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Abstract  

Pressure is a fundamental driving factor for the exchange of oxygen and nutrients within 

capillaries. Nowhere is this pressure more critical than within the brain. Here, the brain tissue, 

its vascular network and cerebrospinal fluid (CSF) are encased within a rigid skull, with limited 

capacity to expand. Pressure in the brain is crucial, yet there is no current device capable of 

monitoring this pressure long term. 

 

One disease where intracranial pressure (ICP) is chronically increased is hydrocephalus. 

Without treatment, vital exchange is reduced, which can lead to brain damage. Management 

commonly involves the placement of a drainage catheter, termed a shunt, for the removal of 

excess CSF. However, shunts have a very high failure rate and the diagnosis of elevated ICP is 

difficult. Modern diagnosis of shunt failure is by expensive MR imaging, or CT scans which 

deliver ionizing radiation. Currently, there are no chronically implantable sensors which can 

provide long-term accurate pressure measurements. The issue is that without an ability to re-

calibrate a sensor, the measured value will drift with time and thus become clinically irrelevant.  

 

The primary aim of this research is to extend the useful lifetime of implantable pressure sensors. 

This was achieved through adding the ability to re-calibrate a sensor after it is implanted by 

inclusion of a novel pressure switch. The pressure switch is a coin-shaped device which is 

connected into the shunt. A diaphragm within the device deflects in response to fluid pressure. 

This motion becomes impeded once a pressure threshold is reached in the form of a stop for the 

diaphragm. The resulting change in compliance can be detected by the pressure sensor. This 

switching response signals that a designated pressure has been reached and allows the device to 

be re-calibrated without an external reference. Stability of the pressure switch is crucial for 

effective re-calibration. The implant is constructed from a single material to reduce stresses 

induced during assembly. Electronic components no longer contribute to drift. Only one stable 

pressure point is required for re-calibration. These design approaches collectively minimize the 

sources of drift and extend the useful lifetime. 
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Stability performance was evaluated by performing accelerated tests on benchtop prototypes. 

Pressure cycling was performed over one-million cycles, which supports re-calibration for 10 

years of operation. After cycling, the worst-case long-term stability was ±0.852 mmHg. The 

drift performance was demonstrated to be well within the requirements of ±2 mmHg, as required 

by standard ANSI/AAMI NS-28:1998 (R2015), Intracranial Pressure Monitoring Devices. 

Mechanical related drift caused by surface changes were investigated. Observation of contacting 

surfaces was performed using Scanning Electron Microscopy and measurements via stylus 

profilometry. Surface remodeling occurred after pressure cycling with a 5 µm material removal 

at vertically protruded edges.  

 

As a chronic implant the size of the pressure switch is important. Device dimensioning was 

dominated by the ability to maintain a stable pressure reference. Analytical modelling was 

performed using leak-rate estimation. A device with an enclosure of 0.4 cm3 can remain stable 

within 2 mmHg for 5 years. This sizing is comparable to most commercial hydrocephalus shunt 

valves. Dimensions of the pressure sensitive diaphragm defined the re-calibration response. A 

10 mm diameter, 25 µm thick diaphragm was informed through analytical modelling using 

mechanical plate theory. Pressure switches made from Titanium Grade II were prototyped for 

long-term testing. The fabrication processes involved precision machining and hermetic laser 

welding. The conventional fabrication techniques utilized and material choice are directly 

applicable for producing a fully implantable device.  

 

It is proposed that the re-calibration procedure can be performed easily by the patient via 

pressing on tubing adjacent to the pressure switch. Sensor re-calibration was demonstrated on 

2-French implantable pressure catheters (Model IPR-2093, Millar Inc.). The variability of the 

detected re-calibration pressure was within ±0.15 mmHg.  

 

The outcome of this PhD research provides a new perspective and approach for reducing 

pressure sensor drift. A novel approach for re-calibrating implantable pressure sensors to a level 

of accuracy meeting the needs of monitoring ICP over long durations is demonstrated. 
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Chapter 1. Introduction 

 

It was over 300 years ago when Stephen Hales first measured arterial pressure. This was 

performed by observing the height of blood in a glass tube inserted into the carotid artery of a 

horse. Since then, our appreciation for the importance of pressure in the body has expanded. 

Pressure plays a critical role in driving exchange. Blood pressure (BP) is generated by 

contraction of the heart. Within a capillary bed, hydrostatic pressure is driven by arterial 

pressure. The resultant perfusion pressure drives the exchange of oxygen and nutrients. 

Traditionally, a single time-point measurement of BP is performed non-invasively with a cuff 

strapped around the wrist. This has been the only form of chronic pressure monitoring that can 

be performed safely and reliably.  Recent technological advancement has enabled safe 

monitoring of pulmonary artery pressure (PAP) at home using an implanted sensor. The 

hemodynamic data are used by physicians to manage heart failure (HF) patients. Clinical trials 

have shown PAP guided management provides a 33% reduction in HF hospitalization over an 

average of 18 months [1].   

 

Pressure assists in the same phenomenon throughout the body. In fact, nowhere is this more 

critical than within the brain. A sustained elevated intracranial pressure (ICP) can result in loss 

of consciousness and even brain death due to oxygen deprivation. Patients with the chronic 

medical condition of hydrocephalus are susceptible to periods of elevated ICP. Headache or 

nausea are common symptoms relating to malfunction in hydrocephalus management. These 

same symptoms are displayed in hydrocephalus patients experiencing a common cold. Just as 

PAP monitoring has benefitted HF patients, chronic ICP monitoring has the potential to 

transform the lives of hydrocephalus patients. Reliable ICP monitoring could inform if the 

patient requires a night’s rest or urgent hospitalization. This will especially benefit younger 
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patients with hydrocephalus as they are unable to communicate their symptoms. This thesis will 

address the clinical need of hydrocephalus patients through reliable chronic monitoring of ICP.  

 

The chronic measurement of pressure is clinically valuable but currently unobtainable. Problems 

associated with drift limit the time that an implanted sensor can provide accurate pressure 

measurements. Drift is an undesired change in sensor performance affecting its measurement 

accuracy. Typically, the correction of sensor drift is performed through re-calibration. However, 

as the sensor is implanted, conventional approaches to re-calibrate the sensor are not suitable. 

The aim of this thesis is to propose a method to enable accurate chronic ICP monitoring. 

 

The following Sections will present the current state of hydrocephalus management and its 

limitations. In Section 1.1, the condition of hydrocephalus, its symptoms and aetiology are 

introduced. Section 1.2 describes the current methods used for detecting malfunction of 

hydrocephalus shunts. Section 1.3 presents the current progress for non-invasive ICP 

monitoring. Section 1.4 presents the current state-of-the-art for invasive ICP measurement. In 

Section 1.5, the clinical need for hydrocephalus management is discussed. 

 

1.1. Hydrocephalus, its treatment and complications 

1.1.1. Neuropathology of human hydrocephalus 

Hydrocephalus is a relatively common neurological condition caused by an imbalance of 

cerebrospinal fluid (CSF) absorption and production, resulting in abnormal swelling of the 

ventricles1, thereby creating potentially harmful pressure on the brain tissues [2].  

 

Hydrocephalus may be classified as congenital or acquired. Congenital hydrocephalus exists 

at birth and is one of the most common paediatric neurological disorders, occurring in 3 out of 

1000 live births – causes could be from genetic abnormalities or developmental disorders [3]. 

Acquired hydrocephalus can develop at the time of birth or later and can affect individuals of 

all ages – causes may be due to infection, disease or traumatic head injuries [2].  

 
1 A set of interconnected spaces in the brain that contains and produces CSF. 



Introduction  

3 

 

Hydrocephalus can be further categorized into communicating, non-communicating or normal 

pressure hydrocephalus (NPH). In communicating hydrocephalus, the flow path between the 

ventricles remain open, however a blockage exists after the CSF exits from the ventricles [2]. 

In non-communicating hydrocephalus (aka "obstructive" hydrocephalus), a blockage exists 

along the narrow passages connecting the ventricular and lumbar spaces 2  [4]. NPH is an 

abnormal increase of CSF in the brain's ventricles, however ICP is either normal or only slightly 

elevated. The condition may result from a subarachnoid haemorrhage, head trauma, infection, 

tumour, or as a surgical complication [2]. 

 

1.1.1.1. Aetiology of hydrocephalus 

The Monro-Kellie hypothesis states that the brain, its vascular network, and cerebrospinal fluid 

(CSF) are encased within a rigid skull and the dura mater. Since this is a fixed volume, there is 

limited ability for expansion to take place. Hence, an increase in one component must be 

compensated by the removal of an equivalent quantity, else this would lead to a raise in ICP. 

Normally, CSF regulates ICP by adjusting its volume to accommodate for changes in cerebral 

perfusion. CSF is controlled such that an increase in cerebral blood flow leads to a reduction in 

the volume of CSF [5]. 

 

Hydrocephalus disrupts the circulation of CSF throughout the brain due to an accumulation of 

fluid within the ventricles. The increased volume of fluid (and ICP) compresses the brain tissue, 

as the skull cannot yield to the expansion of fluid [6].  

 

In a normal adult, ICP between 5 – 13 mmHg gauge is measured in the supine position [7]. In 

the upright position it is typically -10 mmHg gauge, but not exceeding -15 mmHg gauge [8]. A 

sustained ICP >15 mmHg gauge [7] is when intracranial hypertension occur and an ICP of 20 – 

25 mmHg gauge is pathologic and treatment is required [9][10].  

 

Raised ICP can cause brain damage by two main mechanisms; firstly, it can impair cerebral 

perfusion - the force driving blood flow to the brain. At its extreme, when ICP exceeds cerebral 

 
2 A CSF-filled space surrounding the brain and spinal cord. 
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perfusion pressure, there is no blood flow to the brain and can lead to death. The second 

mechanism is that raised ICP can be accompanied by brain herniation which can result in further 

local brain damage [6].  

 

1.1.1.2. Symptoms of hydrocephalus 

The symptoms of hydrocephalus vary with age, the stage of disease, and its presentation may 

vary significantly between individuals. Acute hydrocephalus in adults leading to a raise in ICP 

is associated with numerous clinical symptoms. Although signs of early hydrocephalic insult 

can be subtle, the condition can rapidly worsen over time. A clear understanding of the clinical 

presentation of high ICP and its progression is therefore essential for early detection and 

management.  

 

However, recognising the symptoms of raised ICP, presented at the onset of hydrocephalus is 

made difficult due to its subtle nature. In adults, classic symptoms of raised ICP include the 

manifestation of headaches, which is presented as a dull, generalized and non-throbbing pain 

and patients may report of nausea and vomiting. Such an observation can easily be identified as 

an unrelated and non-life-threatening condition.  

 

As hydrocephalus insult progresses other signs of mental dysfunction appear, such as the 

deterioration of consciousness, which presents as an alteration in personality, confusion and 

memory problems. Patients may also experience urinary and visual impairment, slurred speech, 

gait disturbance and seizures [6]. Severe cases can eventuate in irregular breathing, a disturbance 

in the patient’s heart rate or blood pressure [11]. 

 

Clinical investigations aim to provide a quantitative analysis into determining the presence of 

raised ICP, these will be discussed in Section 1.2. 

1.1.2. Management of hydrocephalus 

The most common treatment of hydrocephalus is through the surgical insertion of a shunt 

system. A hydrocephalus shunt redirects excess CSF from the ventricles of the brain to another 

area of the body (peritoneum, atrium, pleura). This allows the enlarged ventricles to return to a 
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normal size. A hydrocephalus shunt is mainly constructed from silicone and consists of three 

main parts (see Figure 1): a proximal ventricular catheter, shunt valve and a distal catheter [12]. 

