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Summary 
 

Anaesthesia devices are a critical part of the medical equipment in any hospital. Safe operation of 

these devices is of the highest importance to the lives of the patients. To ensure this, the device 

has to detect when a component is malfunctioning. During development, the device is tested to 

insure that possible errors are detected, reported and that the device reacts properly. This thesis 

was performed at Dräger Medical, in Lübeck, Germany, to analyze and attempt to improve the 

development of anaesthesia devices. 

 

In the anaesthesia device, the gas mixer unit consists of several valves and pressure sensors 

whose function is to deliver the correct gas mixture to the patient. To verify that any 

malfunctions in the components are detected correctly, errors are simulated in a laboratory 

setting. This simulation of malfunctioning valves and pressure sensors is currently done manually 

at Dräger Medical. This manual procedure is very time-intensive, and limited in terms of 

complexity and the accuracy. To reliably and cost-effectively test for errors, an automated test 

procedure would be preferred. Such a procedure is able to perform complex test during extended 

periods of time. The repeatability and the accuracy can also be higher. 

 

A new approach using a computer that controls the simulation hardware was developed. The 

hardware needs to be able to manipulate the valves and pressure sensors in the mixer and accept 

commands from a computer to facilitate complex automatic testing. For this purpose, a 32-bit 

microcontroller with appropriate connectivity was chosen. For sensor manipulation, several 

modules controlled by the microcontroller were designed and assembled. For communicating 

with the microcontroller, a graphical user interface was designed in LabVIEW. This offers the 

operator full manual control over the simulation hardware as well as the possibility to automate 

the testing procedure through the use of scripts. These scripts are executed by an internal script 

engine and the results are automatically compiled into a report for documentation purposes. 

 

The new system has significantly improved the ability to test anaesthesia devices. Automatic 

testing can now be done from a normal desktop computer. Compared to the old method of 

manually testing one signal at a time, the operator is now able to simultaneously manipulate 

several signals. If no automatic control is necessary, the combination of a computer and 

microcontroller still offers superior accuracy and flexibility compared to the old method. 
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Introduction 

 
Dräger Medical is one of the worlds leading manufacturers of medical devices. The company has 

a wide range of products from central gas supply products aimed at the infrastructure of hospitals 

to neonatal intensive care and anaesthesia devices. The company was founded 1889 in Lübeck, 

Germany[1]. The first patent issued was for a pressure reducing valve for tap beer. In 1904 the 

company’s first inhalation anaesthetic apparatus was introduced[1]. This marks the beginning of 

the development of modern anaesthesia technology.  

 

Dräger is split in two companies, Dräger Medical and Dräger Safety. Dräger Safety produces 

personal safety equipment for fire fighting and other hazardous situations. In addition, Dräger 

Safety manufactures a wide range of gas detection devices and drug tests.  Dräger Medical 

manufactures medical devices.  

 

The main focus of Dräger Medical is anaesthesia devices and breathing devices. An anaesthesia 

device controls the breathing and administers gases during the surgery of a patient. A breathing 

device also controls the breathing, but does not administer any narcosis gases. The breathing 

devices are normally not used during operations, but for stationary patient care when the patient 

is for some reason unable to breathe on his own. 

 

The development, testing and assembly of Drägers anaesthesia devices take place mainly in 

Germany.  The manufacturing of the individual components is done in Asia. Since the 

development is done in Germany, the testing required for the approval of the devices is also 

done in Germany. The goal of this thesis is to analyze the current (manual) testing methodology 

used at Dräger Medical, and attempt to automate and improve this process. After a short 

introduction of a general anaesthesia device and simplified explanation of its function, the 

problem background is described. After an analysis of the problems, the method to solve them 

and the results are presented, followed by a conclusion. It is assumed that the reader has a general 

knowledge of analogue and digital electronics. 
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The anaesthesia device 

General description 

Anaesthesia devices are today essential devices in all branches of surgery. The anaesthesia device 

serves two main purposes. First, it saves the patient the experience of pain, which is crucial to 

being able to perform surgery on the patient. Secondly, it makes the patient unconscious during 

invasive surgeries. This is not only psychologically important, but also prevents the patient from 

entering a state of shock, which can be fatal.  

 

Anaesthesia can generally be divided in local anaesthesia and narcosis. Local anaesthesia only 

makes a part of the body insensitive to pain while the patient remains conscious. Narcosis makes 

the patient unconscious and in generally associated with complete insensitivity to pain. Narcosis 

is accomplished through the inhalation of certain gases, intravenous injection of substances 

(usually a barbiturate), or a combination of both. The gases used are usually a mixture of air, 

oxygen, laughing gas (N2O) and organic halogens such as isoflurane. Due to the complexity and 

risks involved with narcosis, an anaesthesia device is used to administer the gases and monitor 

the patient response. 
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Basic principles of operation 

Figure 1 represents the basic principles of an anaesthesia device. 

 
Figure 1: A basic anaesthesia device. Illustration from [2]. 

 

The device is connected to the gas supply. In hospitals, this is usually a central supply, meaning 

the device only has to be connected to the wall gas outlets in the operating room. Most devices 

also have the ability to accept reserve gas cylinders in the event of an outage or the need to 

operate where no central gas supply is available.  Not shown in this diagram is a connection for a 

fourth gas, e.g. isoflurane. This gas is normally not supplied via the hospitals central supply lines, 

but from a gas cylinder connected directly to the machine. 

