect on flow rate of increasing or decreasing pump height but the effect of 
venous pressure change is largely overlooked. Infusions are generally given via 
peripheral venous site e.g. back of hand or via a central line catheter directly to 
'central venous pressure'. The peripheral venous pressure for an adult may be in the 
order of 10-20mmHg say but will vary according to patient movement and limb 
movement possibly by +/- lOmmHg over relatively short intervals. The central line 
CVP is thought to be more stable but research [15,16] has indicated that moving a 
patient from supine to 45 degree position (a possibility in intensive care nursing) may 
cause as much as 7.5mmHg change in the 'back-pressure' to the pump system.

8.1 Demonstrating the influence of venous pressure on flow rate

In order to demonstrate the effect of venous pressure change on the accuracy of low 
flow rate infusion systems, the simulation model was modified such that venous 
pressure was changed slowly over a cyclical range of +/- SmmHg. In this case, we 
chose a cyclical periods of 0.1 radians per second i.e. T = 63 seconds and 0.10 radians 
per second i.e. T = 630 seconds. These periods approximate 'half-life' periods of 
some medications used in high-risk infusions. The model is shown as Figure 14 whilst 
the response to venous pressure changes at different cyclical rates is shown as Figure 
15 and Figure 16.
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The simulation model used, Figure 14, is based on the derived 'simple model' and 

uses the previously accepted typical syringe pump compliance value for a 50ml 

syringe pump working into a line set terminated by a narrow bore patient site cannula.

Inflow = Outflow + Change in Volume

B = (P2-P1)A + C(dP2/dt) => P2 = (1/CS)[B-(P2-P1)A1 

OR

P2 - (B/A)/(1+SC/A} + P1/(1+SC/A) 
This looks like an RC circuit with 2 inputs- B/A and P1. and C/A is the time constant.

uct2

CI3

-14

I

->CD
Dull

[KZD
Out2 

—— 1 —————————— *•

Scope

Figure 14: Using the 'simple model' to predict flow error due to venous pressure 
change.
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Figure 15: Flow variation caused by +/- SmmHg venous pressure variation on a set
rate of Imlh" 1 ( dashed line shows set flow rate ) - period of variation 63 
seconds (0.1 radian s" 1 )
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Figure 16: Flow variation caused by +/- SmmHg venous pressure variation on a set 
rate of Imlh" 1 (dashed line shows set flow rate) - period of variation 630 
seconds (0.01 radians s" 1 ).

From Figure 16 it can be seen that +/- 20% error can result simply from a slow 

sinusoidal change - period 630s - in venous pressure return of+/- SmmHg.
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9.0 Conclusions

• The influence of venous pressure change on flow rate when low flow rates are 
considered is marked. The patient infusion site is often a so-called peripheral 
blood vessel in the arm or hand area. In this case, simply raising or lowering 
the limb will cause a consequent change in venous pressure. Blood has a 
density of approximately 1A that of mercury suggesting change in vertical 
height of 10cm say will result in a 25 mmHg change in pressure presented to 
the infusion system. Vasoactive drugs are alternatively introduced via a central 
line to exit in a heart chamber that is subjected to 'central venous pressure'. 
Researchers have indicated significant short-term CVP variation due to 
movement of the patient [15,16].

• These low flow rates are standard in the maintenance of patients in intensive 
care where survival rates are influenced by the ability to keep stable vital 
parameters such as blood pressure.

• The problem of compliance has been recognised as influencing flow rate if a 
pump is moved vertically with respect to the patient and advice has been given 
to ensure no change when transferring patients.

• This study suggests that the venous pressure change reflected from the patient 
works with the system compliance to modify flow.

• The findings are significant when considering the infusion of drugs with a 
short half-life such as the series of vasoactive drugs such as dopamine, 
dobutamine and epinephrine.

• Measurement of pump accuracy by displaced weight does not assess errors 
which will occur under normal operating conditions e.g. vertical height change 
of pump, the influence of other infusion system components and changes in 

venous pressure during infusion.
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• The MHRA/ BIME derived 'constancy' index [6] gives clinicians a guarantee 

that accuracy is within +/- 10% over the quoted index period e.g. a constancy 
index of 5 would indicate that over any 5 minute interval the accuracy of 

infusion will not be less than +/- 10%. The problem with this data is that it is 
obtained from the standard weight displacement to atmosphere pump testing 

data. It does not include consideration of error due to venous pressure change.

• The error due to venous pressure change (and vertical displacement of the 
pump) is proportional to system compliance so that a system with low 
compliance will be better able to deliver accurate dosing than one with large 

compliance. This 'C' factor should be included in advice to clinicians.

• Fast acting vasoactive drugs will present problems associated with an unstable 
control system - vasodilators will reduce venous pressure which will cause 
more flow which will further depress venous pressure - vasoconstrictors will 
increase venous pressure which will reduce flow causing the venous pressure 
to fall and an oscillatory system might be envisaged

• Refinement of the simulation model and including data regarding typical rate 
of venous pressure change associated with plasma levels of vasoactive drugs 
should make it possible to predict the degree of instability projected on the 

patient.

• The simulation model - both in its present form - and after refinement - 
should allow researchers to predict the flow rate which can be achieved by 
implanted electromechanical or mechanical pumps - this has, up to now, not 

been possible.

• Haemodynamic fluctuations that may have been attributed to syringe 'stiction' 

[17,18] and other mechanisms may be explained by venous pressure 

modulation of flow as detailed in this report.

• A simulation model has been derived and found to accurately predict flow 

accuracy for a number of operational infusion scenarios.
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LONG term accuracy

The majority of the long-term accuracy performance tests are performed using the 
protocols defined in IEC 60601-2-24 Medical Electrical Equipment, Particular 
requirements for the safety of infusion pumps and controllers, Clause 50.4. 
Minor exceptions include the testing of ambulatory pumps at 30-second sampling 
intervals. No attempt is made to measure the "shot" interval as described in the 
Standard, or synchronise sampling interval with this shot interval. All pumps, 
therefore, are tested with a 30 second sampling interval.

Tests are performed at flow rates minimum, 1,5,25,125 and maximum settable rate for 
volumetric pumps and at minimum, 1,2,5,25 and maximum for syringe pumps. 
Ambulatory pumps are tested at minimum,! and maximum. Tests are of duration 2 
hours. The long-term accuracy assesses the accuracy over the 2nd hour of a two-hour 
run. In addition tests of duration 24 hours are performed at 1 ml/h for all pumps and at 
a typical rate (whole reservoir over 24 hours) for ambulatory pumps. Accuracy is 
assessed over every hour included within the period 360 minutes to 1440 minutes. 
Accuracy is also assessed over the last hour of a 24-hour run, at both 25 ml/h and 500 
ml/h for volumetric pumps, in order to measure any effect of protracted use of the 
administration set. Results are quoted as percentage deviation from the set rate. The 
figures quoted in the reports represent the maximum deviation from set rate that 
occurred during any of the above tests.
The reported measurements of long-term accuracy are the result of only one 
measurement at each flow rate. The result is corrected for air buoyancy effects. An 
expanded uncertainty of +/- 0.4% of set rate, based on the standard uncertainty 
multiplied by a coverage factor of k=2 should be added to all results, providing a level 
of confidence of approximately 95% for each measurement. No estimation of 
repeatability is included.

Short Term Accuracy 
BIME Test Protocol

The mathematical description of how test results are calculated is to be published 
separately and is based on proposed revisions to the International Standard IEC 
60601-2-24. It is not necessary for users of infusion technology to understand the 
mathematics. The text of the report includes comment on the clinical significance of 
the short-term accuracy measurements. The following is included for completeness. 
The data for the short-term accuracy are derived from the flow tests performed over 
24 hours. The principle behind the mathematics is that flow over a short period is 
examined to establish whether it falls within 10% of the overall mean rate for the test 
run. Flow is recorded at 30-second intervals throughout each of the test runs.



The average flow rate over the final 18-hour period is identified, hereafter 
as the mean rate.