Figure 2 shows an implanted ventriculoperitoneal (VP) shunt for draining CSF from the 

ventricles to the peritoneum.  

 

Figure 1: Hardware components of a hydrocephalus shunt. The entire device is roughly 90 cm in 

length. Image from [12] 

 

Figure 2: Schematic of an implanted ventriculoperitoneal shunt. Image from Shastin et al [13].  
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Modern progress in improving the prognosis of hydrocephalus patients is owing to significant 

technological advances in biomaterials and implant design. The first generation of 

hydrocephalus shunt incorporated the use of differential pressure valves produced in 

biocompatible silicone [14]. In the second generation, adjustable, autoregulating, anti-siphon, 

and gravitational valves were developed. Modern designs allow for the non-invasive adjustment 

of the differential pressure setting after implantation [15]. A comprehensive review on the 

scientific history of hydrocephalus and its treatments has been published by Aschoff et al [11]. 

1.1.3. Economic impact of hydrocephalus treatment 

Patwardhan et al [16] analyzed the Nationwide Inpatient Sample (NIS) database retrospectively 

for the year 2000, which consisted of 7.45 million pediatric and adult patients. Admissions 

related to ventricular shunts (to peritoneal, atrial and pleural systems) for initial placement, 

revision and removal were found – totaling 5574 admissions, the median age was 31 years 

(range, 0–93 years). The authors state the NIS database represents 20% of the country-wide 

admissions, which projects to a total 27870 shunt related primary procedures in the US in the 

year 2000. It was estimated 8305 new cases of hydrocephalus were treated annually. For the 

admissions, the primary treatment was for shunt malfunction (40.7%), which comprised of VP 

shunt placement (43.4%) and replacement (42.8%). Hence, close to half of the surgical 

procedures were for remedying suspected or proven shunt failure.  

 

The average cost per admission was USD $35,816 ± 810, with the highest percentage (36%), in 

the USD $10k – 20k range; which projects to a national cost of more than USD $1.1 billion for 

the United States for the year 2000. The average number of hospitalization days was 8.4 ± 0.2 

[16]. In another study published in 1995 by Bondurant et al [17], a total of 36000 annual shunt 

related procedures were performed annually in the US, out of which 33000 involved a shunt 

placement procedure.  

 

Simon et al [18] focusing on the pediatric population, performed a retrospective cohort analysis 

on the 2003 Healthcare Cost and Utilization Project Kids’ Inpatient Databases (KID). The 2003 

KID was a survey of 3438 community hospitals in 36 states and provided data on 6.732 million 
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total discharges. Patients 18 years of age were excluded. A total of 9600–10,300 admissions for 

CSF shunt malfunctions and 4400 – 4700 admissions for initial CSF placements was reported.  

The management of hydrocephalus has a substantial economic impact on the healthcare system. 

However, modern cerebral shunting is still affected by a range of complications and the methods 

for determining shunt malfunction could be improved; these issues are discussed in Sections 

1.1.4. 

1.1.4. Complications of cerebral shunting 

1.1.4.1. Survival rate of HCP patients 

Hydrocephalus was a fatal condition a hundred years ago. Due to medical advancements, 

favourable prognosis for patients with hydrocephalus has drastically improved. Laurance et al 

in 1962 reported a 26% survival rate for patients with untreated hydrocephalus surviving into 

adulthood [19]. Treatment using hydrocephalus shunts have helped millions survive 

hydrocephalus since their invention in the late 1950s [11], [20]. Simon et al from analyzing the 

2003 KID dataset (Section 1.1.3) reports the overall hospital mortality rate for children admitted 

with hydrocephalus was 2.6% (compared with 0.4% for patients without hydrocephalus, p < 

0.001) [18]. Vinchon et al retrospectively reviewed patients younger than 18 years old, treated 

for hydrocephalus from their institution (Lille University Hospital, France) since 1980. A total 

of 456 patients beyond 20 years old were followed up (mean = 24.2 years). Shunt-related 

mortality rate was established at 4.2% and 7.2% before the age of 20 and 30 respectively [21]. 

Hydrocephalus treatment through shunting has achieved an improvement of >60% in patient 

survival rate.  

 

1.1.4.2. Rate of shunt failure 

Hydrocephalus treatment by CSF shunting has progressed significantly since the early 20th 

century [11]. However, shunting remains a neurosurgical procedure known for its notorious 

failure rates [15]. Kestle et al performed long-term follow-up for a large multicenter cohort 

study, involving 12 centers and 344 hydrocephalus patients (0-18 years). The randomized trial 

compared three kinds of valves– a standard differential pressure valve; a Delta valve (PS 

Medical-Medtronic) with an anti-siphoning mechansim; or a Sigma valve (NMT Cordis) with a 
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flow-limiting mechanism. A large proportion of shunts malfunctioned in the first year, then the 

failure rates plateaued. No particular shunt design showed a survival advantage compared to 

another [22]. From Kestle’s findings, the 1-year failure rate was at 38%, 48% at year 2 and 54% 

at year 3 [22]. It was estimated 85 – 98% of shunts would have failed within 10 years [23][24]. 

Invasive shunt revision surgeries are required when a shunt fails [25] and remain the most 

common surgical procedure for neurosurgeons [16].  

 

1.1.4.3. Rate of shunt revision 

Vinchon et al (introduced earlier in this Section) performed a total of 1226 revisions on the 

cohort of 456 patients (mean = 2.7 per patient). Figure 3 shows the number of revisions 

performed per patient. In total 91 patients (20%) did not require revisions, whereas 346 had at 

least one revision performed before the age of 20. In rare cases (2.6%) more than 10 revisions 

were required [21]. A similar revision response curve was obtained by Stone et al, averaging 

2.66 revisions per patient (64 total) over an average follow-up duration of 20 years [26]. The 

authors also reported an average time to first shunt revision was 2 years (median 12 months, 

range 0–209 months) [26]. 

 

 

Figure 3: A bar graph displaying the number of revision operations per patient; 80% (364/456) of 

patients have had at least one shunt revision. From Vinchon et al [21] 

 

1.1.4.4. The causes of shunt malfunction 

CSF Shunting of the ventricles is plagued with problems; the three most documented causes of 

hydrocephalus shunt failures are obstruction, infection and over-drainage. 
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Obstruction can occur anywhere along the shunt and is the major cause of failures and 

revisions. From Kestle’s findings (introduced earlier in Section) out of 177 treated 

hydrocephalus patients, 133 had shunt failures caused by obstruction (75%). Stone et al reported 

shunt obstruction in 52% of shunt failures, over half occurring at the proximal catheter, 30% at 

the distal catheter and about 20% at the valve or due to complete obstruction [26]. Similar 

figures were reported by Kestle et al, with obstruction figures showing 57% and 20% at the 

proximal and distal locations [22].  

 

Infection is a frequent complication of CSF shunt placement. Simon et al performed a 

retrospective cohort analysis from the Pediatric Health Information System (PHIS) longitudinal 

administrative database from 41 children’s hospitals across the US. Children analyzed were 

below 18 years of age, who had initial CSF shunt placement performed between January 1, 

2001, and December 31, 2005 (totaling 7071 patients). Over the 24-month follow-up period, 

over 11% of children were readmitted for subsequent CSF shunt infection, out of which 35% 

required a shunt revision surgery. Shunt infection rates varied across hospitals, ranging from 4.1 

– 17.4% per patient and 2.5 – 12.3% per procedure (average of 11.7% and 7.2% respectively) 

[27].  

 

CSF is produced at a rate of 0.3 – 0.4 mL/min [28]. Over-drainage occurs when CSF is removed 

from the ventricles of the brain faster than it is produced. Kestle et al reported this failure mode 

accounting for 10% of revisions [22]. Antes et al performed ICP guided valve adjustments to 

improve the clinical performance of patients, over 50% of cases (14/25) overdrainage was found 

to be the cause of malfunction in the shunt system (see Section 1.4.3.2) [29].  

 

1.2.  Methods for evaluating shunt malfunction  

The wellbeing of a treated hydrocephalus patient relies heavily on a functioning shunt. There 

are numerous direct and indirect methods to check for sufficient drainage through the shunt.  

Current investigation of potential shunt failure starts with a clinical history and physical 

examination. If failure is suspected, a series of evaluations are involved in current intervention 
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procedures. A flow chart of the diagnosing steps is provided in Figure 4, these methods and their 

limitations are discussed in this Section.  

 

 

Figure 4: Flow chart of an imaging approach to shunt malfunction. Adapted from Sivaganesan et 

al [30] 

 

The following terms are commonly used in the literature to quantify the effectiveness of 

diagnostic test methods for determining shunt malfunction [31]–[48]. These terms will be 

referred to throughout Section 1.2.  

• Sensitivity: probability that a test result will be positive when malfunction has occurred  

• Specificity: probability that a test result will be negative when malfunction has not 

occurred  

• Positive predictive value (PPV): probability that malfunction has occurred when the test 

result is positive 

• Negative predictive value (NPV): probability that malfunction has not occurred when 

the test result is negative 
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1.2.1. Detection via observations of symptoms 

Parental observation – parents of children with shunts are often educated by the clinicians to 

recognise signs of shunt failure. Naftel et al [31] and Kim et al [32] evaluated experienced 

parents’ (experienced >3 prior shunt revisions) accuracy in predicting shunt malfunction in their 

child. A total of 63/205 encounters and 46/85 encounters involved experienced and 

inexperienced parents respectively. In the studies, parental assessment malfunction likelihood 

was provided using a visual analog scale (definite of malfunction on high end) or as a “yes” or 

“no” answer. Shunt failure was diagnosed surgically or ruled out if shunt revision was not 

required within 1 week of presentation. The statistical outcomes of parental prediction is shown 

in Table 1. A visual analog scale score of ≥ 66 (slightly sure of malfunction) was selected for 

comparing the two studies [32]. The results from both studies are shown in Table 1; experienced 

parents were much better at ruling out shunt failure (NPV > 90%), compared to identifying 

whether shunt failure has actually occurred (PPV < 50%).  

 

Table 1: Test characteristics of parental response from experienced parents with children who had 

undergone 3 or more shunt revisions. 

Sensitivity (%) Specificity (%) PPV (%) NPV (%) Reference 

89 62 48 93 Naftel et al [31] 

94 23 29 92 Kim et al [32] 

 

Clinical observations involve evaluating whether patients display symptoms and signs of SSM, 

thus requiring progression to radiographic imaging. Garton et al [41] performed analysis on data 

obtained during the Pediatric Shunt Design Trial, totalling 431 encounters after shunt insertions. 

The encounters were separated into (i) early encounter – 5 months after shunt insertion; and, (ii) 

late encounter – 9 to 2 years after insertion. The statistical outcomes are presented in Table 2. 

For both early and late encounters, individual symptoms are good at correctly identifying 

malfunction (PPV>75%). However, the symptom cannot effectively rule out the presence of 

malfunction (NVP = 75-92%). Evaluating individual symptoms also yielded a poor sensitivity 

(<40%). Overall, clinical observation of single symptoms was found to be a limiting diagnostic 

modality.  
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Table 2: Test characteristics of clinical symptoms for early (<5 months) and late (9 – 24 months) 

encounters. Data obtained from Garton et al [49] 

Symptoms 
Sensitivity 

(%) 

Specificity 

(%) 
PPV (%) NPV (%) 

Early encounter     

Nausea & vomiting 36 97 79 81 

Irritability 39 96 78 92 

Decreased level of 

consciousness 
10 100 100 75 

     

Late encounter     

Decrease level of consciousness 11 100 100 89 

Developmental milestones 28 99 83 91 

 

1.2.2. Detection via radiographic imaging 

Cranial computed tomography (CT) imaging is used to visualise the outline of the ventricles. 