 

After the gases enter the device, they are mixed to the desired concentration in the gas mixer and 

sent to the patient breathing system, which directs the gas to the patient. There are three major 

types of breathing systems. In a non-rebreather system all of the gas expirated by the patient is 

wasted. This means that the system uses very large quantities of gas. These systems are rarely 

used except for infants where the inherently low flow resistance sometimes is necessary. In a total 

rebreather system the patient continuously breathes the same gas mixture. The carbon dioxide 

(CO2) produced by the patient is absorbed in a CO2 filter and oxygen is added to the gas mix to 

compensate for the used oxygen. In a partial rebreather system, the expirated air is CO2-filtered 

and reused. Some gas is wasted during expiration because the patient is expirating air while the 

Mixer unit 
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anaesthesia device continues to supply gas. However only the surplus gas is wasted through the 

exhaust, the rest is recycled and sent back to the patient. This system is the most commonly used 

system in anaesthesia devices today[2]. 

The mixing unit 

The pneumatic mixing unit in an anaesthesia device is responsible for mixing the gases supplied 

to it to the specified concentrations and deliver the required gas mix to the patient breathing 

system. The mixer relies on a system of pressure sensors and electrically controlled pneumatic 

valves to deliver the desired pressure and concentration of gases. A schematic of a typical mixing 

unit can be seen in appendix A. 

 

To insure the device is operating safely according to the conditions set out by the medical device 

directive, the mixer is subjected to rigorous testing by the manufacturer. If however, a 

component should fail during operation of the device in the field e.g. through normal wear and 

tear, external influence or manufacturing defect, it is essential that this failure is detected by the 

built in monitoring functions of the device and reported to the operator. 

 

Safety in anaesthesia devices 

Modern anaesthesia devices are highly complex devices which combine several fields of 

engineering and medicine. Because of this complexity, the testing procedures for anaesthesia 

devices are critical to insuring the safety of the patient. In the European Union, anaesthesia 

devices are regulated by the Medical Device Directive (MDD). The MDD actually consists of 

three separate directives, which together form the MDD[3][4][5].  

 

The Medical Device Directive classifies anaesthesia devices as a high risk device (class III). [6]. 

Any device that falls under the Medical Device Directive requires a Declaration of Conformity. 

This is issued by the manufacturer, but needs to be verified with a Certificate of Conformity 

issued by a Notified Body. A Notified Body is an organization that has been accredited to 

confirm the compliance of the device with the MDD. This confirmation is in the case of Dräger 

Medical done by requiring Dräger Medical to not only perform extensive testing of the products, 

but by requiring Dräger Medical to work according to recognized quality standards, e.g. ISO 

9000. The Notified Body does not itself perform any tests of the devices, but requires Dräger 
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Medical to document all work and verifies this by perform both planned and unplanned 

inspections of the company (so called audits). 

 

All test protocols related to high risk medical devices must fulfil the requirements in the MDD. 

This means e.g. traceability. The serial number of each tested device as well as the name of the 

person performing the testing has to be saved [7]. The parameters used to set up the test as well 

as all results must also be recorded. 

Problem description 

Self-tests 

For all anaesthesia devices, the ability of the device to verify that the device itself is properly 

functioning and is able to detect and electrical and mechanical malfunctions is critical. During 

start up of an anaesthesia device, the device normally performs a self-test (POST, power-on self-

test). During the test the sensors (e.g. pressure and flow) and actuators (e.g. pneumatic valves) are 

tested as well as important operating parameters like supply voltages and temperature. The 

operating function and reliability of the device is dependent on the reliability of these tests. 

Hence, there is a need to test the reliability and accuracy of these self-tests, as well as responses to 

errors occurring during run-time. Presently, the testing procedure at Dräger Medical is a time-

consuming and inaccurate manual process where a device is tested against a set of predefined 

error scenarios using proprietary boxes with analogue electronics that electrically simulate errors 

in sensors and valves.  

 

There is a need to improve and modernize this process in order to improve the operating safety 

of the device. The manual intervention required, as well as limitations of the current equipment 

means that testing of the device is slow and limited. This project aims to identify the 

requirements of testing in regards to failure simulation and improve the process to enable a more 

extensive and automated testing procedure. 

 

Current situation 

Currently, the simulation of a faulty pressure sensor is manually performed with analog 

electronics. The electronics are located in a box which is connected between the sensor and the 

readout electronics. The desired error gain and offset is set using two potentiometers which 
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control an operational amplifier-based circuit. The circuit is then activated with a switch. This 

method has several disadvantages. When performing a test that is time-critical (e.g. a pressure 

sensor needs to malfunction precisely 5 seconds after start-up of the anaesthesia device), the 

operator needs to manually insert the error at a specific point in time. A human can only do this 

with very limited precision due to limitations in human response time. It is also very time 

consuming for the operator. Furthermore, an operator can only control one error at a time. 

Hence, simulating simultaneous failure of multiple sensors and/or valves is not possible with this 

method.  

 

The simulation of a faulty digital valve works in a similar way. The digital valve failures are 

simulated by routing the control signal to different path using relays and/or a dummy resistor (to 

electrically simulate a valve). The operator first sets the desired failure mode by use of a knob dial 

and then activates the circuits with a switch. This circuit suffers from the same disadvantages as 

the pressure sensor circuit (e.g. human response time, no automated procedures possible). 