During the last 18 hours of the test run, at every 30-second sampling interval, the flow
rate over the following P minutes where P is 0.5, 1,1.5,2 etc up to 31 minutes, is also
measured.
Starting with P = 31 minutes, and decrementing P by 0.5 minutes for each iteration, if
all samples of flow (over P minutes) are found to be less than 10% different from the
mean rate over 18 hours the next smallest value of P minutes is tested. The constancy
index is the smallest value of P for which all samples of flow (over P minutes) are
within 10% of the mean rate, and for which all flow (over P minutes) for all larger
values of P up to 31 minutes also fall within 10% of the mean rate.
All pumps are tested at 1 ml/h.
In brief, the constancy index represents the period over which the flow can be
guaranteed to remain consistently within 10% of the mean flow rate at 1 ml/h over the
last 18 hours of a 24-hour run.
It is a parameter that is defined in the draft revisions to the Standard IEC 60601-2-24
and is intended to correlate with the shortest half-life of drug that can be used with
confidence with the pump e.g for a pump with constancy index of 9 minutes, drugs of
half-life 9 minutes (or greater) can be used with confidence at all evaluated flow rates.
(Note that flow rates less than 1 ml/h cannot be tested for technical reasons).
The reported measurements for short-term accuracy are the result of only one
measurement at each flow rate. The result is corrected for air buoyancy effects. An
expanded uncertainty of +/- 1.6% of mean rate over two minutes, based on the
standard uncertainty multiplied by a coverage factor of k=2 is added to the pass/fail
criterion for each test of constancy index, providing a level of confidence of
approximately 95% for each measurement. No estimation of repeatability is included.
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2C Literature Review Project 2 - 'Accuracy of infusion - simulation as an 

alternative strategy'

NOTE: Some of the articles cited appear after the work was completed for Project 2. 
This revised work reflects new information.

1.0 Background

Infusion technology could be described as the automated delivery of intravenous 
fluids. The use of so-called 'infusion pumps' of various types dates from the early 

1970s and follows on from manually adjustable controllers where bag or bottle fluids 
were introduced intravenously by gravity through a flexible line. The only control 
possible was by manually altering the height of the bag or bottle or by operating a 
non-invasive line clamp that acted on the line to restrict flow.

Various types of electromechanical pump have been introduced such as volumetric 
and 'cassette' type pumps suitable for larger volume and rate infusions and syringe 
pumps offering small volume infusions but offering superior accuracy.

The need for accuracy of flow has resulted from the increased demand for low volume 
and low flow rate infusions of high-potency drugs in the area of intensive care 
therapy. This application area often requires flow rates below Imlh" 1 of so-called 
vasoactive drugs with short half-life. Any unwanted flow fluctuation will have an 
almost immediate haemodynamic effect i.e. blood pressure will fluctuate with dose 

error.

The international standard ISO 60601-2-24 describes the accepted method used to 
determine pump flow accuracy and the test data obtained using these methods is used 

by clinicians in deciding whether a pump is of sufficient accuracy for an application 

[4]-

Numerous instances of unexpected flow errors in operational conditions have 

highlighted system compliance and pump height movement as causes of error.



There has been an increased use of multiple pump systems where a single patient is 
receiving intravenous therapy from several pumps - often as many as six say - 

connected to a common patient fluid entry site. Instances of flow error have been 
reported in these conditions. This has prompted a special consideration of factors 
influencing errors in multiple pump systems [28].

Fundamental to this study is the difficulty in accurate low flow rate measurement 
prompting the design of suitable simulation methods to enable clinicians and 
manufacturers to correctly assess equipment under conditions which have been 
indicated as sources of unexpected delivery error e.g. vertical height displacement and 
multiple pump connection.

2.0 What has been reviewed?

This Literature Review has examined over 33 published journal articles and books 
seen as most relevant to the area of low flow rate dosing, its accuracy and errors.

3.0 Review of measurement methods

Accurate measurement of low flow rates is problematic.

3.1 Current methods

Flow rate accuracy may be defined by consideration of dosing (volume) error over a 
pre-defined time interval. If the time interval is long and the set flow rate is relatively 
large e.g. 100ml over 1 minute, then unsophisticated methods can be used to measure 
accuracy. For example, standard hospital practice would be to set a pump to flow into 
a calibrated beaker for a time interval determined by stop watch with such a method 
offering flow accuracy measurement within +/- 5% say. However, the intensive care 
application may require measurement of flow accuracy at flow rates as low as Imlh" 1 
over time intervals as small as 30 seconds - this is detailed in the ISO standard [1].

3.2 Measurement method [1,4]

The internationally agreed standard for the evaluation of infusion devices [1] ISO 
60601-2-24 details a set of procedures which have been used in the accuracy 

determination of infusion devices for over twenty years.



The methods used are also detailed by the UK MHRA [4] and have formed the basis 
of informed purchasing and use for all such instruments.

The measurement methods call for the accurate metering of fluid volume dispensed 
by the pump over time intervals as short as 30 seconds. The procedure calls for digital 
weighing apparatus of sufficient accuracy and resolution to allow for meaningful 
results [1].

The method allows accuracy to be determined only under the condition that patient 
pressure (the fluid outflow is to digital weigh system held at atmospheric pressure) is 
at atmospheric pressure.

3.3 Other possible measurement methods [33]

Numerous texts describe methods suitable for low fluid flow measurement [33] and 
the displacement of fluid weight (hence volume) with respect to time is seen as a 
possibility when considering very low set rates. However, this method cannot permit 
the easy replication of changes in system pressure and the determination of 
consequent error.

3.4 Opinion leaders [1,2,3,4]

As the largest single employer in Europe, the UK Department of Health through the 
regulatory agency MHRA [4] leads significant opinion with its use of the Bath 
Institute of Medical Engineering (Bath University). There is a general international 
consensus of opinion in the area of accuracy testing which has led to convergence of 

the European and US PDA [2,3] standards.

4.0 The influence of pump height change on accuracy of flow recognised in test
protocols

Altering pump height during infusion may disturb flow.

4.1 Vertical height change causes dosing error [1,27,28,30]

Unexpected dosing errors result when the height of the infusion pump is moved 
relative to the patient e.g. during patient transfer by ambulance say.
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The international standard [1] describes the testing of pump accuracy only at differing 
applied pump heights but not what will occur from change of height during infusion. 
The manner in which the MHRA reviews infusion pumps for accuracy is described by 
typical equipment specific reports [27] which note that pump height change during 
infusion is undesirable. More recently, the MHRA has commissioned a feasibility 
study to run over three years i.e. 2005 - 2008, specifically to consider factors such as 
pump height change on the accuracy of delivery of single and multiple pumps systems 
[28] with the work to be carried out by Brunei University and BIME.

The researcher Laheij [30] demonstrated that the phenomenon of system compliance 
can adversely influence flow delivery in multiple pump systems.

4.2 Dosing error associated with height change [5,7,10,11,24,26,31 ]

Numerous journal articles in the clinical press have described unwanted and 
unexpected flow rate errors caused by vertical height change of the infusion pump 
relative to the patient site [5,7,10,11,24,26,31].

A causal link with the system 'compliance' i.e. the ability of the extracorporeal fluid 
circuit to change volume under applied pressure was made by Kern et al [7].

5.0 The problem of fluid bolus [24,25,9]

A frequent operating condition is an occlusion due to site or line blockage that then 
deprives the patient of fluid. Usually, this occlusion is only noticed when the pump 
drive cuts out after building pressure in the occluded extracorporeal fluid circuit. The 
release of the occlusion generates a characteristic bolus of fluid into the patient 
[24,25]. Such bolus infusion is seen as dependent on system compliance suggesting 
that systems with low compliance will be preferred for high-risk applications. The 
view that accuracy is not compromised by system compliance [9] is not acceptable.



6.0 Compliance explains slow start of fluid delivery [ 17]

Infusion pumps have a characteristic time delay during which flow climbs to the set 
rate. This is seen as a factor of the system compliance and mechanical backlash [17].

7.0 Vasoactive drug delivery [12,13,21,22]

System compliance has been shown to make drug delivery accuracy dependent on 

stable system pressure. Whilst the pump height may be kept constant, a change in 

venous pressure can result from physiological change during treatment or simply by 

patient movement. Vasoactive drugs act to dilate or restrict blood vessels hence 

increasing or decreasing blood volume with consequent decrease or increase in blood 

pressure. Such medications include epinephrine, dopamine etc. which have fast acting 

effect. In intensive care, the haemodynamics of the patient should be kept constant i.e. 

no sudden change in blood pressure. Various researchers have documented 

[12,13,21,22] unwanted blood pressure fluctuations during delivery of vasoactive 

drugs that have been attributed to the vertical displacement of infusion pump acting 

on system compliance.

8.0 Air emboli increase compliance [29]

The susceptibility to error in flow caused by vertical displacement has been seen to 

increase in fluid systems that have become aerated [29].

9.0 The influence of venous pressure change on flow error

The hydrostatic gradient depends on venous pressure as well as pump height.

9.1 CVP changes with patient position [23]

This study suggests that the changes in peripheral venous pressure that may occur 

during treatment may significantly influence accuracy of low flow infusions.