The CT scan is compared with previous baseline scans to detect for ventricular dilation (see 

Figure 5), which is suggestive of elevated ICP as caused by shunt malfunction [45]. However, 

CT imaging is not capable of detecting all cases of shunt malfunction. Firstly, a shunt may 

require revision due to an infection without obstruction. In such a case, the ventricles may not 

change in size. Secondly, if excessive CSF drainage occur over years, Slit Ventricle Syndrome3 

(SVS) can develop (9 – 25% of paediatric patients) [43], [44], in which ICP increases while 

showing no radiographic indications. Table 3 shows the test results of CT imaging, with a 

sensitivity of 53 – 92 % and specificity of 76 – 93%. Although the modality is widely used, 

these results show CT imaging is still lacking, as it can return considerable false positive and 

negative test results.  

 

 
3 A shunted hydrocephalus patient with a severe headache disorder lasting 10 – 90 mins. Radiographic imaging 

would show ventricles that are normal or smaller than normal. 
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Figure 5: Axial CT images of a patient with ventricular shunt scanned at baseline (A) and with 

scanned with ventricular dilation due to shunt malfunction (B). From Boyle et al [45] 

Shunt series (SS) involves performing plain CT radiographs of the skull, neck, chest and 

abdomen of the patient. The objective is to observe the entire shunt and tubing, to evaluate for 

mechanical issues such as disconnections, kinks, calcification, or migration of the distal tip. Test 

results from Table 3 shows this modality has very poor sensitivity to SSM (4 – 26%), but high 

specificity (92 – 98%). Vassilyadi et al examined medical records of 394 children who 

underwent 3416 SS at the Children’s Hospital of Eastern Ontario between 1975 and 2007. It 

was found a positive SS test result (indicating shunt malfunction), with contradicting results 

from other diagnostic methods resulted in only 0.6% of surgical intervention. In contrary, a 

negative result from SS, while other test modalities indicated shunt malfunction resulted in 9% 

of necessary shunt revision surgeries. Vassilyadi et al recommends the SS shouldn’t be routinely 

performed, unless there is clinical suspicion of a disconnection in the shunt hardware [46].  

 

Radioisotope shuntograms requires puncturing the shunt system to inject 0.5 ml of 

radionuclide (99mTc-DTPA) into the shunt reservoir proximal to the shunt valve. This method 

requires strict aseptic technique as it carries a risk of shunt infection. The progression of these 

compounds is tracked in real-time through the shunt using CT imaging [47]. As shown in Table 

3, the test performance is generally lower than a cranial CT scan.  
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Rapid cranial magnetic resonance imaging (MRI) is applied for detecting ventricular 

dilation, without exposing patients to ionizing radiation. Recent advances in the technology (e.g. 

single shot fast spin echo) allows for image acquisition times of  1 – 4 minutes, compared to 2 

minutes via CT scanning [45]. Test results in Table 3 show the specificity of an MRI scan (89 

– 93%) is similar to a CT scan (76 – 93%). However, the drawbacks include its  moderate 

sensitivity (51 – 59%); and the cost of a MRI scan is reported to be 10-times that of a CT scan 

[48], which limits its wide spread use. 

 

Table 3: A summary of test performance of radiographic imaging modalities for diagnosing SSM. 

Adapted from Boyle et al [45]. 

Imaging type Sensitivity (%) 
Specificity 

(%) 
References 

Cranial CT 53 – 92  76 – 93  

Barnes et al [33], Mater et al [34], Zorc et al [35], 

Lehnert et al [36], Boyle et al [37], Shuaib et al 

[38], Yue et al [39] 

    

Shunt series 4 – 26 92 – 98  
Zorc et al [35], Lehnert et al [36], Shuaib et al 

[38] 

    

Shuntogram 47 – 65 86 – 92  
Lehnert et al [36], Vernet et al [40], Ouellette et 

al [50], Vassilyadi et al [51]  

    

Rapid cranial 

MRI 
51 – 59  89 – 93  Boyle et al [37], Yue et al [39] 

 

 

1.2.2.1. The risk of ionizing radiation 

CT imaging is an invaluable diagnostic modality, however the patient becomes exposed to 

ionizing radiation during treatment. CT imaging is performed more frequently on children with 

shunted hydrocephalus than any other patient group, with possible exception to patients with 

brain tumours [52]. For shunted patients, the number of annual CT imaging performed was 2.1 

± 1.6 (range 1–12). A low-dose and a standard head CT produces 1.1 mSv and 2.5 mSv 

respectively. Koral et al performed estimates based on two scans performed annually for 20 

years. The low dose head CT would generate 1 excess lifetime fatal cancers per 230 patients; 

with the standard head CT, 1 excess fatal cancer per 97 patients is generated [52].  
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Putting this result into perspective, the lifetime risk of developing any type of cancer in the 

general population is about one in three [53]. Pearce et al reported the results of a cohort study 

of around 180 000 patients in Great Britain. Subjects were identified as having been first 

examined with CT while ≤ 21 years of age during 1985–2002. It was reported in the 10 years 

after the first scan for patients younger than 10 years, one excess case of leukaemia and one 

excess case of brain tumour per 10 000 head CT scans is estimated to occur [53].  

 

The estimates from Koral et al [52] show the risk caused by CT scanning in shunted 

hydrocephalus patients is significantly greater than a typical radiographed patient. A pediatric 

hydrocephalus patient has a 100-times greater lifetime risk of developing cancer than a typical 

patient infrequently requiring a CT scan. This adds weight to methods which do not require 

ionizing radiation for the diagnosis of SSM.  

1.2.3. Detection via shunt flow 

Transcutaneous thermal technique for shunt flow measurement has been implemented as a 

FDA-approved device by ShuntCheck III (NeuroDx Development). The device detects for a 

lack of CSF flow which is indicative of shunt blockage, therefore identifying patients requiring 

shunt revision surgery. The procedure involves attaching an adhesive patch, with inlaid 

temperature sensors on the skin above the distal catheter. An ice pack is applied onto the skin 

over the shunt for a test duration of 10 minutes. In a flowing shunt, cooled CSF passing under 

the patch can be measured as a temperature drop. Results were collected from a total of 82 tests 

performed on 71 shunts. The test group consisted of patients undergoing asymptomatic routine 

follow-up assessments and patients with suspected shunt malfunction. In addition, only patients 

with a distal catheter that was palpable as it passed over the clavicle were enrolled in the study. 

The strong NPV value (94%) suggests the device could be used as a "rule out" tests for patients 

not requiring shunt revision surgery. However, this technique scores low in its ability to identify 

patients with shunt malfunction who require surgery (PPV = 24%). 
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Table 4: Test characteristics of thermal prediction of shunt malfunction using the ShuntCheck III 

transcutaneous thermal technique. Data obtained from Hameed et al [54]. 

Modality Sensitivity (%) Specificity (%) PPV (%) NPV (%) 

ShuntCheck III 

(NeuroDx 

Development) 

73 63 23.9 94.2 

1.2.4. Limitations of malfunction detection techniques  

Currently, evaluation begins with the observation of symptoms suggestive of shunt malfunction. 

Experienced parents are very good at ruling out if shunt malfunction has occurred (NVP > 90%), 

however they can only guess whether a shunt revision is required (PPV < 50%). Clinical 

observation of symptoms also cannot effectively rule out the presence of malfunction. 

Transcutaneous thermal detection has shown to be accurate in ruling out malfunction (NPV > 

90%), but it cannot identify when a patient requires revision surgery. 

 

Radiographic techniques for identifying ventricular size correctly returns a negative test result 

if malfunction has not occurred (80 – 90% specificity); yet the sensitivity of this technique is 

varied (50 – 90%). The use of CT head scans poses a significantly greater lifetime risk of 

developing cancer for pediatric hydrocephalus patients. MR scanning does not have the risk of 

ionizing radiation, however according to Barber et al, MR scanning is 10-times more expensive 

than a CT scan ($1047 GBP vs. $165 GBP) [48]. Currently, there is not a single detection 

method which can safely and definitively ‘rule out’ and/or ‘rule in’ shunt malfunction. These 

existing limitations highlight the need for a more reliable method of neuromonitoring.  

 

Presently, the gold standard of ICP monitoring involves the invasive insertion of a probe into 

the ventricles of the brain. Detection of an elevated ICP reading is indicative of shunt 

malfunction. The following sections will review the performance of non-invasive and invasive 

ICP monitoring methods. In particular, the feasibility of these methods for detecting shunt 

malfunction is investigated.  
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1.3. Current progress in non-invasive ICP monitoring 

Non-invasive ICP (nICP) monitoring would be hugely attractive for the following reasons: (i) 

allowing for assessment of whether a patient requires invasive monitoring; (ii) risks involved 

are low or non-existent, without the chance of haemorrhage or infection; (iii) enables rapid 

diagnosis of chronic conditions. In general, nICP techniques rely on measuring a physiological 

variable that correlate indirectly with ICP. A correlation coefficient describes how well a change 

in ICP can be predicted. The predictive interval describes the spread of predicted nICP values 

against the actual ICP (typically as a 95% confidence interval).  

 

Currently, nICP monitoring is an area under active research with limited peer reviewed papers. 

As such, these techniques are not clinically used for determining shunt malfunction as opposed 

to invasive ICP monitoring. The accuracy of nICP monitoring techniques is often verified on 

patients with existing neurological conditions requiring invasive ICP monitoring. The accuracy 

criterion for invasive ICP monitoring devices is ±2 mmHg for a pressure range of 0 – 20 mmHg 

gauge (stated in the ANSI/AAMI NS28 standard for intracranial pressure monitoring devices).  

 

Section 1.3.1 provides a detailed summary of the more promising nICP techniques. Section 1.3.2 

discusses the limitations of current nICP techniques.  