Example  

The following example illustrates how a simple test may be performed in the lab. The system in 

this example consists of only a pressure sensor. The pressure reading from the sensor is falsified 

to report an incorrect pressure. The object of the test is to se if the gas mixer records this error 

and responds appropriately. 

 

The system before testing [Figure 2] 

 
Figure 2: A simple system before manipulation 

 

Gas mixer

Pressure sensor

Readout electronics
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The system after connecting the manipulator box [Figure 2]. 

 

 

 
Figure 2: After connecting the manipulator box 

 

The manipulator box allows the operator to adjust the amplification and the offset of the 

pressure signal with the control knobs. The modified signal is then sent back to the readout 

electronics integrated into the test subject. 

 

The protocol for the operator may look as follows: 

1. Let the system operate without the manipulator box connected for 15 minutes 

2. Connect the manipulator box with amplification set to 1 and offset set to 0 

3. Wait 5 minutes and set the amplification to 1.2 and the offset to 0.5 V. 

4. Wait 30 seconds and set the amplification to 0.8 and the offset to 0.8 V. 

5. Wait 30 seconds and set the amplification to 1 and the offset to 0 V. 

6. Wait 5 minutes and shut the system down. 

 

After the test, the data recorded automatically by the anaesthesia device is retrieved and analyzed. 

In this case, the device should e.g. report a malfunction at step three. It may be however, that the 

device only reports a malfunction at step 4, or not at all. For this simplified test case with very 

few steps, manual control of the signal does not require a significant amount of time or effort of 

the operator. In reality, there are many more sensors (up to 20 sensors is not uncommon) and 

Gas mixer 

Pressure sensor 

Readout electronics
Manipulator box

Amp. Offset 
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many more steps. Complex test scenarios may take several days to complete. This requires a 

significant effort of the operator, often requiring multiple operators.  

 

 

Components of interest 

The focus of this thesis is the gas mixing unit of anaesthesia devices. The gas mixing unit is a 

complex device with multiple redundant electronics boards and sensors. These are all subject to 

tests at one time or another, but for the purpose of this thesis, only some specific types of 

sensors in the device are of interest. The other components are tested during different parts of 

the development cycle. 

 
The following components in the mixing unit are of interest to the failure simulation: 

 Proportional pressure valves (voltage controlled pressure regulators) 

 Digital pneumatic valves 

 Bistable pneumatic valves 

 Pressure sensors 

 Temperature sensors 

Proportional pressure valves 

The proportional valves accept a 0-10 V input voltage, which controls the valve outlet pressure. 

The 0-10 V control signal is generated by the device according to the gas mixture criteria 

specified by the operator. If the device should fail to generate a correct voltage, or the voltage is 

correctly generated but does not arrive at the valve due to a faulty board or a broken cable, the 

device will not be able to generate the correct gas mixture. Furthermore, the signal might arrive at 

the valve, but the valve may not respond correctly due to an electrical or mechanical failure in the 

valve. To simulate all of these conditions, a device is connected between the output signal from 

valve and the readout electronics which can then manipulate the generated control signal. For 

example, the operator may choose to simulate an amplification fault in the regulator circuit in the 

valve by changing the amplification of the voltage signal by 10%, resulting in a reported 10% 

increase in output pressure from the valve. In a similar fashion, an offset voltage might be added 

to signal to simulate a constant pressure offset. The device may detect a faulty pressure sensor by 

sensing a sudden change in pressure. This does not normally occur in daily operation (except for 

when connecting and disconnecting the gas supply), and should set off an alarm. A faulty 
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pressure sensor is potentially life-threatening for the patient, since it could result in the device 

delivering a lethal mix of gases to the patient. 

 

Figure 3 shows a table of the possible failure modes for the proportional valves, and how they are 

simulated. 

Error type Simulation method

No error Signal passes through without modification

Mixer amplification incorrect Signal is amplified by the desired amount

Defective regulation in valve Signal is amplified and/or offset by the desired amount

Offset error Signal is offset by the desired amount

Figure 3: Proportional valve failure modes 

 

Digital valves 

The digital valves allow gas to pass through the valve when a voltage is applied to the valve, and 

automatically close when the voltage is set to 0 (normally closed). An inverse operation (normally 

open) is also possible, depending on the specific model. These valves use a significant amount of 

power when active, and therefore they are controlled with a pulse-width modulated signal 

(PWM), where an equivalent high voltage (100% duty cycle) is applied to open the valve which is 

then lowered to a holding voltage (50% duty cycle), which minimizes power consumption. The 

valve may however fail to open or close due to mechanical or electrical failure. Also, applying a 

100% duty cycle for more than a few seconds may burn the valve if there is not enough gas 

flowing through the valve, since the gas flow also cools the valve. Failure of these valves is 

detected by the anaesthesia device by monitoring the current flow to and from the device. By 

redirecting the current, the desired failure mode may be simulated 
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The digital valves are powered by the mixer units by the principle shown in Figure 4. 

 

 

Figure 4: Digital valve operating principle 

 

The current is supplied by the mixer and flows back into the mixer, but not before passing 

through the resistor R. This is a current sense resistor with very small resistance (10 mOhm) to 

minimize heating. This allows the mixer to measure the voltage over the resistor, and thus, 

calculate the current flowing back into the mixer. The mixer is then able to determine of the 

valve is functioning normally. 