Whilst peripheral venous pressure will change with limb movement, many critical 
infusions are made via a central line to right heart atrium that is at so-called central 
venous pressure (CVP). CVP has been shown [23] to vary by as much as 7.5mmHg 
in pressure when a patient is changed from supine to 45-degree elevation.

9.2 CVP measurement causes flow irregularity [22]

A traditional method of measuring CVP is to introduce sterile water in a water 
manometer to a height that balances the CVP. If contemporaneous infusion of 
dopamine is conducted, this has been shown to cause changes in the dopamine exit 
pressure [22] that results in flow fluctuation.

10.0 Use of incorrect central line [32]

Murray [32] describes how the incorrect choice of central line can cause unwanted 
dopamine infusion when rapid fluid replacement is directed through the side entry of 
a central line. This incident, and that concerning error during water manometry, can 
be explained by changes in system pressure working on system compliance to 
modulate flow.

11.0 Multiple pump connections are prone to unexpected flow errors 

Intensive care stations regularly use multiple pump patient connections.

11.1 Flow valve irregularities [18,20]
11.2

Multiple pump connection systems direct flow through various valve architectures. 
The anti-siphon valve is a mechanism designed to allow uni-directional flow. It 
requires a positive pressure to open the valve and allow flow. If the valve opening 
pressure fluctuates [18] then flow is seen to become irregular since it represents a 

varying pressure change within the compliant system.

Girish [20] describes similar flow errors traced to the use of a defective 'octopus' 

multi-pump connector unit.



11.2 Government funded investigation [28]

Brunei University has been funded to conduct an extensive study regarding flow 
errors and their causes with special emphasis on incidents reported from the use of 
multiple pump systems [28].

12.0 The use of simulation software to model flow within single and multiple 
pumps systems

Simulation offers a means of predicting flow error.

12.1 UseofMATLAB® [34,35]

Conventional flow measurement cannot determine flow errors that will result from 
venous pressure changes and multiple pump connection scenarios of use. In order to 
demonstrate the effect of such conditions a mathematical model was generated to 
simulate various single and multiple pumps situations using the MATLAB® range of 
simulation software [34,35].
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Section 3B

Formal Project Report - The design of an innovative infusion pump

1.0 Abstract

The previous phases of this study have considered the inadequacies of current 
infusion pump technology. Specifically, the problems (notably the extended time-to- 
market) associated with the safe design of an embedded-software based device [1] and 
the undesirable flow fluctuations caused by system pressure changes on system 
compliance [2].

A conclusion which was reached in the study was that medium scale safety critical 
medical electronic systems designed using re-configurable hardware modularity 
offered an improvement in the time-to-market by removing some of the steps needed 
to demonstrate fail-safety. In addition, hardware modularity might offer a potentially 
more reliable and robust design.

The problem identified as flow fluctuation due to system pressure changes has been 
integrated in the mechanical design methods used in the manufacture of infusion 
pumps. The increasing use of highly potent drug infusions at extremely low flow rates 
often in so-called multiple pump systems has led to increased notification of 
undesirable flow fluctuations influencing the health of patients. An UK government- 
funded investigation is currently active. The study is by Bath Institute of Medical 

Engineering and Brunei University [3].

This study considers the various infusion pump design strategies common in the 
market place and suggests an alternative design strategy based on small volume low 
compliance components that may be used to provide an infusion system that is largely 
uninfluenced by system pressure fluctuations. A reciprocating syringe mechanism is 
presented which forms the basis of a patent application [4]. It offers a novel and 

innovative solution thought impractical by previous research publication [5].



Low flow rate accuracy and relative immunity from the compliance related flow 
errors of conventional infusion pumps is demonstrated using measurement techniques 

identical to the current International Standard ISO 60601-2-24 [6]. The use is made of 

special measurement software designed specifically for the demonstration [7].

2.0 Introduction

The use of infusion apparatus is widespread in hospital departments.

2.1 The evolution of medical infusion pump systems

The infusion pump is a relatively recent instrument used in drug solution therapies. 

Whilst the infusion of saline solution by force of gravity from bottle or bag suspended 
above the patient has been used in trauma treatment for many years, the use of a 
motor assisted pumping mechanism dates from the 1960s. This study will briefly 

outline the major system design techniques that have been introduced and comment 
on their usefulness and limitations.

2.2 Infusion system techniques -The Gravity Infusion Pump

In this type of system, a fluid reservoir, which may be a bag or bottle, is suspended 
above the patient at a height such that a hydrostatic positive pressure difference is 
established between fluid reservoir and patient infusion site. In this type of system, 
flow regulation is achieved by the opening or closing of a motorised clamp on the 

infusion line causing more or less restriction to flow. A drip chamber below the 
reservoir bag includes an optical drip counter that is used as a feedback mechanism to 

the clamp i.e. when drip rate slows the clamp opens. Such a system may be in the 

form given by Figure 1.
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Figure 1: Gravity Infusion Pump

In this type of system, the hydrostatic differential between patient and reservoir bag 
constitutes the fluid motive force. Opening the occlusion clamp will increase flow but 
the flow range available will be dependent on the height of reservoir and 'back 
pressure' from the patient site.

The infusion pump offers two potential sources of hazard - namely under or over- 
infusion. In the gravity device, since there is no motorised flow, over-infusion is 
protected. However, increased restriction to flow will tend to reduce flow rate 
although the control algorithm used to open the line clamp should largely compensate. 
The control of flow does, however, rely on accurate measurement of rate of fall of 
drops within the drip chamber. A fundamental problem exists in that, whilst drip rate 
measurement can be exact, the droplet volume may and will vary with such 

parameters as temperature and fluid viscosity.

2.3 Infusion system techniques - The Peristaltic Infusion Pump

This type of infusion pump was the first infusion system employing positive motor- 

generated pumping pressure to regulate flow.



It consists of the same components as the Gravity Infusion Pump but replaces the non- 
invasive line clamp with a peristaltic pump head operating on a length of trapped 
infusion line. As such, the main difference is that the peristaltic pump can provide a 
positive pumping pressure to the patient site independent of the height of reservoir 
bag. This type of instrument has been largely phased-out of use since the peristaltic 
pump head mechanism cannot accurately regulate flow. The fundamental features of 
the typical instrument are shown in the diagram Figure 2.
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Figure 2: Peristaltic Infusion Pump ©MHRA London



2.4 Infusion system techniques - The Volumetric Infusion Pump

This type of instrument has been in use since the early 1980's. It differs from the 
rotary peristaltic pump system in that the pumping head is designed to compress a 
precise segment of the infusion line in a controlled wave-like linear peristaltic action 
to force through fluid at a rate determined by the linear movement of the mechanism 
working on a constant diameter line section. The instrument is suitable for medium to 
high flow rates i.e. above lOmlh" 1 and in a range up to 1000 mlh" 1 say. Below lOmlh" 1 , 
this type of instrument design is incapable of providing short-term accuracy sufficient 
for many clinical applications. The diagram Figure 3 below shows the principle of 
operation of the 'volumetric' pump system.
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Figure 3 - The Volumetric Pump © MHRA London



2.5 Infusion system techniques - The Cassette Pump

Various attempts have been made to design pumping systems that allow good short- 

term accuracy but permit a wide range of flow rates. Probably the most successful 

system is the so-called 'cassette-pump' design of the company Alaris®. In this 

system, very small (typically O.lml) fluid boli are infused due to the action of a 

reciprocating pumping mechanism incorporating within a disposable 'cassette' a fixed 

volume plunger pump and a rotary valve to alter flow direction from reservoir to 

patient site. This system works to expel the full volume of fluid within the plunger 

cavity to the patient thence changing the valve position to pull an equal volume of 
fluid from the reservoir to the plunger cavity prior to the next bolus delivery. The 

system is accurate but, at low flow rates, the flow reflects the plunger pump bolus 
volume and is pulsatile in nature. The arrangement is shown in Figure 4.
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Figure 4 - The Cassette Pump © MHRA London



2.6 Infusion system techniques - The Syringe Infusion Pump

The accepted method of accurate short-term infusion at low flow rates i.e. < 5mlh" is 

the syringe infusion pump system [8]. A linear actuator operates on the plunger of a 

disposable plastic syringe. The syringe size is commonly 50ml for intensive care 

instruments. The plunger of the syringe is moved relative to the constrained syringe 

body, expelling fluid from the syringe towards the patient site. Accuracy is clearly 

dependent on the accuracy of the linear actuator movement and the mechanical 

consistency of the syringe bore dimension. The mechanical detail of a syringe pump is 

shown in Figure 5.
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Figure 5: The Syringe Infusion Pump © MHRA London



3.0 Problems associated with infusion systems - flow accuracy

All infusion systems attempt to provide 'accurate' infusion. However, all of the above 

infusion systems, with the exception of the syringe infusion pump, are incapable of 

providing the short-term accuracy required by many intensive care 'high-risk' 

infusions. These infusions are often of short half-life drugs [8] (half-life in the order 

of several minutes say) and at very low flow rates (typically Imlh" 1 ).