1.3.1. Evaluation of nICP techniques 

The nICP methods can be grouped into the following categories:; (i) ophthalmic blood flow 

change detection (i.e. two-depth transcranial Doppler (two-depth TCD) technology and optic 

nerve sheath diameter (ONSD) assessment); (ii) cerebral blood flow change detection (i.e. 

transcranial Doppler (TCD)); (iii) brain imaging techniques (i.e. magnetic resonance 

intracranial pressure (MR ICP)); and (iv) indirectly transmitted ICP (i.e. tympanic membrane 

displacement (TMD)). In the below Section, the more promising nICP techniques are reviewed, 

followed by a commentary of their overall performances. Table 5 and Table 6 below summarizes 

the performance of individual techniques. 
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Table 5: A literature review on the predictive performance of non-invasive ICP monitoring 

techniques 

nICP 

Method 

Number of 

patients 

evaluated 

Correlation 

coefficient, R 

Predictive interval, 95% 

confidence interval 

(mmHg) 

References 

Two-

depth 

TCD 

85 0.76 ± 4.4 
Ragauskas et al 

(2014) [55] 

 12 0.74 ± 8.8 
Koskinen et al 

(2017) [56] 

     

TCD 81 0.94 ± 4.2 
Bellner et al (2004) 

[57] 

 290 0.31 ± 15 
Zweifel et al (2012) 

[58] 

 10 0.47 ± 43.8 
Behrens et al (2010) 

[59] 

     

ONSD 10 – 65 0.46 – 0.88 --- 
Kristiansson et al 

(Review, 2013) [60] 

 57 0.74 ± 12 
Sekhon et al (2014) 

[61][56] 

     

MR ICP 5 0.98 --- 
Alperin et al (2000) 

[62] 

     

TMD 220 --- > ± 20 
Shimbles et al (2005) 

[63] 

 

 

Table 6: Selected non-invasive studies with cutoff values incorporated for predicting raised ICP  

nICP method 
Abnormal ICP 

threshold 
Sensitivity (%) 

Specificity 

(%) 

PPV 

(%) 

NPV 

(%) 
References 

Two-depth 

TCD 
> 14.7 mmHg 68 84 --- --- 

Ragauskas et 

al [55] 

       

ONSD 
4.8 – 6.0 mm 

cutoff 

74 – 100 (36 

lowest) 

42 – 100 (36 

lowest)  
--- --- 

Robba et al 

(Review) [64] 

ONSD (CT) ≥ 20 mmHg 97 42 67 92 
Sekhon et al 

[61] 
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1.3.1.1. Two-depth transcranial Doppler technology (Two-depth TCD) 

Two-depth TCD uses ultrasound to simultaneously measure the blood flow pulsations in the 

intracranial and extracranial segments of the ophthalmic artery (OA). External pressure (PE) is 

applied gradually from 0 – 28 mmHg gauge, onto the eyelid using an inflatable cuff. A pressure 

balance point is reached when the blood flow velocity pulsations in both the OA segments is 

approximately equal – ICP is equal to PE at this point. The procedure takes 10 minutes to obtain 

ICP. A main advantage of the technique is that ICP is measured directly in mmHg, without 

requiring a prior baseline to be obtained. This technique was developed in the Health Telematics 

Science Centre of Kaunas University of Technology in Lithuania, leading to a commercial 

device – Vittamed 205 (Kaunas, Lithuania) [65].  

 

Ragauskas et al [55] conducted nICP measurements using two-depth TCD on 85 patients (18–

78 years) with existing or suspected neurological conditions. Distribution of condition follows: 

chronic headache (IH suspected) (n=50), multiple sclerosis (suspected) (n=30), NPH (n=5). For 

the purpose of diagnosing the patient’s neurological condition, pressure was measured 

simultaneously using lumbar puncture. A total of 95 paired samples (R=0.76, P<0.0001, 

CI=99%) and the prediction error was ± 4.4 mmHg. In addition, the sensitivity and specificity 

to measuring ICP >14.7 mmHg was 68.0%, 84.3% respectively. In a separate study, Koskinen 

et al [56] conducted a trial on 12 suspected NPH patient who required invasive pressure 

monitoring, 73 ± 8 years (mean ± SD). Infusion investigations were performed by measuring 

and controlling ICP via lumbar pressure (Celda, Likvor AB). This procedure involved insertion 

of two 18-G lumbar needles into the CSF space of the spinal cord. The first needle was 

connected to an ICP sensor; a second needle allowed for infusion and withdrawal of Ringer’s 

solution. Using the pressure feedback loop, a peristaltic tubing pump automatically adjusted and 

stabilized the patient’s ICP. Results were obtained from 61 paired data points of invasive and 

non-invasive measurements. The error between the invasive and non-invasive measurements 

was -1.4 ± 8.8 mmHg (R=0.74. 95% CI).  

 

Results from Table 5 shows two-depth TCD is the most accurate nICP technique, however 

limited findings were found verifying this result. In addition, Siaudvytyte et al suggests the 

technique cannot be performed on some patients due to anatomical variations and underlying 
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brain or ophthalmic abnormalities. In addition, it is unclear whether CSF pressure surrounding 

the optic nerve is a true representation of ICP [65]. 

 

1.3.1.2. Transcranial Doppler technology (TCD) 

TCD relies on detecting the changes in blood flow velocity (FV) in the middle cerebral artery 

during systolic and diastolic cycles. The pulsatility index (PI) – which is correlated with ICP – 

is calculated (FVsystolic - FVdiastolic)/FVmean [60]. Bellner et al [57] performed TCD measurements 

on 81 patients (2 – 79 years, mean 52 years) with different neurological conditions (i.e. 

subarachnoid hemorrhage, head injury). A total of 658 measurements were made bilaterally on 

the middle cerebral artery. Continuous invasive ICP was obtained for all patients using an 

intraventricular catheter (HanniKath, pvb Medizintechnik Gmbh & Co.). Bellner et al reports 

the most optimistic results of TCD; a significant correlation was found between ICP and PI 

(R=0.938, P<0.0001). The predicted error was ± 4.2 mmHg (95% confidence interval) of the 

invasively measured ICP, in the range of 5 to 40 mmHg for ICP.  

 

However, other authors have produced contradictory results. Zweifel et al [58] in a cohort of 

290 patients (662 daily recorded sessions), found a weak correlation between PI and ICP 

(R=0.31, P<0.001). The 95% prediction interval from PI for ICP was greater than ± 15 mmHg. 

In another study, Behrens et al measured the PI from the middle cerebral artery. In a group of 

ten idiopathic NPH patients [59]. ICP was invasively controlled via lumbar infusion (from 

baseline to 50 mmHg gauge), while pressure in the brain tissue was monitored using a Codman 

MicroSensor. The 95% confidence interval for a mean ICP of 20 mm Hg was −3.8 to 43.8 mm 

(R=0.47, P<0.01).  

 

The large statistical variation is likely due to a result of operator variations and inter-patient 

variations. Simulations performed by Behrens et al suggests variations in vessel compliance, 

autoregulation and arterial pressure can significantly affect the relationship between ICP and PI 

[59]. The operator must obtain a reliable pulse signal – such as the ability to locate an acoustic 

window and correct probe orientation when placed against the head. Unfortunately, the 

technique cannot be performed on around 10 – 15% of patients due to a lack of a sufficient bone 

window signal penetration [60].  
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1.3.1.3. Optic Nerve Sheath Diameter (ONSD) assessment 

The optic nerve is part of the central nervous system and it is surrounded by the dural sheath. 

Between the sheath and the white matter is a fluid-filled cavity, which communicates with the 

subarachnoid space surrounding the brain. This leads to an increase in the optic nerve sheath 

diameter (ONSD), particularly in the anterior, retro-bulbar compartment, about 3 mm behind 

the globe [66]. Recently, the ONSD technique has received much attention as measurements 

can be performed using ultrasound; which is readily available, cost-effective and only takes 

about 5 minutes[67]. Using ultrasound the mean intraobserver variance of the optic nerve sheath 

diameter was reported to range from ±0.1 to ±0.3 mm [67]. Other imaging modalities could also 

be used including CT and MR imaging.  

 

In a study by Sekhon et al [61], ONSD was measured using a bedside portable CT (CereTom, 

Neurologica Danvers MA, USA). The cohort consisted of 57 patients (mean 40 years, s.d. 16 

years) with severe TBI. Simultaneously, invasive ICP was obtained from each patient using a 

Codman ICP monitoring system (Codman & Shurtlett, MA, USA). Good correlation was found 

between ICP and ONSD (R=0.74, P=0.001), however the predictive limit was around ± 12 

mmHg. A cutoff dimension of the sheath diameter has often been used as an indicator of 

elevated ICP. The upper normal value of the ONSD is 5 mm for individuals over 1 years old 

and 4.5 mm for younger patients [66]. Sekhon et al performed CT imaging using a cutoff 

diameter of 6.0 mm to detect elevated ICP (>20 mmHg vs <20 mmHg). Results show sensitivity 

and NPV of >90% (see Table 6). This indicates ONSD has a strong potential as a rule-out test 

of elevated ICP.  

 

However, the technique requires training, and performance is affected by intra- and inter-

observer variance. Usage on certain patient groups may provide inaccurate readings, such as 

glaucoma patients or TBI patients with lesions in the optic nerve [60]. 

 

1.3.1.4. Tympanic Membrane Displacement (TMD) 

TMD is based on the communication of the CSF (medium of ICP) and intracochlear fluid 

(medium of cochlear fluid pressure) via the perilymphatic duct within the middle ear. Acoustic 

stimulation of the stapedial reflex through the ear probe results in contraction of the stapedial 
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muscle, causing movement of the tympanic membrane. The movement of the tympanic 

membrane is measured and correlated to ICP. [67]. The Marchbanks measurement system 

analyser produces a 1 kHz acoustic signal for 300 ms at intervals of 1 second. This system can 

be used to stimulate TMD. Shimbles et al [63] evaluated the use of TMD on 36 patients with 

hydrocephalus or IH, while invasive measurement was performed simultaneously. A significant 

relationship was reported between TMD and ICP. However, the predictive limit of ±20 mmHg 

was far too great to be useful for clinical applications.  

 

1.3.1.5. Magnetic Resonance Intracranial Pressure (MR ICP) 

ICP is measured by using the concept of intracranial elastance which is derived from intracranial 

volume and pressure. The pulsatility of blood from a cardiac cycle causes a small change in the 

intracranial volume (ICV), which is about 1 mL. Using MRI measurements (velocity-encoded 

cine phase-contrast pulse sequences4), volumetric variations can be captured and the elastance 

index derived. Finally, a mean ICP value can be obtained from the elastic index (EI) [67], [68].  

 

The performance of the MR ICP method is debated. Alperin et al [62] non-invasively measured 

the MRI derived elastance index from five patients simultaneously, intraparenchymal pressure 

was invasively monitored (Model V420, Camino Laboratories). A strong correlation was found 

between the invasive and estimated ICP (R=0.98, P<0.005). However, Marshall et al [69] 

performed imaging on three patients and found modest to poor repeatability of the derived 

cerebral properties (EI, ICV and dP/dV). Cerebral properties in two patients varied from 9 – 30 

% (defined as s.d./mean) and up to 71% in the third patient. Marshall et al attributed 

interindividual variations to differences in vasculature anatomy and intraindividual variations 

due to changes in heartrate between the repeated measurements. In addition, there are several 

limitations to its uptake; it is in accessible, expensive (a MRI scan costs over $1000 USD) and 

infeasible to be performed continuously [64].  

 
4 Phase contrast cine magnetic resonance imaging (MRI) combines the flow-dependent contrast of phase contrast 

MRI with the ability of cardiac cine imaging to produce images throughout the cardiac cycle [149] 
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1.3.2. Limitations of nICP techniques 

Non-invasive ICP monitoring is an actively researched topic. However, reported performances 

from different authors often display great variability or are contradictory (as seen in Table 5). 

The field would benefit from studies involving a large cohort of patients, with well-defined and 

consistent experimental methods. Reported performances have modest to poor correlation and 

a large predictive interval – which can span the range of healthy physiological ICP. One 

promising technique was two-depth TCD, with an error of ±4.4 to ±8.8 mmHg when compared 

to invasive ICP measurements [55][56]; however, the confirmation of its performance is sparse. 

Nevertheless, nICP methods cannot match the performance of invasive ICP devices, which 

achieves an accuracy of below ±2 mmHg (in order to meet the ANSI/AAMI NS28 standard) 

[70]. 