There are several failure modes for a valve[8]. It may mechanically be fixed in either an open or 

closed position, due to a manufacturing defect or simple wear and tear. It may also be fixed in an 

open position if the supply signal was short-circuited to +24 V. The opposite (short circuit to 

ground) may also happen, in which case the valve will be fixed in the closed position. 

 

+24 V from mixer 

Valve 

 
R 

Current flow 

 
Voltage 

measurement 
(in mixer unit) 
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Figure 5 shows a table of the possible error states [8] and how they are simulated. 

 
Figure 5: Error types for normally open digital valves 

 

As can be seen in the table, not all error types are detectable by simply measuring the current. 

These errors have to be detected indirectly as some other point in the system. The current 

simulation hardware is able to simulate the six errors listed in Figure 5 with manual control. To 

investigate if there are more possible errors, the truth table shown in Figure 6 was made. 

 

 
Figure 6: Digital valve failure truth table 

After this analysis, it was discovered that the errors with a grey background currently cannot be 

simulated. It would therefore clearly be advantageous if these also could be simulated. 

Error type Simulation method

No error Valve is powered by mixer. Current flows back into the mixer. 

Mechanically fixed in open position
Valve is constantly powered by simulator. Current supplied by the mixer units flows 
through the dummy valve and back into the mixer. The mixer will report that the valve is 
functioning normally.

Mechanically fixed in closed position Valve is not powered. Current from the mixer unit flows through the dummy valve and 
back into the mixer. The mixer will report that the valve is functioning normally.

Electrically fixed in open position (due to e.g. a short). 
Valve is constantly powered by the simulator. The current flows back into the mixer. 
Current from the mixer is floating (not connected). Mixer unit will report a constantly 
powered valve. 

Electrically fixed in closed position (due to e.g. a short) Valve is not powered. Current from the mixer is not connected. The mixer should report 
a malfunctioning valve.

Mixer constantly reports valve as closed regardless of the 
actual state 

Valve is powered by mixer. The current does not flow back into the mixer. Mixer will 
therefore report a closed valve. The valve will open and close as normal. 

Clogged valve Same as mechanically fixed in open position
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Bistable valves 

The bistable valves have one gas input and two outputs. Depending in which state the valve is in, 

either one of the outputs is active. To switch the state, a 24 V pulse with a minimum duration of 

500 ms is required. The valve can however receive incorrect pulses, or fail to switch the input to 

the correct output due to a mechanical or electrical error. Some of these coincide with the failure 

modes from the digital valves. To simulate these failures, a device is connected in series with the 

control lines and with Boolean logic gates, the control signal is manipulated to obtain the desired 

failure mode. In Figure 7, the failure modes for a bistable valve is shown. 

 

Error type Simulation method

No error Signal passes through without modification

Inverted supply signal Signal is inverted by simulator

Supply signal constanly on Signal is kept on by simulator

Supply signal constanly off Signal is grounded by simulator

Inverted control signal Signal is inverted by simulator

Control signal constanly on Signal is kept on by simulator

Control signal constanly off Signal is grounded by simulator

Mechanically fixed in one position
Valve is not powered. Current from the mixer unit flows through a dummy valve and 
back into the mixer. The mixer may or may not report the correct state.

Electrically fixed in one position (due to e.g. a short)
Valve is not powered. Current from the mixer is not connected. The mixer may or may 
not report the correct state.

Clogged valve Same as mechanically fixed in one position  
Figure 7: Bistable valve failure states 

 

Pressure sensors 

The pressure sensors in an anaesthesia device are very similar to industry standard pressure 

sensors. The manufacturer of an anaesthesia device normally wants a sensor with high reliability, 

resistance to corrosive gases (oxygen) and a standard output signal. Common types of output 

signals are 4-20 mA current loop, 0-5 V voltage output and 0-10 V voltage output. At 

Dräger Medical, a pressure sensor with a voltage output of 0 to 5 V for the full pressure range is 

usually used. This type of pressure sensor was therefore chosen as the target for this project. The 

pressure sensor is used by the anaesthesia device to insure that the other components are 

working correctly. Therefore, failure of a pressure sensor can be catastrophic. The pressure 

sensor may fail by report a different pressure than present (e.g. changed amplification, pressure 

offset or even becoming non-linear). Therefore, a device is connected in series with the pressure 

sensor that allows manipulation of the signal through signal amplification and offset. 
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The failure modes of the pressure sensors 

Error type Simulation method

No error Signal passes through without modification

Sensor amplification incorrect Signal is amplified by the desired amount

Sensor offset incorrect Signal is offset by the desired amount  
Figure 8: Pressure sensor failure modes 

 

Mainboard temperature sensors 

The temperature sensors are placed on the controller board of the anaesthesia unit. Although the 

unit is built to operate under a wide temperature range, the temperature of the internal electronics 

still needs to be monitored to insure reliable operation. The temperature sensors most commonly 

used are NTC thermistor sensors. They change their resistance depending on the temperature. 

Since these are soldered on the controlling board, there is no easy way to directly manipulate the 

resistance of the components. Instead, manually desoldering the components and connecting a 

digitally programmable potentiometer in their place will allow the simulation equipment to 

simulate the required temperature. A simulation of a temperature is not equivalent to actually 

exposing the device to high or low temperatures, but it allows the developer to check that the 

device reports the temperature accurately and reacts appropriately (e.g. send an error message). 