The measurement methods incorporated within the internationally agreed standard 

protocol ISO 60601-2-24 [6] have been previously discussed [2].

At flow rates above approximately lOmlh" 1 , the difficulty of achieving short-term 

accuracy decreases. Proportionally larger volumes are expelled in the short-term 

observation interval and the volume fluctuation that produces the same percentage 

flow error at lOmlh" 1 as at Imlh" 1 increases by a factor of 10. As such, the design of 

the pumping system becomes less relevant and short-term accuracy is achievable by 

most pump technologies.

It should be considered that, at low flow rates, the volume displaced to the patient is 

extremely small over minute-by-minute intervals e.g. at Imlh" 1 the volume displaced 

to the patient site will be 16.67ul. At a flow rate of lOmlh" 1 this will be 166.67ul.

Whilst only the syringe infusion pump can offer low flow accuracies of typically less 

than 10% [8] over intervals of one to two minutes of elapsed time, the syringe 

infusion pump can only dispense a total volume equal to the syringe volume. If the 

infusion is to be continued, the syringe must be replaced and the infusion re 

commenced. Also, syringe pumps usually limit maximum flow rate setting to 

lOOmlh" 1 so that, even using the largest syringe (typically 50/60ml), the syringe will 

require replacement every half hour. This is an undesirable nursing overhead.

The UK MHRA does not mandate the required accuracy of infusion pumps but, in a 

series of open-access evaluations of manufactured product [9], it allows the user to 

select equipment according to published guidelines [8].



Figure 10 demonstrates typical accuracies obtained with types of infusion device and 

is printed with permission of the MHRA - the 'ambulatory' pump characteristic refers 

to a portable rudimentary device.
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Figure 10: Accuracy of infusion technologies © MHRA London

3.1 The need for low flow rate infusions

It might appear that one possibility to improve delivery accuracy would be to dilute 

the medication and increase the flow rate to a level at which compliance generated 

fluctuations are insignificant. However, many medications cannot be easily diluted or 

mixed with other drugs - they may loose their efficacy, for example. This explains the 

current practice in intensive care therapies of using multiple pump systems where the 

drugs only come together at the patient site. Laheij [22] suggests that typically, the 

intensive care scenario may include at least two syringe infusion pumps and often 

more than six.
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There is a secondary reason why low flow rate concentrated solutions are considered 
for infusion - this relates to the clinical need not to alter the body fluid volume where, 
in neo-natal situations for example, a variation of 10ml in fluid volume might be a 
significant total volume change. It is almost certainly the case that the therapies that 
have been developed have exceeded the level of current infusion pump development.

3.2 Undesired bolus delivery

In order to accommodate flow into a patient site through the flow restrictions of line 
and cannula a positive pumping pressure is required. It has been recognized that line 
or infusion site occlusion (blockage) is an operational possibility in clinical practice. 
This may result from the cannula becoming blocked or a kink in the infusion line set. 
A pump capable of providing positive pressure on the infusion solution will continue 
to operate either until a pre-set pressure 'cut-out' point is reached or until the 
mechanical load seen by the mechanism is too great. In either case, when the cause of 
the blockage is removed, fluid will be ejected as a bolus volume into the patient site. 
This undesirable phenomenon can be reduced in some pump designs by causing the 
pump to 'pull-back' i.e. reverse direction to reduce the fluid pressure so that when the 
blockage is removed a lesser bolus is expelled.

The bolus delivery will be proportional to the mechanical compliance of the system 
and is typically 0.5ml bolus volume for an occlusion pressure of SOOmmHg (a syringe 
pump example) although can be much higher.

Informed opinion has regarded the positive pressure built up on occlusion as the cause 
of the problem whilst this study will seek to demonstrate that the system compliance 

is to blame.
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3.3 Airemboli

The infusion of air into the patient site is considered a serious potential hazard. As 
such, most infusion pumps incorporate some form of non-invasive air detector (often 
optical) which will respond to air bubbles greater than 1 OOul in volume and cause the 
pump to cease operation and close the circuit to the patient by electromechanical 
clamp working on the infusion line between pump mechanism and the patient site.

The syringe pump is not usually fitted with an air detector - the assumption is that the 
possibility of air entering the syringe and line set combination is acceptably low.

3.4 Freeflow

If the fluid reservoir is situated above the patient site (usually the case) there is a 
possibility of 'free flow' often referred to as siphoning. In this condition, due to the 
hydrostatic differential fluid may start to flow freely from reservoir in an uncontrolled 
manner into the patient site. In a volumetric infusion system this could result from the 
line becoming detached from the peristaltic pump head or in a syringe pump, the 
plunger becoming unrestrained.

3.5 Extravasation

The phenomenon of extravasation occurs where, instead of fluid flowing into the 
vascular space, it attempts to enter the tissue surrounding the vessel. This can occur 
by the rupturing of the vessel wall by the cannula. The exact causes of extravasation 
are still not certain [8] but it is recognized as a serious concern particularly in neo 

natal applications.
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3.6 Flow variation due to pump height change

Various researchers have observed unwanted flow rate errors caused by changing the 

height of the pump during infusion [10,11,12]. The magnitude of the flow error has 
been seen to be proportional to the size of the syringe being used [13] and to the 
mechanical compliance of the system.

3.7 Time to alarm on occlusion

If fluid ceases to flow to the patient site, it is very important that nursing personnel 
should quickly recognize this condition. Unfortunately, at very low flow rates, 
practical mechanisms that can be used to detect cessation of flow are limited. In the 
event of an occlusion to flow, the pump will continue to pump until a set alarm 
pressure point is reached. The combination of low flow rate and a compliant 
extracorporeal fluid circuit means that the time to achieve the 'cut-off pressure may 
be as long as 20 minutes at flow rates of Imlh" 1 . Again, the problem of time delay is 
related to compliance - a low compliance system would achieve the set cut-off 
pressure at a earlier point after occlusion.

3.8 Start up time

The time taken for the pump to generate stable flow at the desired set rate after patient 
connection is referred to as the 'start-up time'. All mechanical systems will have 
inertia or slack and manufacturers often offer a 'priming' feature for their instruments. 
This usually takes the form of a mode in which the pump can be run for a limited time 
duration at an elevated priming speed without the patient being connected. Fluid is 
allowed to exit the infusion line and then the machine can be reset to normal 
operation, a desired rate entered, the patient connected and infusion commenced. The 

start-up time is also influenced by the compliance of the system components.
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4.0 Typical commercial equipment performance - how does a typical instrument 
address the design constraints?

The MHRA (Medicines and Healthcare Products Regulatory Agency) as the technical 
arm of the UK Department of Health regularly reviews the functional performance of 
equipment new to the market and often publishes technical evaluation reports on-line 
for the use of health professionals [14,15,16].

This study has considered data provided from such reports but also data obtained by 
laboratory testing of a representative syringe pump infusion system - the TOP-5100 
manufactured in Japan. Equipment testing by the MHRA through the test facility at 
Bath University (Bath Institute of Medical Engineering) requires a manufacturer to 
submit a sample of the product for testing. It was considered that the testing of a 
randomly selected instrument would be more representative than an instrument 
produced specifically for evaluation.

4.1 Test results from the TOP-5100 syringe pump - a typical intensive care 
syringe pump

The TOP-5100 is a current generation syringe infusion pump used in intensive care. 

4.1.1 Low flow rate characteristics

The instrument was connected to a standard syringe infusion extension set ( Alaris® 
1.5m length 1.5mm bore ) - syringe BD Plastipak® 50/60ml and pink Venflon® 
cannula to a precision weighing instrument Atrax® AY 120 (0.1 mg). The 
measurement procedures followed the industry-accepted guidelines of ISO 60601-2- 
24 [6].

4.1.2 Measurement of 1 mlh" 1 flow rate

The instrument was 'primed' by running at an elevated infusion rate before operation 
was stopped, the rate set to Imlh" 1 and then resumed. The flow characteristics were as 
shown in Figure 11.
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Figure 11: TOP-5100 syringe pump flow characteristic Imlh"

In Figure 11, flow calculations were performed every second to generate raw data. 