 

In general, nICP techniques are limited by reproducibility due to several factors. Inter-individual 

variability means most methods cannot provide an absolute reading, unless a baseline 

performance is invasively obtained [60]. In addition, obtaining a reading requires a trained 

technician and reproducibility is affected by operator dependent factors [64]. In a certain 

percentage of patients with anatomical abnormalities, nICP readings cannot be obtained at all 

[65]. Although large errors exist (Table 5 & Table 6), they might be effective as a screening 

method for severely elevated ICP, especially when clinical assessment is difficult to assess, or 

it is too time consuming. Overall, due to the vast limitations, nICP techniques are still in the 

exploratory phase, with limited efficacy for clinical decision making.  

 

1.4. State-of-the-art invasive monitoring systems 

This Section aims to present the current state of invasive ICP monitoring devices and discuss 

their merits and their feasibility for chronic ICP monitoring. Firstly, invasive monitoring 

techniques and implantation locations are introduced. Next, the performance of fully 

implantable telemetric devices is discussed. Finally, their ability to detect shunt malfunction is 

examined. 
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1.4.1. Invasive monitoring techniques 

Invasive pressure measurement is the standard method for direct ICP monitoring. Several 

invasive ICP measuring methods are introduced and are illustrated in Figure 6.  

 

Intraventricular monitoring via ventriculostomy using an external ventricular drain (EVD) 

is considered as the gold standard for ICP measurements [71]. A ventricular catheter is placed 

through a burr hole into the ventricle and ICP is measured using an external pressure sensor in 

fluid communication with the intracranial compartment. Disadvantages include: leakage, clots 

and kinks that may result in false readings [72]; risk of infection; and injury caused by incorrect 

insertion [73].  

 

Implantable transducer systems consist of a microsensor which is placed into the brain tissue. 

Their performance is comparable to monitoring EVDs used for intraventricular monitoring. This 

technique eliminates the fluid column in an EVD, thus allowing for more accurate dynamic 

waveform monitoring [74] and offer a lower infection rate [75]. However, a major disadvantage 

with implanted sensors is their loss of sensor accuracy over time and requires revision surgery 

for re-calibration [76]. Implantable transducer systems are illustrated in Figure 6 and are 

described below: 

 

i) Intraparenchymal devices are the most widely adopted devices to measure ICP in the 

emergency room, for elective surgical cases and for routine pediatric neurosurgery 

[68]. They are inserted through a support bolt or are tunnelled subcutaneously from 

a burr hole. However, the local pressure detected by the device may be misleading 

since the ICP is not uniform within the skull [8].  

 

ii) Epidural devices fit into the space between the dura and the skull. 

 

iii) Subdural devices fit under the dura and the pressure sensor is oriented to face the 

brain. However, subdural devices have been abandoned as a larger size is required 

for implantation and they are less reliable in measuring ICP [77][78]. 
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Figure 6: Pressure probes invasively placed at different locations in the brain. Intraventricular 

monitoring via ventriculostomy is the gold standard for ICP monitoring. 

1.4.2. Performance of tethered ICP monitoring systems 

Modern commercial ICP sensing solutions are highly miniaturized. These systems typically 

consist of a sensing element, which insert into the brain tissue. The catheter is tethered to a 

bedside monitoring system with a readout of the patient’s ICP. Table 7 shows the zero-drift 

performance of ICP monitoring systems which exist on the market; their limitations are 

discussed in Section 1.4.4. 

 

Table 7: A summary of sensor drift performance of commercial ICP monitoring devices currently 

on the market 

Brand Zero-drift (mmHg) 

Camino ICP monitor 

(Natus Medical) 

Manufacturer’s spec: <24 hours: ±2 mmHg, next 4 days: <1 

mmHg/day 

7.3±5.1 mmHg after 20 days (N=624) [76] 

  

Codman MicroSensor 

(Integra LifeSciences) 

Manufacturer’s spec: mean drift of 0.9 ± 0.2 mmHg after 7.2 ± 0.04 

days 

0.1±1.6 mmHg/100 hours (N=15) [79] 

  

Sophysa Pressio (Sophysa) 
Manufacturer’s spec: maximum drift: ±2mmHg/week 

-0.7±1.6 mmHg/100 hours (N=15) [79] 
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1.4.3. Performance of fully implantable telemetric ICP devices 

The use of a tethered system for ICP monitoring is often unsuitable in symptomatic shunt-treated 

patients. The drawbacks include hospitalization, restricted mobility and the risk of infection. 

Recently, fully implantable telemetric ICP devices have been released onto the market. These 

systems typically consist of the following elements: a passive implant, an antenna for providing 

wireless power and communication, and a display unit. The telemetric ICP devices are intended 

for verifying suspected conditions such as NPH, benign intracranial hypertension, overdrainage, 

shunt malfunction and for supporting shunt valve adjustments. Systems from Raumedic and 

Christoph Miethke are presented, followed by a discussion relating to their long-term 

performance.  

 

1.4.3.1. Raumedic Neurovent P-Tel  

The NEUROVENT P-Tel system (Raumedic AG) shown in Figure 7 is a passive implantable 

device which is powered wirelessly using an external coil. It consists of a piezoresistive pressure 

transducer located at the tip of a 5-Fr polyurethane catheter (⌀1.67 mm; L = 30 mm). The 

communication and powering electronics are housed within a ceramic disc (⌀31.5 mm; H = 4.3 

mm). This disc is fully implanted under the scalp on the cranial bone, and the pressure transducer 

is inserted into the brain tissue for monitoring intraparenchymal pressure [80]. The specified 

drift of this device is ± 2 mmHg per 29 days [81].  

 

Kiefer et al [82] evaluated the long-term stability of 18 NEUROVENT P-Tel and S-Tel 

(Raumedic AG) telemetric ICP sensors. A total of 12 subdural and 8 intraparenchymal 

telemetric devices were implanted in nine male Ellegaard (Denmark) minipigs. Sensor drift was 

evaluated by comparison to a reference probe inserted at time of measurement (Neurovent-P, 

Raumedic AG). Evaluation periods were 3-6 months, 7-12 months and 18 months. The offset 

error at these periods were 5.5 ± 4.0 mmHg, 4.5 ± 4.7 mmHg and 8.3 ± 3.7 mmHg respectively. 

In addition, the P-Tel has a low sampling rate (1 or 5 Hz) and large size (⌀ 31.5 mm and 4.3 mm 

thick) [82]. Pulsatility is considered an indication of brain health in addition to the mean ICP 

level [83]. This sampling rate is too low for measurement of pulsatility within the ICP signal.  

Sampling performed at 44 Hz has been shown to produce the characteristic ICP waveforms with 

three pressure peaks as seen with 100 Hz sampling [29]. 
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Figure 7: The Raumedic Neurovent P-tel is a fully implanted telemetric device for ICP 

monitoring. The pressure sensing element is located at the catheter tip and accompanying 

electronics housed within a circular ceramic case. Photograph from Eklund et al [81] 

 

1.4.3.2. Miethke Sensor Reservoir 

The Miethke Sensor Reservoir (Christoph Miethke GmbH & Co. KG) is designed to be 

integrated in-line with the hydrocephalus shunt hardware. Within the Sensor Reservoir (SR) is 

a pressure-measuring cell capable of monitoring pressure within the shunt. The cell contains an 

application-specific integrated circuit with a total of 64 capacitive pressure sensors, which are 

protected from the CSF fluid by a ⌀12 mm titanium diaphragm. The housing of the device is 

manufactured from polyether ether ketone (PEEK) and has external dimensions of ⌀23.8 mm 

and 7.7 mm in height. The top consists of a silicone dome, allowing for CSF withdrawal or drug 

infusion. The SR has a maximum sampling frequency of 44 Hz and is capable of capturing the 

three peaks in the ICP signal [29]. The technical specification of the device could not be found. 

 

Antes et al [29] evaluated the Sensor Reservoir for a year on a cohort of 25 hydrocephalus 

patients with suspected suboptimal shunt valve settings (mean = 53.6 ± 20.7 years, range = 13 

– 81 years). Observations were performed on average for 7 months (mean = 213.8 ± 119.4 days). 

ICP measurements were performed monthly (mean = 33.8 ± 20.2 days), averaging 7.3 

recordings per patient (183 measurements in total). ICP guided valve adjustments were 

performed quarterly (mean = 91.2 ± 68.4 days), resulting in a mean of 3.4 per patient (range = 

0 – 14, total = 85). ICP guided adjustments is used for fine tuning the shunt valve opening 
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pressure. A high valve opening pressure provides under drainage, while a low opening pressure 

can lead to over drainage. Adjustments were reported to positively change the clinical state of 

72% of patients (18/25). A total of 12 patients reported clinical improvement and 6 patients were 

free of symptoms associated with over/underdrainage at the final follow-up. Over-drainage was 

found to be the problem for most cases (14/25). However, 7 patients continued to experience 

headaches and signs of suboptimal shunt performance after adjustments. Although the device 

was used for several months, long-term stability was not reported.  

 

 

Figure 8: A schematic cross-section of the Miethke Sensor Reservoir (left), showing the titanium 

covered measuring cell (black), arrows indicate the CSF flow direction through the device. A 

photograph of the Miethke Sensor Reservoir (middle), consisting of a round PEEK housing and a 

silicone membrane allowing for tapping. The side port connects to a distal tubing and port at the 

bottom (hidden) connects to a ventricular catheter. A head CT image of a patient with an 

implanted Sensor Reservoir (labelled, right), adjustable pressure valves are shown distally placed. 

Schematic and photograph from Antes et al [29], CT image from [84]. 

1.4.4. Limitations and usability of invasive ICP monitoring systems 

Common to all microsensor systems, pressure calibration cannot be performed once the sensor 

is implanted without invasive shunt surgery. Tethered ICP monitoring systems are unacceptable 

for chronic use for the following reasons: (i) they are not fully implantable – these devices 

consist of transcutaneous leads that can result in infection complication; and (ii) poor drift 

performance – according to the manufacturers’ specifications, within a month after 

implantation, the device accuracy would fall outside the clinically useful range for ICP 

measurements of 2 mmHg [70].  
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The telemetric NEUROVENT P-Tel (Raumedic AG) has a drift rating of ± 2 mmHg for a month 

– afterwards it fails to comply with clinical ICP monitoring requirements [70]. The causes of 

drift in microsensors for pressure measurement is a multifaceted topic and will be investigated 

in Chapter 2. 

 

As discussed in Section 1.4.3.2, Antes et al [29] reported on their 1-year clinical experience with 

the Miethke Sensor Reservoir. The cost of the SR was found to be a significant factor inhibiting 

uptake, costing more than a modern adjustable differential pressure shunt valve and gravitational 

valve combined. The authors recommended SR insertion as the final and ultimate measure, used 

on selected problematic cases and complex shunt problems. The authors identified a stepwise 

approach for identifying when the SR is required – headaches are not specific, clinical symptoms 

are unrelated to over- or under-drainage, ventricular size is unchanging and valve adjustments 

are challenging. Due to these restrictions, in a 1-year period, the SR was only inserted for 13% 

(25/189) of patients in their study.  

 

1.5. Clinical need: chronic ICP monitoring for hydrocephalus 

management 

1.5.1. The problem in diagnosing hydrocephalus shunt malfunction 

The limitations of current malfunction detection techniques, non-invasive and invasive ICP 

monitoring methods were discussed in Sections 1.2.4, 1.3.2, 1.4.4. In summary, these methods 

fall short of the requirements for confidently detecting shunt malfunction.  