At a later stage in the development, the device is placed in a climate chamber where the 

temperature and humidity can be controlled. The device is then subjected to an extensive stress 

test. This is also done on devices which are on the market and whose development is already 

finished to expose any faults in the design which only show up after long-term use. 

 

Requirements for an automated system 
A more suitable testing system would give the user the option to test all of the sensors with one 

device, which is also able perform all of the required tests with the ability to be remotely 

controlled from a computer for digital control and readout, as well as optional automated testing. 

 

The three different types of valves (proportional, digital and bistable), the pressure sensors and 

the temperature sensors all need to be controlled from the system. In light of the disadvantages 

of the old system, it is clear that a microprocessor based system controlled from a computer 

would allow the operator to perform complex test procedures.  
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The software should run on a Windows XP PC, and have a graphical user interface (GUI). One 

of the major drawbacks of the current system is the inability to schedule events. Scheduling of 

events would allow the operator to execute complex test scenarios automatically. The software 

should however also allow full manual control. Platform compatibility is limited to Microsoft 

Windows XP and later, Windows 7. All development at Dräger Medical takes place on these 

platforms. The hardware may be upgraded or changed in the future, or the test requirements may 

change. This means that the program must also be easy to modify. As for the programming 

environment, there are several candidates that come into question. The platform should be 

Windows based and allow for easy modification in the future. 

 

Although most mixer systems from Dräger rarely have more than 10-12 voltage (0-5 V) pressure 

sensors, some additional capacity may be needed for future systems. Therefore, 16 channels were 

deemed adequate for the voltage pressure sensors. The resolution requirements are modest. If a 

pressure sensor fails, it usually fails catastrophically, resulting in large errors (> 10 %). Smaller 

errors than that are within the error margin of the sensor. Therefore, 10 bits of resolution is more 

than enough (~10 mV/bit).  

 

As for the digital pneumatic valves, all mixing units from Dräger use five digital valves. One valve 

for each of the four supply gases, and one for the sum of the gases. Some units have one 

additional valve for exhaust, but this normally not tested. Therefore, five digital valve channels 

are sufficient.  

 

For maintenance reasons, each separate function (proportional valve control, digital valve control 

etc) should be easy to replace in case of failure. This means a modular approach, where the 

individual modules can simply be removed and replaced with new ones.  

 

A new system 

Basic layout 

It has been established that the current system for the simulation of errors in anaesthesia devices 

does not sufficiently cover the need for automated, accurate and reliable testing. The manual 

method is time-consuming, inaccurate and not flexible enough. The individual electrical 

components of interest have been described, as well as how these are manipulated to simulate a 
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failure. The requirements for a new system have been defined based on the analysis of the old 

system and the components of interest. To realize these requirements, it was necessary to design 

and assemble new electronics for the new system.  

 

The requirement of a versatile microcontroller with interfaces for connecting a computer as well 

as the capability to control complex hardware spoke for a modern microcontroller. This 

microcontroller controls the error simulation electronics and interfaces to any external systems 

(normally a PC). The microcontroller chosen for the project is a 32-bit microcontroller 

(STR912F, ST Microelectronics)[9] mounted on an evaluation board (STR912F Evaluation 

Board, Hitex)[10]. The evaluation board provides all necessary connectivity for interfacing to the 

PC (USB, RS232 and Ethernet). For interfacing to the simulation hardware, there are 64 general 

purpose input-output pins (GPIOs) available. Some of these GPIOs can also be used for 

industry-standard protocols, e.g. I2C (Inter-Integrated Circuit) or SPI (Serial Peripheral Interface 

Bus).  

 

 
Figure 9: The microcontroller evaluation board 

 

A modular approach was selected for the simulation electronics. This means that for e.g. the 

proportional valves, each channel has a dedicated board. Therefore it was necessary to have a 

motherboard which on side connects to the microcontroller, and on the other side provides 

connectors for the daughter boards (e.g. the proportional valves). The motherboard also provides 

power connectors for the simulation electronics. An overview of system is provided in Figure 10. 
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The heart of the simulation hardware is the STR912F evaluation board, which is directly 

connected to a motherboard. To the motherboard, the daughter cards are connected.  

The daughter cards are made up of the following modules: 

 Eight daughter cards (one per channel) for the pressure sensors  

 Five daughter cards for the digital valves 

 One daughter card for the gas bottle pressure sensors 

 One daughter card for the bistable valve, proportional valves and the temperature sensors 

Figure 10: Schematic overview of the error simulator
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 One daughter card which contains the analog to digital conversion circuitry,  

 One daughter card with auxiliary circuitry for compatibility with future products.  

 

The only active circuits on the motherboard itself are power supply regulation ICs, a GPIO 

expander IC and a PWM generator IC for the digital valves. The GPIO expander IC was 

necessary since the microcontroller did not have enough free input/output pins. The 

microcontroller communicates with all programmable ICs via SPI. Thus, there is a mix of high-

frequency signals and analog signals in several places. To minimize interference, all circuit boards 

have been designed with as large a ground plane as possible on one side of the board. 

Additionally, there are decoupling capacitors at critical points. There is only one card which does 

all the analog to digital (ADC) conversion, even though several different signals use this function. 