The graph shows this data subjected to a 30 second moving average filter. Of 

particular significance is the time taken to stabilise flow (ca. 700 seconds from start) 

even after priming. The pump was switched off at time 1245 seconds after start and 

flow was seen to continue at reducing rate until approximately 1300 seconds from 

start i.e. over a period of 55 seconds.

The response of the instrument when not 'primed' is shown in Figure 12. In this case, 

the 'start-up' time is extended to approximately 2000 seconds i.e. 33 minutes - again 

the flow is seen to continue even after the pump is switched off at 2900 seconds after 

start.
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Figure 12: TOP-5100 syringe pump flow characteristics Imlh" 1 unprimed

4.1.3 Flow disruption due to change in pump height

The pump was raised 300mm at time 155s then returned to reference level at time 
345 s. Note - Figure 13 - the increased flow rate in the period 170s to 325s and the 
slow return to set rate of Imlh" 1 from time 352s.
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The International Standard ISO 60601-2-24 [6] Section 50-102 advises that the flow 

accuracy testing should be performed for patient back pressures of +/-100mmHg - 

since the protocol measurements are to an outlet held at atmospheric pressure, these 

'back pressures' can only be set up by altering the fluid reservoir height relative to the 

outlet point for fluid from the system. They are intended to determine that the pump 

will produce no significant long-term error when required to pump against pressures 

other than atmospheric. These tests do not test the pumps ability to deliver without 

significant error when there is any short-term change in site pressure or pump height.

In the UK, the BIME [9] is mindful of the reported errors due to height change and 

has introduced additional testing which monitors flow error when, at a rate of Smlh" 1 , 

the pump height is first raised by 136cm (equivalent to +100mmHg) then, after flow 

has stabilized, lowered by 272cm (equivalent to -lOOmmHg). A typical response is 

shown in the following diagram Figure 14 reproduced, with acknowledgement, from 

the definitive MHRA Bulletin [8].
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Figure 14: MHRA© test data - height testing

This study used a modified height test, as detailed in Figure 13, to test the ability of a 

syringe infusion pump to tolerate height change without generating flow error. The 

data obtained in the protocol described by Figure 13 is arguably more significant 

since it monitors pump characteristics at a slower flow rate more susceptible to 

compliance generated flow fluctuation.
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Figure 15 and Figure 16 show expanded time curves allowing the flow discontinuity 

resulting from height increase and decrease to be examined in more detail.
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4.2 Conclusions - syringe pump TOP-5100 evaluation

A commercial 50ml syringe infusion pump (TOP-5100) can provide accurate flow at 
low flow rates i.e. Imlh" 1 . However, if the pump is not 'primed', the start-up delay 
may be as great as 33 minutes. Even priming the pump results in stable flow only 
being assumed after 700 seconds i.e. 11.6 minutes after start-up.

A simple height change in the pump relative to the outlet site was seen to cause a 
significant flow disruption. On raising the pump by 300mm, equivalent to a change in 
pressure of ca. 22mmHg, the flow was seen to suddenly increase then fall back 
rapidly - however, for a significant time period - see Figure 13 - (i.e. time 170 
seconds through to 340 seconds) - the flow was seen to be almost double the Imlh" 1 
set rate. Also, when the pump was returned to its reference height at approximately 
350 seconds the flow was zero for approximately 20 seconds and climbed slowly 
towards the set rate thereafter reaching approximately Imlh" 1 at time 420 seconds.

Both the start-up delay and the characteristics of flow during the height test can be 
attributed to system compliance. The period of zero flow when the pump is returned 
to reference has been observed by the Bath Institute of Engineering and included in 
the definitive MHRA document Bulletin MDA 2003(02) [8] but without explanation 
- see Figure 14 above. One explanation may be that the syringe 'lugs' are pushed 
back under a negative pressure and the pump must run for a period before this slack is 
fully taken up and drug delivery re-commences.

If the features detailed by the MHRA [8] as necessary for a high-risk, so-called 
'Category 'A", infusion are considered, poor start-up, unacceptably high occlusion 
bolus and proneness to flow fluctuation during infusion due to height change will be 
negative factors in choice of a suitable apparatus. All syringe infusion pumps suffer 
from such negatives as can be verified by examination of the open-access MHRA 
equipment reports [14,15,16] and that this is due to the small but, at low flow rates, 

significant compliance inherent in the equipment design.
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It might be suggested that if height change of apparatus is avoided during infusion and 
some form of 'pull-back' mechanism (previously mentioned to run the pump 
momentarily in reverse when a line occlusion is detected) is incorporated in the 
design, that a syringe pump may be largely immune to errors due to height change and 
occlusion bolus infusion. However, no such activities will prevent flow errors due to 
fluctuation in patient venous pressure. This consideration formed a large part of 
Project 2 [2] submission of this study and consequent publication [17,18,19].

5.0 Why are syringe infusion pumps designed with built-in compliance?

The history of the design of syringe infusion pumps would suggest that, in the early 
years of use (early 1980s) the majority of drug infusions were either not high-risk or 
flow errors consequent at low flow rates were not identified. The manufacturers were 
encouraged to design equipment which could accommodate the available range of 
disposable syringes with the greatest market possibilities for instruments that used 
both the largest commonly available syringe type e.g. 50/60ml and also could accept 
syringes manufactured by the most successful disposable syringe manufacturers over 
a wide range of flow rates. The manufacturer saw the design of the pump as an 
engineering exercise requiring a fail-safe philosophy coupled with a requirement for 
mechanical accuracy of delivery. For the syringe pump, the accuracy is limited by the 
quality of the linear drive mechanism leading to manufacturers specifications often 
listing 'mechanical accuracy' as a parameter [20].

Manufacturers have built-up a large market based on designs utilizing 50ml 
disposable syringes and associated extension line sets and would be reluctant to 
change design philosophy unless such change was regulated.

Whilst some journal articles started to appear [21], it is likely that many instances of 
patient vital sign disturbance caused by flow fluctuation may have been missed and 
interpreted as physiological changes occurring as part of the patients deteriorating 

condition.
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However, the number of reported instances have been such that the characteristics of 
low flow rate infusion systems has been designated as a 'hot topic' within the UK 
MHRA and elsewhere. In particular, there have been reported instances of unexpected 
flow irregularities in multiple pump systems now becoming commonplace in 
intensive care stations. Laheij [22] details an empirical study into the disturbance 
caused in a dual pump scenario subjected to patient site occlusion. The UK 
Department of Health study commissioned for completion by Brunei University 
describes one of the main objectives as establishing an understanding of the low flow 
dynamics of pump systems [3].

6.0 How could an infusion pump system be designed to offer low compliance? - 
Current commercial activity

This study has identified only one research group considering fundamental design 
change as a solution to compliance related flow error. The team, led by Dr Markus 
Weiss, from the Department of Anaesthesia, University Childrens' Hospital, Zurich 
have been active peer-reviewed journal contributors [12,23,24,25,26,27,28,29].

A review of a miniature syringe pump with reduced compliance and increased low 
flow accuracy - the Panomat® - was described [28] in 2002.

Of more significance, is a patent application [30] - priority date May 2003 - which 
describes the design of a pump head mechanism which might be attached to the output 
of most infusion devices.

The principle is very similar to that patented in the design of the previously described 
'cassette-pump' system. A small bolus of fluid is ejected towards the patient at every 
rotation of the pump head. The inventors claim that their concept differs from the 
cassette principle in that it can work despite the lowering of any reservoir that, they 
claim, is a limitation of the patented cassette pump. Each rotation of the pumping 
head will expel typically 0.01ml or 0.001ml (dependent on machining). The claim is 
made that the reservoir and attendant compliance is isolated from the patient so the 

system should be protected from compliance errors.
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However, the similarity with an existing cassette mechanism would provoke legal 
argument and, most significantly, the fluid delivery by small bolus would create short- 
term flow accuracy problems at low flow rates. No commercial realization of this 
patent has yet reached the market.

7.0 Suggestions to improve low flow rate accuracy

The most obvious suggestion to improve performance would be to engineer infusion 
pumps that utilize smaller syringes reducing the overall volume of the extracorporeal 
fluid circuit and having less compliance due to the reduced volume. Such apparatus 
should utilize rigid components - the system line extension set carries significant 
volume and will have its own compliance. This is also a conclusion of Weiss et al 
[30]. Without some design innovation, the use of smaller syringes is not a practical 
solution. The Panomat® infusion pump system provides for accurate low flow rate 
infusion by use of a specially engineered small 10ml syringe which has a rigid 
mechanical coupling to the linear actuator needed to force the plunger and hence fluid 
forward. The main disadvantage of this instrument is that it is suited for low flow 
rates only. In order for an instrument to be commercially successful it must offer as 
many treatment possibilities as possible. Repeated syringe change during treatment is 
undesirable due to the implied nursing overhead and therapy disruption.