 

The problem is that currently there is not a single symptom, sign, or diagnostic method that can 

conclusively screen for shunt failure. Hydrocephalus patients who are displaying symptoms 

similar to the common flu; such as a headache, vomiting, fever or drowsiness could easily be 

mistaken as suffering from a shunt malfunction.  

 

According to a single-centre cohort data obtained from Naftel et al [31], only one-third of 

hydrocephalus patients (n=71/199) admitted to the emergency department (ED) for SSM, need 



Chapter 1 

30 

 

to have their shunts revised due to malfunction. In figures obtained from Boyle et al [37], only 

15% of patients (n=140/905) reporting to the ED with SSM were confirmed to have shunt 

malfunction. Hence, for 66 – 85% of encounters, ED evaluations were not required in the first 

place and symptoms were likely due to a migraine or headache – these patients required an 

aspirin tablet instead.  

 

For current neurological practice, a majority of patients undergo radiographic imaging for 

evaluation of SSM [30]. However, Zorc et al [35] report only one-quarter of pediatric ED 

patients who have undergone radiographic imaging require surgical management. In addition, 

one in eight patients with an obstructed shunt had normal radiographic results [35]. 

Radiographic imaging involving CT scans (head CT, shuntogram, shunt-series) expose patients 

to ionizing radiation. As discussed in Section 1.2.2.1, Koral et al [52] report paediatric patients 

obtaining 2 CT scans yearly, have a 100-fold increase risk of developing a lifetime fatal cancer 

(compared to a typical paediatric patient needing a head CT scan). The current practice to 

investigate SSM means few radiographed patients actually require surgery. It also exposes 

patients not requiring surgery to unnecessary radiation.  

1.5.2. Benefits of chronic ICP monitoring 

There could be large cost-savings if unnecessary and expensive clinical evaluations, CT & MR 

imaging and hospital stays due to SSM are reduced. The opportunity is to provide a system that 

enables a patient, their family and healthcare professionals, to remotely and reliably confirm 

that the brain pressure is normal or abnormal. A pressure sensor could be implanted in the brain 

at the same time the hydrocephalus shunt is installed. The sensor readings obtained would 

inform the clinician if shunt revision surgery is required.  

 

It would seem reasonable to assume that the patient experience of managing their hydrocephalus 

would be greatly improved if they could quickly and easily obtain qualitative information that 

their ICP pressure is normal. This would alleviate the anxiety over the prolonged process of 

clinical assessment. It might also lead to a more rapid intervention for when a shunt is identified 

as blocked. 
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An accurate chronic ICP sensor could have functions other than for detecting shunt malfunction. 

Short-term monitoring could enable ICP-guided valve adjustments to ensure correct CSF 

drainage. Long-term monitoring could provide valuable clinical feedback on brain health and 

disease progression. 

 

However, current ICP monitoring systems are unacceptable for chronic use in application within 

the hospital or in the out-patient setting. This is due to sensor drift which causes the pressure 

readings to fall outside of the clinically relevant range after a month of implantation. A method 

capable of re-calibrating the accuracy of an implanted ICP sensor would enable chronic ICP 

monitoring. 

 

1.6.  Scope and objectives 

 

In this chapter, an introduction was provided on hydrocephalus, its treatment and complications. 

The limitations in current methods for managing and diagnosing the disorder was discussed. 

The clinical need for a chronic ICP monitoring device for hydrocephalus patients was identified 

(Section 1.5). Currently, there is no long-term stable pressure sensor to meet the clinical need 

of hydrocephalus patients.  

 

This thesis presents the concept, mechanical design, development and benchtop evaluation of a 

new pressure measurement system. The long-term stability and performance of the pressure 

system for re-calibration will be evaluated. The approach is consistent with leveraging existing 

technology to create a fully implantable device [85].  

 

An in-depth investigation of the pressure system requirements and the concept of re-calibration 

will be presented in Chapter 3. In general, the pressure system needs to satisfy the following 

design requirements: 
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• Maintain an accuracy to within the clinically relevant error range of 2 mmHg. 

 

• Remain stable for a period of months to years. 

 

• Fully implanted without percutaneous connections. 

 

• Can be reliably operated by multiple user groups (the patient, caregiver and clinician). 

 

Drift performance is a key question. The objectives of this thesis include the following: 

• The identification of the short and long-term drift mechanisms in microsensors.  

 

• The identification of stability principles from pressure references for designing a long-

term stable device to enable chronic ICP monitoring.  

 

• The conceptual design, development and performance testing of an implantable 

technology for the re-calibration of implantable pressure sensors within the body. 

 

• The evaluation of the developed implantable technology for long-term stability and 

observe the effects of accelerated aging. 

 

Below is the structure of this thesis: 

 

Chapter 2 investigates the short and long-term drift mechanisms in microsensors and the 

operating principles of highly stable pressure references to inform design choices for producing 

a long-term stable pressure system. 

 

Chapter 3 describes the architecture of a pressure sensing system to enable chronic pressure 

monitoring. Its novel design is informed by the stability principles specified from Chapter 2. 

The procedure centres around the introduction of a pressure switch and using it to re-calibrate 

an implantable pressure sensor.   
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Chapter 4 investigates the feasibility of the re-calibration concept presented in Chapter 3 through 

modelling. An analytical model featuring an implant dimensioned pressure switch is evaluated 

for its ability to maintain a stable re-calibration signal and withstand the pressures imposed. The 

performance of a simulated pressure switch is evaluated for its ability to produce a detectable 

re-calibration signal.  

 

Chapter 5 describes the development of a physical pressure switch. The ability to use a finger 

press action to generate a repeatable re-calibration signal for performing the re-calibration is 

investigated.  

 

Chapter 6 describes the development of a pressure switch prototype in a biocompatible material, 

utilizing conventional fabrication techniques for implantable device. The performance of the 

prototype system is evaluated for its ability to maintain a stable re-calibration signal after 

accelerated aging. Microscopy observations are used to determine potential drift sources.  

 

Chapter 7 concludes the thesis with a summary of the ability to measure pressure chronically. 

The contributions made in the thesis and future direction of the research is presented. 
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Chapter 2. Literature review: long-term 

pressure sensor stability 

 

Sensor drift is a roadblock to achieving chronic physiological monitoring. Chapter 1 reported 

on the performance of modern ICP sensors and concluded these systems cannot meet the clinical 

need of hydrocephalus patients. The problem with chronic measurement arises from drift of the 

implanted pressure sensor. All pressure sensors have a drift characteristic. That is, when 

experiencing the same environmental conditions (e.g. temperature, humidity, and pressure), the 

output from the sensor on one day will be different at a later time even when the conditions 

nominally are the same.  

 

Sensor performance is affected by numerous interdependencies that exist between sensor 

components. In this chapter, the origins of sensor drift are investigated. Drift factors can relate 

to the sensor operating environment or originate from the sensor itself. These can have short 

and long-term influence on sensor performance. This review of long-term sensor performance 

is motivated by understanding the drift mechanisms of pressure sensors. In addition, the design 

strategy and operating principles of highly stable pressure reference devices are investigated. 

Such instruments maintain a highly stable pressure reference sufficient for calibrating sensors 

operating in the field.  

 

Section 2.1 first introduces the concept of reliability, methods of describing drift and an 

overview of reliability concerns. Section 2.2 introduces the causes of short-term instability and 

external factors which influence sensor drift. Section 2.3, introduces the concept of drift 

originating from the sensor itself and its root causes. Section 2.4 provides examples of drift 



Literature review: long-term pressure sensor stability  

35 

 

originating from the fabrication process. Section 2.5 introduces existing strategies for extending 

sensor stability. Section 2.6 introduces design principles of highly stable pressure references. 

 

2.1. Defining the reliability of microsensors 

The terms used for describing the reliability of a device over time are examined. The common 

relationship between the terms; functionality, failure, stability and drift are explained. Packaging 

is crucial for reliable operation; however, all components are associated with a reliability 

concern and a failure mechanism; an overview of this is presented. 

2.1.1. The attributes of reliability 

Reliability is the ability of a system or component to perform its required functions under the 

stated conditions during a stated period of time. Issues with reliability are due to the failure of 

functionality of the device [86]. Stability describes the ability of the system to maintain 

functionality. Whereas, drift causes the system to detrimentally shift outside its intended 

operating performance and towards system failure. Stability and drift pertain to the perturbation 

of the system along its status of reliability. Described below are attributes relating to failure and 

drift: 

 

Performance bounds – for an implanted system to be deemed functional within acceptable 

bounds depends on the performance criteria. For example, even if a sensor remains 

communicating, its output signal can gradually drift in sensitivity or offset, causing it to fall 

outside of calibration [87]. The performance requirement of an implanted sensor is likely more 

stringent compared to consumer electronics product. For an implanted pressure sensor, failure 

may be defined as when the accuracy limit becomes compromised – this can be significantly 

earlier than catastrophic failure resulting in a complete loss of signal.  

 

Varied timespan of drift – the loss of reliability can be generalised into two forms; short-term 

instability and long-term drift. First, short-term fluctuations from the sensing environment may 

immediately affect sensor performance. Typical factors include temperature, corrosion, 

electrical shorts, shock and signal shift after packaging. Long-term drift influences the output 
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signal over an extended duration. For both short- and long-term packaging stress together with 

the influence of humidity, chemical and thermal factors, may alter material properties and bond 

strength.  

 

Multifaceted sensor drift factors – there are numerous interdependencies which exist within 

the sensing system. Factors including the fabrication materials, bonding processes and the 

operating environment contribute to the difficulty in narrowing down the contribution of a 

particular root cause of drift. Not all sensors are constructed the same; however, many of the 

same fabrication materials and bonding processes are present in microsensors. Although not 

impossible, it would be a perplexing task to replace or remove certain components, as each one 

is required for the functionality of a sensor.  

2.1.2. Terminology to describe sensor drift performance 

Drift is an undesired change in output over a period of time, the change being unrelated to the 

input, environment or load [88]. The effect of drift on sensor output is illustrated in Figure 9. 

The procedures for characterizing short and long-term drift are referenced from the standard BS 

EN 61298-2:2008 [89]. These are described below:  

 

Figure 9: A plot illustrating the effect of zero (offset) drift and sensitivity drift on sensor output. 

 

Short-term drift requires the device-under-test (DUT) to be subjected to ambient 

environmental conditions for at least 12-hours, without being energized. An input signal 
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corresponding to 90% of the instrument’s span is applied; then the sensor is powered. 

The output signal is monitored for the first 4-hours or until the output stabilizes.   

 

Long-term drift requires the device be operated for 30-days, with an input signal of 

90% of the span applied. For devices with intermittent input, where a constant input 

signal is not practical, the input is applied at least once each day. Before and after this 

test, the signal at the lower range value and at measuring span pressure are measured. 

The maximum deviation between both measurements corresponds to the long-term drift. 

Thereafter, analysis can be performed to determine whether the nature of the signal has 

a predictable trend or random characteristic.  

 

Long-term stability is specified in the standard DIN 16086 (not present in BS EN 

61298-2:2008) as the maximum change in the zero signal and output span signal of a 

pressure measuring instrument under reference conditions within one year [90]. For 

validation purposes, temperature accelerated aging is performed on the sensor to shorten 

the test time.  

 

According to the definitions above, long-term drift of the sensor is determined while under 

pressurization; whereas, long-term stability is tested without directly applying pressure to the 

device. Often in this chapter, the terms instability and drift are used synonymously, with both 

referring to the unpredictable nature of the signal response over an extended duration.  