There are two reasons for only having a central ADC card instead of having an ADC conversion 

circuit on each different daughter card. The SPI bus works with high frequency signals 

(> 1 MHz). To minimize interference, it is better to have only one ADC conversion circuit. Also, 

having only one circuit means all signals can be sampled simultaneously. This is a big advantage 

for time-critical applications.  

 

The motherboard and all daughter cards were designed in EAGLE PCB version 4.19 (Cadsoft 

Computer GmbH, Germany). 

 

The photo in Figure 11 shows the new system assembled. The red evaluation board with the 

microcontroller is at the bottom. Stacked on top is the motherboard with the power connector 

and sockets for the daughter cards. Any sensors that are to be manipulated connect via the white 

ribbon cable connector on the right on the motherboard. 
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Figure 11: The assembled system 

Pressure sensors 

The current system is only able to manipulate one pressure sensor at a time. It is important to be 

able to manipulate several sensors. Hence, a new system should ideally be able to manipulate all 

pressure sensors simultaneously. The current system is able to control the amplification of the 

feedback signal between 0.8 and 1.2, and is able to add an offset to the signal (before 

amplification) of +/- 2 V. These specifications were used as minimum specifications for an 

improved system. As a design goal, the following criteria were set: 

 The ability to control the amplitude between 0.5 and 1.5 with 10 bits of resolution 

 The ability to set the offset to +/- 3.5 V with 10 bits of resolution. 
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Figure 12: The assembled pressure sensor module 

In Figure 13, the schematic for controlling gain and offset is shown. The input signal is first 

divided by two and buffered by a non-inverting operational amplifier. The reason for the initial 

voltage division is that a non-inverting operational amplifier has a minimum gain of 1. After the 

initial voltage division, the signal is amplified with an operational amplifier in a non-inverting 

configuration. 

 

 

Figure 13: Pressure sensor module schematic 

The non-inverting configuration was chosen because the amplification is a linear function of the 

feedback resistors, which greatly helps to increase the accuracy. The amplification is controlled 

with the help of a digital potentiometer (MAX5484, Maxim) [11]. The digital potentiometer is 

controlled via SPI, and the resistance can be set from 0 to 50 kOhm with 10 bits resolution. After 

amplification adjustment, the signal offset is controlled with an operational amplifier operating as 

an inverting adder circuit. A digital potentiometer (MAX5482, Maxim)[11] operating as a 

controllable voltage divider controls the offset.  After addition, the signal is inverted and 
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amplified to compensate for the initial voltage division performed in the beginning. As a safety 

measure, the signal is then limited to values between 0 V and +5 V by two operational amplifiers. 

The schematic for the voltage limiter can be seen in Figure 14. This is necessary to protect any 

circuitry connected from negative voltages or voltages larger than the specified maximum. 

Finally, the signal is buffered with an operational amplifier.  

 
Figure 14: Voltage limiting circuit 

Proportional valves 

The anaesthesia mixer contains proportional valves whose control signals also need to be 

manipulated. Here, the same design criteria and electronics used for the pressure sensor 

manipulation were used. The only signal difference between these two signals is that the pressure 

sensors work between 0 and 5 V and the proportional valves work between 0 and 10 V. The 

same limitation circuit is used to limit the signal to voltages between 0 and 10 V.  

 

Digital valves 

The digital valves are controlled by reed relays (switched by logic level MOSFET transistors) 

which route the signal to simulate the desired error mode. The schematic with the relays for 

controlling the digital valves can be seen in Figure 16. 
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Figure 15:  Digital valve module 

For complete control of the actual relay, the module can accept a pulse width modulated (PWM) 

signal from the microcontroller connected to the module which can be output to the valve. A 

power resistor (82 Ohms, 10 W power rating) is also supplied to act as a dummy valve. This 

function can be used to let the anaesthesia mixer hardware control the dummy valve while the  

actual valve is controlled by the simulation hardware.  

 
Figure 16: Digital valve schematic 

The maximum heat load on the resistor is 7 W. This is however only for a short time (~ 500 ms). 

After this time, the current normally drops to half this current, resulting in a heat load of 3.5 W. 

The reed relays were chosen due to being small and needing very little power to turn on (10 mA) 

[12]. 
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Bistable valve 

The bistable valve is controlled with two signal lines. There is also a feedback signal which signals 

the controller in which position the bistable valve currently is. The two control lines and the 

feedback lines are digital 0 or 5 V signals. These need to be manipulated to simulate the different 

error modes of the bistable valve. The manipulation is done with logic gates controlled by GPIOs 

from the microcontroller. 

 

 
Figure 17: Bistable valve module 

Gas supply pressure sensors 

When the anaesthesia device is not operating from the central gas supply usually present, but 

from directly connected gas bottles, the pressure readout from the gas bottles is also measured by 

the mixer. The pressure sensors on the gas bottles have a 4-20 mA current loop as output. This 

current loop is sent to the mixer and through an internal measuring resistor. The voltage over the 

internal resistor is measured and converted to a pressure reading by the mixer software. To 

directly manipulate this constant current output is complicated and unnecessary. For error 

simulation, the signal from the pressure sensor is instead directly measured by the simulation 

hardware. The simulation hardware then uses a digitally programmable constant current 

generator to generate the desired signal. The digitally controllable constant current generator can 

be seen in Figure 18. 
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Figure 18: Digitally programmable constant current source 

As programmable current source, a voltage-controlled transistor current source is used[13]. For 

voltage control, a digital potentiometer (MAX5482)[11] operating as a voltage divider is used. If 

no error is to be simulated, the output signal is simply a 1:1 copy of the input signal. The copying 

is done in software (by the microcontroller) by measuring the input current and setting the 

output current to the same value.  