8.0 A prototype design using a reciprocating syringe principle

This study investigates the design of an infusion pump instrument that utilizes a 
reciprocating syringe mechanism where fluid is dispensed to the patient under normal 
plunger operation from a linear actuator. At a preset interval (1ml of infused volume 
say), the fluid circuit to patient is cut-off and a reservoir fluid supply connected by 
mechanical valve to the syringe. The syringe plunger is then withdrawn to pull fluid 
from the reservoir before the valve is operated on to connect fluid from syringe to 
patient and normal forward plunger movement resumed. The concept is shown 
diagrammatically in Figure 17 that also forms the basis of a UK Patent Application 

[24].
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The syringe plunger was rigidly fixed to the end of a precision linear actuator (Type 
Zaber® NB 11 30) offering stepping resolution of 6.35um per step and 18N thrust 
with a maximum speed of 20mms" 1 at reduced thrust.

The rotary valve used in the latter part of the investigation was a standard '3-way' 
valve attached to a servo actuator with customized coupling from servo to valve.

The diagram is reproduced directly from the patent application without further 
comment. The major claims for the application are:

(i) Use of small syringe and rigid components 
(ii) Use of a constant volume change-over valve
(iii) The performance of an operation sequence to stabilize flow before change 

over to patient.
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Figure 17: Syringe infusion pump prototype - GB Patent drawing detail
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This concept may seem to be lacking in originality. However, in order to work 

successfully, it must overcome a number of significant problems in realization.

1. The syringe must be capable of repeated forward and backward movement 

without degradation of flow performance.

2. The change over of fluid connection from the syringe outlet alternately to 

patient or to reservoir must not introduce flow fluctuation i.e. the valve 

operation must maintain constant volume when switched.

3. Any system backlash must be removed before flow is resumed to the 
patient.

8.1 Initial investigation

The Bath Institute of Medical Engineering was consulted as an accepted opinion 

leader in infusion therapy techniques. The advice was that, in their opinion, such a 

simplistic design would not work citing the benchmark publication concerning the 

degradation of syringe performance with fluid storage and re-use [25]. Syringe 

manufacturers mark their products as 'for single use' primarily to remind users of the 

importance of avoiding cross-contamination. Capes et al [5] were able to demonstrate 

that repeated use of disposable syringes resulted in a change in the frictional 

resistance to plunger operation due to degradation of lubricant and possibly also due 

to some plunger deformation. It was suspected that since the investigation by Capes et 

al dealt with the use of syringes in compliant pump systems that, if the compliance 

could be largely removed, the variation in friction of the plunger would not result in 

the pulsatile and non-linear flow reported in the article.

8.2 Repeated syringe operation yields continuing accuracy of flow

During the investigation, two types of syringe were considered - the 2ml and 5ml BD 

Plastipak® . The 2ml syringe was selected as having a smaller volume and hence 

compliance and superior start-up characteristics (linked to lower compliance). A 

series of repeated tests were performed in which fluid was drawn into the syringe then 

expelled to the patient site - the test syringe was not changed over a period of 3 weeks 

and remained fluid (water 20° C) filled throughout.
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The following curves are representative of performance and were constructed from 

data obtained at the end of the 3-week period. Figure 18 shows the flow at a set rate of 

Iml/h (after testing it was seen that the flow rate setting was +4% in error but it was 

not thought necessary to repeat the tests). Figure 19 shows the 'start-up' when there is 

no priming of the syringe. They may be compared with the data obtained for the 

'commercial' 50ml TOP-5100 syringe pump data Figure 11 and Figure 12. The 

prototype pump shows very fast stabilization of flow and, even after 3 weeks of 

repeated use, the +/- rate error is within +/- O.lmlh" 1 on the set rate of Imlh' 1 if the 

electronic offset mentioned above is considered.

As a source of additional comparison the 'primed' performance curve for Imlh" 1 flow 

taken from a MHRA evaluation report for the CODAN SY-P Argus 600 D Syringe 

Pump gives the data shown in Figure 20.

It would appear that repeated syringe use can still yield excellent flow accuracy and 

that a design with syringe re-use may be successful.
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Figure 18: 2ml syringe flow at Imlh" 1 after priming and characteristic at switch off
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8.3 Prototype system compliance

In order to compare the 'compliance' of the prototype system with that of the 
commercial example (TOP-5100), an identical 'height test' was conducted i.e. the 
pump was set to infuse at Imlh" 1 and raised 300mm at time 155 seconds after start of 
data record and then returned to reference height at time 345 seconds for start. The 
results are detailed in Figure 21.
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Figure 21: The 'height test' - 2ml syringe pump raised 300mm at time 155 seconds 
and returned to reference height at time 345 seconds

The spike at time 155 can be explained by the compliance of the Alaris® extension 
set. This line set is soft plastic - a rigid 'coiled' line set could be used. The effect of 
height displacement is significantly reduced when compared with the 50ml TOP-5100 

syringe pump.

8.4 Using the rotary valve to fill the syringe from reservoir

The prototype pump linear actuator was a Zaber NB 11 30 stepper motor drive 
component. The system is an open-loop controller where steps per second relate to 

speed of linear travel.
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The step rate had been chosen to approximate Imlh" 1 but (as seen in Figure 22) the 

set rate was offset by approximately + 4%. Figure 22 shows stable flow at Imlh" 1 

interrupted by a 'fill cycle'.

The 'fill cycle' consisted of operating on the rotary valve to connect syringe to 

reservoir and disconnect to patient site - taking approximately 2 seconds - followed 

by running the linear actuator in fast reverse for approximately 10 seconds drawing 

fluid from the reservoir into the syringe. The pump actuator was then operated fast 

forward displacing fluid back into the reservoir for 1 second to stabilize the forward 

flow. Finally, the rotary actuator was operated on to reconnect syringe to patient site - 

again taking approximately 2 seconds. The objective of this investigation was to 

determine whether flow at Imlh" 1 could be restored quickly after the 'fill cycle'. The 

graph of Figure 22 has data subjected to a 30 second moving average filter (the case 

for all tests except height test) which explains why flow rate does not appear to reach 

zero during fill. The disruption to set flow takes approximately 20-30 seconds on a 

process which lasted 15 seconds.

T-CNCNICMCNJCOCOOOOO

Figure 22: Flow performance at Imlh" 1 including a 'fill cycle'

8.5 Could 'fill' performance be improved?

The linear actuator is rated to a maximum speed of 2cms"' although at reduced thrust.
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The 2ml BD Plastipak® syringe calibration shows 1.7cm is equivalent to 1ml so that, 

in theory, we might be able to accommodate the filling of the syringe with 1ml within 

2 seconds. The speed of servo operation is rated for better than 90° of movement (the 

required angle of operation) in 300ms suggesting that the two operations of the valve 

should be accomplished within 1 second. If the priming time is left unchanged, the fill 

sequence time could be reduced from the 15 seconds used in the investigation to 

approximately 4 seconds say with corresponding reduction in the flow discontinuity 
shown in Figure 22.

9.0 Conclusions

The investigation incorporated the complete prototype functionality of operation 

followed by periodic filling of the syringe and re-use. The short-term accuracy of flow 

at Imlh" 1 compared with the best commercial examples of good manufacturing and 

design practice. It was determined that small syringes offer low compliance and can 

be repeatedly re-used without significant flow degradation.

The filling operation in the prototype was successful but might be significantly 

reduced in time making the flow disturbance during 'fill' smaller. At Imlh" 1 we would 

require a 'fill cycle' every hour. As the pump speed increases the fill demand will 

increase proportionally e.g. every 12 minutes for Smlh" 1 . However, at higher flow 

rates the discontinuity caused by filling will be of lesser significance as it will 

represent a smaller part of the fluid volume dispensed over a set measurement 

interval.

If the prototype were to be used for the standard flow rates set by most commercial 

50ml syringe pumps i.e. O.lmlh" 1 to lOOmlh" 1 , then at the fastest rate of lOOmlh" 1 a fill 

cycle would be needed every 36 seconds. At this rate the rate of fluid movement 

would require a small compensation to fluid volume after each fill event to prevent an 

overall long-term under-infusion.