2.1.3. Packaging for reliable functioning 

State-of-the-art microsensors such as ones used for modern ICP sensing are constructed as 

micro-electro-mechanical systems (MEMS). These devices are constructed using 

microfabrication techniques, with physical dimensions ranging from micrometres to 

millimetres. Packaging plays a critical role in ensuring the reliable functioning of the sensor. 

The main aim is to isolate the sensitive transduction structures from external factors 

(mechanical, electrical, chemical), which can be detrimental to their performance. It has been 

reported that a significant cost is spent on packaging MEMS devices, totalling 20 – 60% (with 

an average of 31%) of the bill of materials [91].  
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The packaging concepts for MEMS devices are largely borrowed from integrated circuitry (IC) 

design. Although there are numerous similarities, MEMS packaging requirement are often more 

stringent. For example, MEMS sensors for monitoring parameters such as pressure, 

biochemicals, light and gases require exposure of the sensing element to the external non-sterile 

environment. Whereas, in conventional IC packaging, complete isolation of the internal 

electronics within a hermetically sealed environment which is inert, optically dark and 

electromagnetically shielded is possible [92].  

 

MEMS sensors typically exhibit good performance and are utilized in many consumer products. 

However, it is difficult to maintain performance over an extended period, especially when 

exposed to a harsh environment. In the following section, an overview of the reliability concerns 

and failure mechanisms are presented.  

2.1.4. Sensor reliability concerns and failure mechanisms 

The critical goal of a reliability analysis is to determine the failure modes of a system, which 

may be referred to as the root cause. As explained before, the failure mechanisms observed in 

microelectronics may be applicable to MEMS devices [93] some common microelectronics 

failure mechanisms include:  

 

(a) Cracking of the die5 and passivation6, 

(b) Delamination between the die, die attach7, contact pad8, 

(c) Fatigue failure of interconnects/solder joints9, 

(d) PCB10 warpage. 

 

In addition to these failure mechanisms, Figure 10 provides an overview of reliability concerns 

of individual components and processes for a MEMS pressure sensing system. In order to design 

 
5 A semiconductor with micromachined structures (consisting of a pressure sensing structure for a pressure sensor). 
6 A thin inert film on the surface of a microelectronics for improving its electrical characteristics. 
7 A compound for mounting a die onto a substrate or package. 
8 Conductive surfaces on a printed circuit board or IC die. 
9 Electrically conductive structures for connecting circuit components. 
10 A printed circuit board (PCB) provides physical support and electrical connection between discrete electronic 

components. 
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and manufacture a reliable product, it is necessary to understand the cause and mechanism of 

each type of failure. Variations in gel geometry or volume can affect its overall compressibility. 

Gel viscosity can affect the pressure transmission to the pressure sensing die. The die attach 

thickness and compressibility can produce temperature-dependent stresses on the sensing die.  

Contamination on leads can cause corrosion and changes in resistivity. High standing bonding 

wires may be susceptible to breakage when an overcoating of gel is applied. Damaged bonding 

wires have weakened strength and a snapped wire may provide intermittent electrical contact. 

Pits and fracture in the diaphragm concentrates stress that can lead to early mechanical failure. 

Lifting or peeling of the die metallization is likely to cause changes in contact resistance. 

 

Most of the failures as described above are due to the following sources [86]: 

(a) Mismatch of coefficients of thermal expansion (CTE), causing mechanical stresses 

within the assembly 

(b) Fatigue fracture resulting from thermal or mechanical cycling 

(c) Material wear and creep due to environmental factors such as humidity 

(d) Intrinsic stresses from microfabrication processes such as thermal oxidation, 

diffusion, and depositions 

 

Although implantable pressure sensors are not restricted to MEMS devices, the materials and 

bonding techniques used are widely applicable to microsensor fabrication. First, short-term, 

externally originating, sensor instabilities and environmental concerns will be explored in 

Section 2.2. Next, selected root causes from above will be further explored in Section 2.3 and 

2.4; focusing especially on drift originating from the sensing system itself.  
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Figure 10: A cross-sectional diagram of a MEMS COTS pressure sensor. The features of 

reliability concern are identified. From the Sensor Device Data/Handbook, Motorola Inc [94].  

 

2.2. Instability or drift caused by factors external of the sensing 

system 

 

The objective of this Section is to discuss the causes of sensor instability and drift, resulting 

from external factors acting on the sensing system. Short-term instability mechanisms are 

considered as fluctuations in environmental parameters (other than the measurand of interest), 

causing an alteration in sensor performance. Short-term effects occur immediately – within 

seconds or minutes of exposure to the stimulus. Factors external to the sensor causing long-term 

drift are also presented, such effects occur over an extended duration from days to months.  
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2.2.1. Causes of short-term instability  

2.2.1.1. Electrostatic discharge affecting on-board electronics 

Electrostatic discharge (ESD) can cause damage to semiconductor devices and electronic 

systems. For example, a MEMS capacitive pressure sensor consists of a micro-gap assembly, 

making it highly sensitive to ESD. This is a major reliability concern during manufacturing, 

handling and operation. The migration of charges in dielectric materials; such as silicon oxide, 

silicon nitride and glass, are recognized as a cause of instability of MEMS devices which utilize 

electrostatic capacitive methods for sensing and driving [95]. This phenomenon evolves either 

within materials or on the surfaces of dielectric layers, via movement mechanisms involving ion 

injection, inner polarization, charge migration and glass polarization. The dielectric charging 

process is time-dependent and can experience an extended settling time to a stable state [96]. 

 

Eide et al [97] demonstrated the baseline pressure of commercial ICP sensors can be altered by 

electrostatic discharges. Benchtop testing was performed on 57 sensors, including 25 Codman 

and 32 Raumedic sensors placed in 0.9% saline solution. During testing a sensor was placed in 

saline solution. A test person was charged in the range of 0.5 – 10 kV using a Metriso 5000 

insulation tester (Metrawatt GmbH, Germany). ESD was delivered through a metal rod in 

electrical contact with the solution. The readings showed immediate alterations of ≥ 2 mmHg in 

24/25 Codman sensors and 17/32 Raumadic sensors. The pressure offset lasted a duration of 

several minutes. Generally, ESD below 2-3 kV is unperceivable by the patient, but up to 30 kV 

could be induced on the bed framework by pulling the bedding from the patient’s bed.  

 

The magnitude of the artificial shift in ICP reading is of a clinically relevant range, which can 

pose a risk in decision making when deciding on intervention. Leakage current in the electronics 

around the device should be considered.  

 

2.2.1.2. Humidity-induced hygroscopic swelling 

Polymeric materials, often used in pressure sensor packaging, swell upon absorbing moisture. 

This mechanism is due to a non-linear, time-dependent hygroscopic induced deformation, 

affected by the material’s viscoelastic properties. Differential swelling can occur between the 
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polymeric and non-polymeric materials, in effect altering the mechanical stress profile on the 

die sensing unit.  

 

The effect of humidity on Hall-effect sensors was investigated by Motz et al [98] and was shown 

to induce an overall drift in magnetic sensitivity. Testing was performed on compound molded 

integrated circuits, which were baked at 100°C for >20 hours to remove moisture prior to testing. 

The rate of drift of magnetic sensitivity was compared using devices placed in a coarse vacuum 

(60 mbar), versus ambient air. The coarse vacuum reduced the rate of moisture absorption and 

rate of drift in magnetic sensitivity. A drift of ~0.1% was found in coarse vacuum versus ~0.4% 

in ambient air after 150 minutes. Afterwards the devices were stored in distilled water at room 

temperature. The resulting maximum drift in magnetic sensitivity was observed to be between 

2% and 6% after 8 days of soaking. This drift response plateaued after ~400 hours of soaking.  

 

To reduce the impact of humidity on the sensing system, polymeric and materials which uptake 

moisture could be eliminated from a design completely, but for polymeric devices, testing 

should be performed in saline to match the implanted environment. Depending on sensor 

construction, sensor readings may plateau after soaking the device for an extended period.  

 

2.2.1.3. Instability caused by thermal fluctuations 

Temperature fluctuations can result in mechanical expansions or stress, presenting as major 

influences on sensor performance by the material’s volumetric expansion in response to 

temperature changes. A typical packaged sensor is fabricated from several materials which 

expands at different rates. These differences can change the packaging compliance and the 

distance between sensing elements. In addition, the mismatch in thermal expansion of multiple 

materials can induce uneven stress distributions across the sensing die, which can produce non-

linearity or hysteresis in the response. Certain sensing modalities such as piezoresistive elements 

have a strong thermal dependence, making them especially prone to stresses induced from 

surrounding packaging [99].  
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To minimise thermally induced effects, common compensation methods involve placing the 

sensing elements in a Wheatstone bridge arrangement or maintaining the sensing elements at a 

constant temperature within a temperature-controlled oven during fabrication.  

2.2.2. External factors contributing to long-term drift 

Environmental factors causing long-term drift include the ingress of surrounding fluids and 

gases into the microsensor; for biological implants, cellular adhesion and encapsulation may 

occur due to the body’s immune response. Mechanical wear and failure due to fatigue, creep 

and cyclic aging could cause changes in sensor performance as well; the effects of cyclic aging 

are investigated in Chapter 6. 

 

2.2.2.1. Reference pressure drift from hermeticity loss 

Loss of hermeticity is another cause of sensor instability and long-term drift. This process is 

characterised by the movement of gaseous species into the enclosure encapsulating the sensing 

element [100]. In general, this can lead to progressive degradation in the vacuum level within 

the reference cavity. The failure mode is difficult to measure due to the long timescales involved.  

 

Typically, microelectronics are hermetically sealed to prevent the presence of moisture and 

resultant corrosion. In addition, certain types of sensors require a vacuum or stable ambient 

pressure to operate; compromised hermeticity would result in the deterioration of the enclosed 

vacuum. For example, infrared sensors, hall-effect sensors and accelerometers all require 

thermal isolation or low resistance to motion during operation. The physics of leak rates have 

been well documented by Greenhouse [100] and numerous test methods for determining leak 

rates are defined in MIL-STD 883 1014.13 [101] and are further discussed by Costello et al 

[102].  

 

Hermeticity performance is generally only measured at the beginning of the sensor’s life and its 

performance is extrapolated from the single temporal measurement. It is not unlikely the 

hermeticity performance would alter over an extended period. Since hermeticity is governed by 

mechanical robustness – which is affected by a myriad of factors – its hermetic performance 
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may significantly alter after having undergone extensive aging. Thus, failure modes caused by 

hermeticity loss may appear to be random and therefore perceived as sensor drift.  

 

The effects of hermeticity, especially in terms of leak rate on an implantable pressure sensor are 

further analysed in Chapter 4. 

 

2.2.2.2. Biological host response 

The biological host response can have a marked impact on the reliability of an implanted sensor. 

However, this review only covers a small extent of such effects. The primary purpose of the 

review is to investigate the underlying causes of drift intrinsic to the sensing sensor system, 

which act regardless of the use environment. 

 

The material-tissue interactions resulting from sensor implantation and on-going physical 

irritation due to sensor motion are obstacles in developing reliable long-term implantable 

biosensors. Some of the root causes from these failure modes include membrane biofouling, 

material degradation and fibrous encapsulation [103]. The accumulation of biomaterial on the 

sensing membrane and encapsulation around a sensor can adversely affect its signal output – 

generating alterations in sensor sensitivity and offset. A time-course of the failure modes due to 

material-tissue interaction and different stages of wound healing are shown in Figure 11. 

 

Figure 11: An illustration showing the time-course of wound healing. From Pan et al [104]. 