 
  Figure 19: Current loop module 

 

Temperature sensors 

The mixer hardware has two on-board NTC thermistors located directly on the mixer board. The 

thermistors have a nominal resistance of 10 kOhm at 25°C[14]. These thermistors are used to 

measure the internal temperature of the mixer. For manipulation of these readings, the simulation 

hardware has two digitally controllable 50 kOhm potentiometers. If the thermistors should be 
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included in the error simulation, the on-board thermistors in the mixer have to be desoldered and 

in place of each thermistor, two wires leading to the potentiometer outputs of the simulation 

hardware has to be soldered.  

 

Auxiliary outputs 

To insure complete compatibility with future products, the simulation hardware has been fitted 

with a daughter card with three reed relays, one digitally controllable potentiometer and two 

digitally controllable 0-10 V outputs. The reed relays were chosen to make the output potential-

free. The two 0-10 V outputs can be used e.g. to control a proportional valve. 

 

Signal sampling 

The simulator hardware needs to continuously monitor a large number of values. The pressure 

sensor inputs and outputs, the digital valve PWM control signals from the mixer, the 

proportional valve inputs and outputs and the pressure sensors for the gas bottles. For this, the 

simulation hardware uses two 16-channel 12-bit ADCs (AD7490, Analog Devices). The ADCs 

are mounted on a separate daughter card and controlled via SPI.  The ADC runs at a sample 

speed of  100 kHz. 

 
Figure 20: ADC module 
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The microcontroller  

 

The STR912F evaluation was chosen because of the flexibility of the evaluation board in terms of 

input and output options, as well as the large on-board program memory ( 512 kB). The 

processor is a 32 bit ARM architecture CPU running at 96 MHz clock speed. The evaluation 

board is equipped with Ethernet, USB 2.0, CAN bus and RS232 for communication with 

external devices. There are also 80 free input/output pins.  

 

The purpose of the firmware is to receive the commands from the connected PC and control the 

hardware accordingly. Additionally, the software needs to read out the sensor values (and, if 

applicable, calculate their moving average values) and send them to the PC when requested to do 

so.  

Controller software 

As specified in the requirements for a new system, the development platform must be Windows 

based and allow for easy modification in the future. The most common development platforms 

under Windows are: 

 C++ 

 Java 

 Python 

 LabVIEW[15] 

 

C++ has the disadvantage of being a very complex programming language. It is however, 

generally considered a very fast and stable programming language. Java is attractive due to it 

being platform independent. Java is not used a Dräger Medical, making future modification 

difficult. Python is, like Java, platform independent. There are also several tools available for 

creating a GUI with a simple drag-and-drop interface [16]. Python however, is not widely used at 

Dräger Medical, making future modifications to the program dependent on people familiar with 

Python. LabVIEW is strictly speaking not a programming language, but a visual development 

environment where the program is constructed without writing any code, but graphically. The 

graphic nature of LabVIEW also means that modifications to the user interface can be done 

comparatively fast. LabVIEW is used frequently at Dräger Medical, making it an attractive 

choice. The development platform was therefore chosen to be LabVIEW. 
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For controlling the microcontroller and configuring complex tests, a user friendly software is 

desirable. This software resides on the computer directly connected (presently via RS232) to the 

simulation hardware. The controller software was developed with the graphical programming 

environment LabVIEW (LabVIEW 8.6, National Instruments). The events which take place 

during the test are configured with a script file. This script file is written in a custom script 

language defined specifically for this project. The script file is then loaded from the controller 

software and interpreted. Upon start, the controller software then performs the commands 

specified in the script file and logs the commands and the results. At the end of the test, an 

HTML report is compiled which can be analyzed by the operator.  

 

For manual testing without using script files, a second LabVIEW-Program was developed which 

allows the user full manual control of the sensors and also provides a live readout of the sensors. 

A screenshot of the manual control can be seen in appendix D.  

 

The script language 

Language description 

For automating the testing procedure, it is necessary to define the commands to be performed 

beforehand. There are already generic products available that can be used to automate test 

procedures (e.g. TestStand from National Instruments). These programs are however complex 

and expensive. For these reasons, a script engine that works within the LabVIEW environment 

was developed together with a purpose-defined script language. 

 

For normal use the user has to create a script file in a text editor (e.g. Notepad) and the start the 

LabVIEW-Program. The LabVIEW-Program then loads the script file and executes the 

command. During the process, the user is informed of the progress and can monitor and if 

necessary abort the test. Some sample screenshots if the program can be seen in appendix C. 

 

The commands issued and the results can optionally be saved into a log file. This is useful for 

later analyzing the response of the device. The log files would normally be used together with 

logs/debug information from the device tested to correlate the issued commands and their 
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results. For this reason, all log entries are time stamped. An example log file can be seen in 

appendix E. 

 

For an automated test, it is advantageous if the test to be performed can be defined in a separate 

file beforehand, which is then loaded by the program. For this purpose, a custom script language 

was defined. This section explains the structure of the script language and the reasons for 

implementing the commands chosen. 