A significant problem with conventional syringe infusion pumps is the extended time 

to alarm when a blockage or occlusion to flow occurs.
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The linear actuator used in the investigation provided no output signal to indicate a 
stall of the linear actuator under conditions of occlusion. However, it was noticed that 
motor stall could be indicated by an audible double click on step command and that 
this occurred approximately 2 minutes and 45 seconds after occlusion occurred at 
Imlh in test conditions and the corresponding bolus release on removing the 
occlusion was in the order of approximately 30ul of fluid. This represents a significant 
improvement on the commercial apparatus.
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3C Literature Review - 'The design of an innovative syringe pump' 

1.0 Background

Electromechanical infusion devices (pumps) have evolved over the last 40 years. 

Initially, a non-invasive pump mechanism was used to displace infusion fluids from 

bag or bottle reservoir to the patient site. This kind of peristaltic pump naturally 

followed from the battlefield method of fluid infusion using bag or bottle suspended 

at height above the patient and allowing fluid flow due to hydrostatic pressure 

gradient. The increase in fluid based therapies and specifically low flow rate, high 

potency, solutions has led to a demand for greater accuracy of delivery.

The introduction of mass produced plastic disposable syringes prompted the design of 

linear mechanical actuators that could be made to operate on the syringe plunger so as 

to control fluid flow. It was found that this type of 'syringe pump' was significantly 

more accurate than any of the alternative peristaltic type instruments but suffered 

from the fundamental problem that the infusion volume was limited to the syringe 

capacity. Most equipment design information is not in the public domain and is 

manufacturer specific. However, in the UK the Bath Institute of Medical Engineering 

[9] acts on behalf of the Department of Health (MHRA) to evaluate all equipment 

being placed for sale in the UK with highly detailed functional performance 

parameters being described in a series of evaluation reports. These reports are open- 

access and typically provide the end-user clinician with appropriate information on 

which to base a purchasing or use decision [14,15,16].

2.0 The design requirements

In order to reduce the incidence of design related harmful incidents i.e. 'hazards', an 

international consensus has derived a set of standards which form the basis for the 

evaluation of equipment and, for the manufacturer, provide useful information 

regarding what is expected of the design. The definitive standard ISO 60601-2-24 

relating to medical infusion devices is variously interpreted regionally by the EU and 

the PDA as well as The British Standards Institute [6] for example.



This standard concerns itself with electrical safety of the equipment i.e. prevention of 

electric shock to the user as well as details of functional performance such as flow 

accuracy measurement. It does suggest the requirement for equipment to satisfy 

immunity from the harmful consequences of the 'single point of failure' as defined 

originally by the German TUV organization [31]. The MHRA definitive document [8] 

provides a thorough description of the current (as of 2003) range of developed 
infusion apparatus, their limitations and areas of application.

3.0 Why the need for change in design?

The range of infusion therapies now covers the so-called 'high-risk' or 'Category A' 

infusions. This area of use refers to neonatal infusions, the infusion of drugs with 
short half-life and drugs with a 'narrow therapeutic margin' [8]. The MHRA in the 

UK as well as other agencies has become aware of the increasing incidence of 
unexpected flow errors in infusion apparatus being used in 'high-risk' areas such as 

intensive care. The frequent use of multiple pump systems often sharing a common 
patient site is of particular concern and has led to a government funded long-term 

investigation [3].

Krauskopf et al commented in 1996 on the influence of hydrostatic pressure changes 
on the accuracy of low flow rate infusions [11] with numerous subsequent researchers 
investigating the influence of pump height movement during infusion and consequent 

errors [10,12,17,18,19].

4.0 The influence of system compliance on flow error

Investigators [24] have seen that flow irregularity can be caused by small ingress of 

air into the extracorporeal circuit and also that [28] infusion pumps exhibit a slow 

start-up i.e. they take an undesirably long time to commence flow at the commanded 

rate. Also, at low flow rates, flow is seen to continue for an unwanted period after the 

pump has been 'stopped'. All of these observed phenomena are now linked to the 

influence of system compliance on flow.



The infusion system i.e. pump, extension line and patient connection point are not 

completely rigid and will expand under applied fluid pressure. The influence of small 

changes of line set volume under pressure has been reported separately [26].

5.0 Current design developments

In order to provide optimum flow accuracy at low flow rates, it would seem that a 

system with as low a compliance as possible is indicated. A miniature syringe driver, 

the Panomat 10 ® was reviewed [23] which reduced system compliance by 

integrating the linear actuator directly with the syringe plunger and by using a small, 

low volume syringe. By reducing overall volume and mechanical 'backlash' an 

infusion device was produced with excellent accuracy and immunity to the recognized 

problem of height change during infusion. However, the maximum infusion rate was 

low and the total volume infused was limited to syringe size.

The same research group [23] has been associated with a patent application for a 

pumping mechanism that can be placed between a conventional pump and the patient 

site [30]. The design embodied by the patent appears to offer pulsatile flow in the 

same manner as the so-called cassette pump system and may be in contravention of 

patents held by other manufacturers. This interesting proposal may, however, have 

good commercial possibilities.

6.0 A design proposal

The design idea suggested by this study deals with a small volume syringe - hence 

small compliance - being repeatedly filled from a connected reservoir and emptied at 

a desired rate to the patient. The use of a syringe and 'change-over' valve to 

accomplish this strategy forms the basis of a patent application [4]. The repeated use 

of a disposable syringe has been suggested as inappropriate for this type of design [5] 

however, the results of this study would show that such a system can be successfully 

employed to generate high accuracy infusions of a continuous nature.
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3D 'An innovative syringe pump design offering improved flow rate accuracy'

1.0 Abstract

Intensive care intravenous therapy often involves the infusion of short half-life 

vasoactive drugs at controlled low flow rates. This type of treatment regime requires 

dosing constancy to prevent unwanted haemodynamic fluctuations. The syringe 

infusion pump that utilises a disposable plastic syringe operated on by a precision 

linear actuator is regarded as the best instrument for this range of applications. This 

type of instrument will exhibit unwanted flow errors due to the 'compliance' of the 

system i.e. its ability to deform under applied pressure. Such pressure changes can 

result from change in pump height during infusion or to change in venous back 

pressure from the patient site. The use of smaller syringes and rigid components can 

reduce these errors but would require frequent syringe change if continuous infusion 

is required. This paper suggests the design and evaluation of a reciprocating syringe 

mechanism that results in a system largely immune to height change errors and which 

can accommodate prolonged infusion without syringe change.

1.1 Methods

The flow rates used in intensive care are typically between Imlh" 1 and Smlh" 1 . 

Measurement of such low flow rates requires the use of a system which measures the 

displacement of fluid onto a precision digital weighing platform over timed intervals 

as described by ISO 60601-2-24 [1]. A custom designed software application was 

developed [2] which allowed the capture of weight change data at timing intervals of 

typically 1 second and both plotted the resulting flow rate characteristics directly and 

saved the data to a .csv data file for subsequent analysis. A syringe infusion pump 

prototype system was designed.

A precision linear actuator was operated on by a stepper motor driven at the 

commanded rate by the action of a microcontroller.



The microcontroller programme was also designed to operate on a rotary valve 

allowing the miniature syringe to be disconnected from the patient site and filled from 

a connected fluid reservoir. A disposable 2ml BD Plastipak® syringe was used. A 

series of flow rate tests were designed and performed on the prototype syringe pump 

and compared with results obtained by performing the same tests on a commercial 

system (TOP Syringe Pump 50ml). Comparison was also made with published 
evaluation reports for a number of commercially available systems.

1.2 Results

The 'steady-state' flow at Imlh" 1 compared very well with the best commercially 
available syringe pump systems. The 'start-up' time taken for the prototype at Imlh" 1 

(time taken to deliver at the commanded rate) was measured at approximately 20 

seconds compared with the commercially available instrument 'start-up' time of 
approximately 7 minutes. The prototype pump was seen to be largely immune to flow 
rate changes caused by height change during infusion.

1.3 Conclusions

The prototype pump was seen to provide a method of reducing system compliance by 

reducing extracorporeal fluid volume and mechanical system backlash and hence 

improving the performance of the instrument at low flow rates. In particular, during 
changes in height, the characteristic bolus flow or cessation of flow associated with 

commercially available syringe pumps was largely removed. The use of a constant 

volume change over valve to direct filling from a reservoir enables the use of a small 

syringe to accommodate larger infusion volumes without the need for nursing 

intervention.



2.0 Prototype details

The mechanical design consists of an arrangement described by Figure 1.
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FIG.l

FIG.2

FIG .3

Figure 1 - Prototype mechanical design detail taken from Patent Application GB 
0500042.7

In this design, a small disposable syringe (BD Plastipak® 2ml) (1) is acted on by a 
precision linear actuator in contact with the syringe plunger (10). The rate of linear 
movement is determined by step rate to a stepper motor coupled to the linear actuator. 
The outlet of the syringe is connected by short line extension to a plastic disposable 
rotary valve (2) of a type commonly used in intensive care to route fluid flow 
manually. In this case, the valve is acted on by a rotary servo actuator that can cause 
the valve to rotate through an arc of 90° to allow sequential connection to patient site 
(5) or to an attached larger volume fluid reservoir (3). When connected to the 
reservoir, fluid can be drawn into the syringe by causing the actuator to run in reverse, 
whilst when connected to the patient site, the direction of the linear actuator is 

reversed forcing fluid towards the connected patient.



2.1 Patent'Claims'

The concept of using a 'reciprocating' syringe pump to deliver fluid flow is not novel. 
However, the use of a disposable syringe that is repeatedly cycled forwards and 
backwards might be expected to be unsuccessful when incorporated within the design. 
Research has suggested [3] that repeated use of disposable syringes will degrade 
plunger lubricant and cause the syringe to 'stick' for periods of forward motion and 
hence cause irregular flow. By using a small syringe with reduced plunger contact 
area and reduced plunger compliance it was found that such degradation was not 
observed.

The syringe plunger does, however, need to be operated in the direction of fluid flow 
after filling and before reconnection to the patient to take up the small but significant 
mechanical slack in the system. The 'Patent Claims' suggest that the system must use 
a small syringe to minimise compliance and susceptibility to 'stiction' and that once 
the syringe has been filled from the reservoir, actuator drive direction is changed and 
fluid expelled back towards the reservoir before changing the valve direction and 
restoring flow to the patient site.

2.2 The Linear Actuator

The fill volume of the syringe was set to 1ml. A commercial linear actuator Zaber® 
was used which offered step resolution and accuracy of 6.35um. The syringe has a 
dimension such that 30mm of linear travel will expel 1ml of fluid and will correspond 
to approximately 4700 steps to the actuator. For a flow rate of Imlh" 1 the actuator will 
hence provide approximately +/- 2% mechanical error over the smallest observation 

window of 30 seconds.

The level of mechanical precision displayed by the actuator was thought to be 
acceptable in a system where accuracy of+/- 10% over 2 minutes would be seen as 

excellent when referred to MHRA published evaluation reports [4, 5, 6].



3.0 Problems associated with flow accuracy in current commercial designed 
product

The performance of current commercial products is far from ideal.

3.1 Start-Up Time

An infusion pump should ideally commence flow at the commanded rate 
immediately. Unfortunately, due to system compliance, at low flow rates such as 
Imlh" the start-up time delay may be appreciable. Figure 2 shows the delay measured 
in the control 50ml syringe infusion pump (TOP).

Time (s)

Figure 2 - TOP syringe pump start-up characteristic at Imlh" 1 rate

The performance curve shows that the pump takes over 1450 seconds (ca. 24 
minutes) before it begins to commence any discernible flow and achieves flow at 

Imlh" 1 after a total of ca. 2300 seconds i.e. ca. 38 minutes.

3.2 Time to detect occlusion

The physical compliance of the infusion pump system causes other functional issues 

other than slow start-up. Cessation of flow (due to site blockage or line kinking) is a 

common phenomenon.



At very low flow rates the only indication of such blockage will be a build-up of 

pressure between the pumping mechanism and the patient that cannot be 'invasively' 

measured due to requirement for sterility.

Most pumps will recognise an occlusion to flow by an increase in motor demand 

current and, in a system with typical 'compliance', this build-up will be very gradual. 

Fluid is being moved forward by the pump but only into the expanding volume of the 

blocked extracorporeal circuit. As an example, if a syringe infusion pump system 

expands in volume by 0.5ml when the applied pressure reaches SOOmmHg and if the 

pump is set to register an occlusion at this pressure level then, at Imlh" 1 , it will take 

30 minutes before the user is made aware of the problem.

3.3 Bolus size

Temporary link blockage is a common operating phenomenon and, in addition to the 

undesirable cessation of fluid flow, when the blockage is remedied, an unwanted 

bolus of fluid will be released to the patient e.g. in the above example 0.5ml say.

Current practice in manufactured syringe infusion systems is to obviate the bolus by 

causing the pump to run backwards briefly to reduce the eventual bolus size output to 

patient when the blockage is released.

3.4 Fluid overflow on stopping an infusion pump

Researchers have observed [7] that, when a syringe infusion pump is 'switched-off 

then fluid is still seen to be exiting from the line extension set. Again, this 

phenomenon is related to compliance i.e. when no longer being filled, the 

extracorporeal circuit will collapse its volume and expel fluid. Figure 2 shows the 

overflow of fluid when the pump is stopped after delivering at Imlh" 1 at 

approximately time 2900 seconds.

3.5 Fluid flow modulation due to changes in patient venous pressure

Research has shown [8] that flow rate can be influenced by changing the pressure 

differential between pump and patient.



This problem has been recognised as an undesirable phenomenon associated with a 
change of pump height during infusion. Figure 3 shows the flow rate disruption 
caused when the test syringe infusion pump (TO-5100) was first raised by 300mm 
then approximately 3 minutes later returned to the reference height.

20 -, ————————————————————————————

15 -

10 -
£"

E 5-

1 o-
u.

-5 -

-10 -

101 201 301

__w^vt,rf ,..

401

-15 - ——————————— ———————— 

Time (s)

Figure 3 - TOP-5100 syringe infusion pump set to Imlh" raised 300mm at time ca. 
160 seconds then returned to reference height at time ca. 350 seconds.



4.0 Results

The prototype design utilised a BD Plastipak® 2ml syringe, 3-way change over valve, 
linear actuator (Zaber®) and servo-driven rotary actuator. In order to operate the 
system and assess accuracy a simple microcontroller system was used. The Block 
Schematic is shown as Figure 4.

fluid reservoir

,, valve syringe actuator (Zaber)

fluid outlet

servo 
actuator

MICROCONTROLLER

Figure 4 - Block Schematic - prototype syringe infusion pump



The microcontroller was programmed to do the following tasks:

Operate on the stepper motor of the Zaber® actuator at a suitable step rate to 
approximate steady infusion at rates of Imlh" 1 .

Operate on the Zaber® actuator at the maximum step rate sustainable by the system 

(approximately 1.5cm per second of linear movement) to permit fast filling from the 
fluid reservoir.

Operate on the servo actuator to cause the flow direction of the valve to change 

between outlet and syringe (for normal steady flow) and reservoir to syringe (for 
filling).

4.1 Steady state flow characteristic

The prototype pump was set to deliver at a rate of Imlh" 1 after 'priming'. The 

'priming' process consisted of operating the pump for a period of time until steady- 

state flow was observed. Figure 5 describes the flow characteristic of the prototype.
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Figure 5 - Prototype steady-state flow at set rate of Imlh"
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The flow characteristic of Figure 5 included data sampled at 1 second intervals with 
consequent flow rate calculated. A 30 second 'moving average' filter was applied to 
the results to replicate the ISO 60601-2-24 [1] 30 second minimum window size. The 
rate at which the flow is seen to return to zero when the pump is switched-off at time 
ca. 1240 seconds is influenced by the filter algorithm.

4.2 Prototype 'Start-Up' time
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Figure 6 - 'Start-Up' characteristic of prototype pump set to deliver at Imlh"

Figure 6 describes the flow characteristics of the prototype pump where no 'priming' 

is performed.

The system takes approximately 25 seconds to achieve 'steady-state' flow. 

4.3 Prototype 'Height Test' performance

Figure 7 describes the prototype flow disruption to steady-state Imlh' 1 flow caused by 
the same 300mm height change described by Figure 3 for the commercial TOP-5100 

50ml syringe pump.
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Figure 7 - prototype pump raised 300mm at time 155 seconds and returned to 
reference height at time 345 seconds.

The disruption on raising the pump at time 155 seconds is greatly reduced compared 
to the 50ml syringe pump TOP-5100 (Figure 3) and the disruption to flow when 
returning the pump to reference height at time 345 seconds is not discernible.

5.0 Conclusions

The prototype testing was performed with a standard 2ml BD Plastipak® syringe 
which had been cycled over 50 complete syringe excursions over a period of 20 days 
whilst being continuously filled with tap water before the performance curves 
described by Figures 5-7 were derived. As such, it indicates that the accuracy which 
can be expected from the syringe after multiple use when incorporated within the 

prototype design compares well with commercial product.

The 'start-up' characteristic of the prototype is excellent and removes a major flaw 
associated with current design methodology. Both fast 'start-up' and the seen 
immunity to significant flow fluctuation when pump height was changed is a result of 

using a system with low compliance.
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