 

A common procedure during testing is to manipulate a sensor or a valve after a specific amount 

of time has lapsed. For this purpose, the “time” command was implemented. The time command 

sets the value of one of the parameters the simulation hardware can control. The value can be 

specified as an absolute value or a relative increase in value. Setting the absolute value is used to 

e.g. simulate a sudden error in a sensor. A relative increase in value can be used to simulate an 

incremental change over time. The arguments for the command are the parameter to change, 

whether it is an absolute setting or a relative, and the new value. 

 

After a value has been set, it may be desirable to verify that the command was executed properly, 

and that the new value matches the intended value. For this purpose, there is a check command. 

The check command takes as arguments the parameter to be checked, the target value and an 

absolute tolerance. The program then compares the parameter against the value measured by the 

AD converter on the simulation hardware. The result of the comparison and the actual value 

measured are recorded in the log. 

 

For simulating a sensor that degrades over time, it is inconvenient to write multiple commands. 

For multiple sensors which degrade over time, the command file becomes even more complex 

and difficult for a human to modify. With the ability to define script loops, these tasks become 

greatly simplified. A script loop consists of a “loop” statement followed by the number of times 

the loop should run. Inside the script loop, all the commands that are defined in the script 

language work as normal. 

Example script file 

In Figure 21, and example is shown of what can be done with the script language. This script file 

first sets the digital valve number 0 to failure mode 0 (no error). It then sets digital valve number 

1 to failure mode 1 (valve works, but is reported to be constantly closed). The modes are 



Pontus Frössander, Royal Institute of Technology, 2012 

Page 35/44 

numbered according to the truth table shown in Figure 6. After that, the signal from pressure 

sensor number 0 is modified to have an amplification of 0.9, resulting in a signal that is slightly 

smaller that is should be. The ADC is then read out. This records the signal amplitude of all 

pressure sensors, as well as the current flowing through each relay. A delay of 2.5 seconds is then 

done to give the anaesthesia device time to detect the error. Pressure sensor number 0 is then 

also modified to have an amplification of 0.9. After this last modification, a delay of 5 seconds is 

done to allow the anaesthesia device time to respond. The test is then completed. 

 
Figure 21: Example script file 

 

set digvalve 0,0 
set digvalve 1,1 
set pressamp 0,0.9 
readadc 
delay 2.5 
set pressamp 1,0.9 
delay 5 
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Control system overview 
A schematic overview of the final system is given in Figure 22. The computer with the main 

control program is configured with a script file written by the operator. The script file is a text file 

with commands that control the simulation of the sensors and, optionally, the supply of gas to 

the anaesthesia mixer. The main program loads the script file, and then communicates with the 

sensor simulation hardware to manipulate the sensors and valves with the commands given in the 

script file. The simulation hardware measures the input and output signals with its built-in analog 

to digital converter, and reports these values back to the main program. The main program 

displays these values in real time and writes a log file containing the command performed and the 

values recorded. The software does not have a limitation on the size of the script file or log file. 

The size is only limited by the amount of available memory on the computer. With a typical 

script file measuring no more than a few kilobytes in size, this limitation poses no problem.  

 
Figure 22: Schematic overview of the control program 
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Conclusions 
The new error simulation system offers considerable advantages to the previous approach. The 

operator is now able to automate large parts of the test procedure, making it possible to perform 

tests of considerably higher complexity and length than previously. The ability to define the test 

in a script file insures repeatability with the system. Even if random delay values are used in the 

test, these random values are saved in the log file and can later be reused to ensure the same 

results if the test is to be repeated. As for complexity, the old system is severely limited in the 

ability to control multiple sensors simultaneously. This limitation is twofold. First, the number of 

pressure channels in the old simulation hardware is limited to two. Secondly, due to the 

requirement of a human operator (and the inherent limited response time of humans), it is not 

possible to simulate errors that occur simultaneously or errors that occur with precise time 

intervals. The new system improves on all of these points. The ability to simultaneously control 

eight pressure sensors, five digital valves, two proportional valves and four gas bottle pressure 

sensors ensures that the system can handle complex tests.  

 

During the development of new anaesthesia devices, this new system for error simulation 

significantly improves the ability to detect errors in the self-diagnostic functionality of the 

anaesthesia device. An automated test procedure means that the costs for testing are reduced due 

to decreased need for human intervention. It also means that there is an increased chance of 

finding errors which were previously not detectable. During the analysis of the digital valve 

failure modes, it was discovered that three possible errors currently could not be simulated. The 

new system has this capability. 

 

The usage of a microcontroller controlled by the computer means that the system can be easily 

expanded to meet future needs. The microcontroller can be programmed to make use of USB, 

Ethernet or CAN bus interface. The connectors and necessary hardware is already present on the 

microcontroller development kit used. Only the microcontroller software has to be modified. 

The controller software on the computer is developed in LabVIEW. LabVIEW programs can 

easily be expanded to accept commands from other sources over e.g. TCP/IP. The computer 

itself can be expanded with e.g. additional signal acquisition hardware and this additional 

hardware can then be controlled from the LabVIEW program, making the LabVIEW program 

not limited to controlling the simulation hardware developed within the framework of this 

project.  
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Appendix A 
The mixing unit used in the Primus device from Dräger Medical 
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Appendix B 
Schematic overview of a new system for manipulating sensors 
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Appendix C 
Screenshots of the LabVIEW program. 
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Appendix D 
Screenshot of the LabVIEW program for manual control. 
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Appendix E 
Example of a log file.  

 