 

The encapsulation effects of wound healing may be reduced by (i) using materials or drug 

coatings to limit the bioresponse [104]; (ii) selecting a device geometry to limit stress on the 

surrounding tissues, which can affect tissue physiology and cellular responses, in turn impacting 

sensor performance [105]. 
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Research has been performed to compensate for the effect of biomaterial formation on sensing 

membranes for cardiovascular pressure monitoring. Steeves et al [106] investigated an in-vivo 

pressure sensor for determining blood flow in an artherosclerotic artery. The challenge involved 

the formation of plaque surrounding the sensing membrane. Computational modelling was 

performed to compensate for the stiffening of the sensing surface. A similar modelling approach 

could be investigated to extend the lifetime of ICP sensors by accounting for the effect of 

biofouling from cells and proteins in the CSF.  

2.2.3. The effects of external factors causing sensor drift 

This Section presented both the causes of short-term instability and the external factors which 

contribute to sensor drift. Short-term instabilities are typically easily recognisable, however, the 

resulting change in the output are not insignificant. Such instabilities are short lasting and 

normal performance resumes when the stimulus is absent. External factors – originating from 

the sensor use environment – act on the sensor over an extended period and may progressively 

degrade performance. These processes are widely understood and follow a clear progression; 

therefore, the drift response is somewhat predictable. However, these environments can 

eventually cause sensor failure due to gas ingress or bioencapsulation.  

 

Several methods for isolating environmental stresses have been proposed and fabricated. Wang 

et al [107] presented an on-chip suspension structure; a cantilever arm isolated the pressure 

sensing from thermal stress (see Figure 12). The structure improved the TCO of the system, 

achieving an error of 0.016 % / °C FS – about a 15x increase in performance compared to 

without suspension.  

 

Figure 12: SEM images showing a cross sectional of a fabricated chip with a packaging-stress-

suppressed suspensions (PS3) structure (left). A top view of the pressure sensing die. From Wang 

et al [107].  
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Additional on-chip stress sensors placed strategically on the sensing die, monitored for stresses 

due to environmental stimulus. Motz et al [98] demonstrated a one-order reduction in the 

bandgap voltage drift due to hygroscopic swelling of a plastic package. Tatar et al [108] 

implemented this compensation scheme for a gyroscopic sensor, leading to a 7-times 

improvement in drift compared to the uncompensated output. However, sophisticated packaging 

solutions such as second-order isolation mechanisms are likely to be difficult and costly to 

implement. The benefits these structures bring to maintain long-term stability are unknown. 

 

2.3. Drift caused by factors intrinsic to the sensing system 

In Sections 2.3 and 2.4, the long-term drift factors originating from the sensing system are 

investigated – with the aim of identifying methods to prolong the stability of pressure sensors. 

Certain root causes only promote drift when a stimulus is imposed onto the sensing system. For 

example, it is intuitive to understand that repetitive cycling in a harsh environment, may cause 

sensor drift or failure due to fatigue or damage. However, a sensor can still exhibit drift in the 

absence of external stimuli such as when drift originates from the sensing system itself.  

 

The fabrication processes involved in producing a sensor can also have a significant impact on 

sensor performance. A better understanding of these processes can assist with improving sensor 

design. This investigation is performed using a bottom-up approach, in which the fabrication 

steps of a microsensor provide the framework to map the root causes of drift. 

2.3.1. Microsensor fabrication and packaging levels 

Sensor fabrication involves the layering or bonding of multiple structures under controlled 

conditions. An overview of the fabrication flow for a typical compound-molded MEMS 

piezoresistive pressure sensor is shown in Table 8.  

 

The Level-0 packaging involves stacking several wafers of silicon chips, accomplished through 

fusion, anodic or glass frit bonding techniques. This forms the most basic assembly for sensing 

pressure, however it is of a purely a mechanical composition with no means of providing a 

readout.  
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During Level-1 packaging, the Level-0 assembly is attached onto a lead frame, using a low-

modulus adhesive. Next, contact pads are wire-bonded to an Application Specific Integrated 

Circuit11 (ASIC), also located on the lead frame. Lastly, the whole assembly is compound-

molded12 with a polymer to protect assembly from damage. The resultant form allows for ease 

of handling and storage.  

 

At Level-2 packaging, the Level-1 package is placed and soldered onto a printed circuit board 

(PCB). On top of these levels, application specific System-Level packaging can be applied, 

which depends on the designated operating environment. 

 

Table 8: A typical fabrication and packaging process flow for a MEMS pressure sensor. Modified 

from 3D Integration of MEMS [109]. 

Fabrication/packaging 

level 
Sensor component 

General fabrication 

processes 

 

Electrical  MEMS die 

Etch, doping, 

passivation,  

metallisation 

    

0 

 

Sensor die 

stack 
Wafer bonding 

    

1 

 

Discrete  

packaged 

sensor 

Adhesion,  

wire bonding,  

compound molding 

    

2 

 

PCB 

integration 
Soldering 

    

System 

 

Application  

specific 

package 

Application  

dependent 

     

 
11 An integrated circuit (IC) chip customized for a particular application, rather than intended for general-purpose 

use 
12 A resin applied onto an IC chip to provide physical protection and structural strength 



Chapter 2 

48 

 

2.3.2. The root cause of intrinsic factors for sensor drift 

The root causes of drift may be induced at any of the fabrication steps shown in Table 8. It is 

possible to categorise origin as mechanical and electrical contributions. The root cause of drift 

for the electrical contributions arise from alteration in material resistivity, caused by 

metallurgical instabilities. Whereas mechanical contributions involve the presence of residual 

stresses induced during packaging. This review will mainly focus on the mechanical 

contributions to intrinsic drift. 

 

Electrical contributions of drift arise from the change in electrical resistivity. These 

metallurgical changes have been suggested to occur at the grain boundaries at the atomic scale. 

This could be due to the inherent instability of certain material combinations; diffusion 

phenomenon or precipitation of atoms causing an overall change in material resistance 

(discussed in Section 2.4.1). 

 

In terms of mechanical contributions, typically MEMS sensors are manufactured from a range 

of materials (see Table 9). Fabrication involves thermal cycling of the entire sensor assembly. 

Bonding occurs at an elevated temperature, during which the different materials are in a stress-

free state. However, once cooled to room temperature, residual stresses can develop and become 

locked into the assembly due to CTE mismatch between the materials. This can lead to material 

shrinkage, warpage or cracking from excessive stress. For example, residual stresses are known 

to affect sensor performance after fabrication – observed as sudden signal shifts (discussed in 

Sections 2.4.2 – 2.4.4).  

 

Provided such packaging stresses remain stable overtime, the output signal would be observed 

as a stable zero-point offset. Or, if drift is unidirectional, then compensation is straight forward. 

However, in reality the long-term drift of the signal output is often unpredictable [110]. Several 

authors have suggested such induced residual stresses are a reliability concern, since they may 

slowly relax over time [111]–[115].  

 

“… relaxation of the packaging stress might cause small changes in the zero point over 

time (observed as drift) or abrupt zero-point signal shifts” – Sandvand et al [113] 
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Table 9: Thermal expansion coefficient of common MEMS packaging materials (adapted from 

Beeby et al [116]) 

Application in  

MEMS sensor 
Material 

Thermal coefficient  

of expansion (10-6/K) 

Sensing die Silicon 2.6 

Lead frame Copper 17 

 Kovar 4.3 – 6 

 Invar 1.5 

Substrate Alumina (99%) 6.7 

 Pyrex 7740 3.3 

Adhesives Pb glass 19 

 Thermoplastic 30 – 54 

 RTV silicone 300 – 800 

 

Such a phenomenon is likely to cause further structural alterations, such as changes in critical 

spacing between elements or changes in resonant frequency. Examples of the effects of 

packaging stress are presented in the following Section. 

 

2.4. Examples of intrinsic sources of drift at each fabrication step 

In this Section, the examples of root causes related to intrinsic drift are presented. These 

examples largely focus on individual sensing systems or characterisation studies. However, the 

findings can be applied across a range of microsensors, as typically used materials and 

fabrication techniques are limited. An exhaustive presentation is infeasible as each sensor design 

is different. The goal is to present the possible causes of drift from each fabrication stage and to 

demonstrate its pervasiveness. First, the electrical contributions to drift are presented, followed 

by the mechanical contributions. 

2.4.1. Drift caused by electrical elements within a sensor 

Apart from drift effects caused by the mechanical structural elements, components responsible 

for electrical functioning may also be a reliability concern. Electrical elements such as 

transduction elements, signal lines and contacts are fabricated onto the silicon wafer prior to 

Level-0 packaging. Here, the sources of drift related to these electrical components are 

presented. 
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2.4.1.1. Charge effects on the passivation 

Sagar et al [117] suggests surface charges especially in the presence of humidity can cause 

instabilities to occur. For example, condensed water can form on the sensor surface and in the 

passivation layers (a thin inert film deposited above the piezoresistors). The presence of these 

charge particles can influence conductivity and current flow mechanisms within the 

piezoresistive area – which includes the piezoresistor, conducting contacts and junctions. Drift 

within the passivation could be amplified by contamination of the silicon dioxide with alkali 

ions such as sodium or potassium during fabrication or handling. Under the influence of an 

electric field, charge redistribution across surfaces may result in performance instabilities.  

 

Sandvand et al [118] states the instability on the passivation surface can be reduced by protecting 

the sensitive zones using a charge insensitive layer or a metal layer which is subjected to a fixed 

electrical potential. For example, buried piezoresistors can significantly reduce charge related 

effects at the passivation stage from the surface of the sensor.  

 

2.4.1.2. Alterations in metal lines, polysilicon gauges and ohmic contacts 

A piezoresistive pressure sensor has four polysilicon gauges interconnected in a Wheatstone 

bridge configuration, which transduces a mechanical strain into an electrical signal. In addition, 

metal lines are used for signal transmission and bond pads allow for interfacing of external off-

chip electronics. Andrei et al [119] investigated the long-term stability by measuring the contact 

resistance of metal line, polysilicon gauge and contact resistances. The contact resistance was 

extracted from the resistance measurement of chainlike test structures (see Figure 13, left). The 

structure consisted of 64 polysilicon patterns (250 nm thick) produced via low-pressure 

chemical-vapor deposition on an oxidized silicon substrate. A total of 128 metal-lines were 

produced. These interconnects consisted of 200 nm thick AlTi films sputtered above a 100 nm 

TiW diffusion barrier. Thermal aging was performed at 150 °C for 5 months, without additional 

electrical stress. All test chips were kept within a hermetic package to prevent hygroscopic 

effects and film oxidation.  

 

Results showed only the polysilicon resistance (~1.6 kΩ) proved to be stable over time, with the 

resistivity drift remaining lower than 0.04%. The metal line resistance (~15 Ω) dropped by 0.3%, 
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whereas the ohmic contact resistance increased 2 – 4%. Both the metal line and contact 

resistances plateaued to these end values. Andrei et al offered possible explanations for the drift 

observed in the components. The observed slow stabilization phenomenon of the metal lines, 

was possibly caused by the precipitation of interstitials at the grain boundaries. Grain structural 

change was ruled out due to the low testing temperature. For the polysilicon gauges, segregation 

effects of the dopants at grain boundaries may have occurred and enhanced by inherent 

instability of the doped layers. Certain material combinations of the ohmic contacts can be 

unstable over time and this could have led to an interdiffusion phenomena which enhanced their 

mobility or solubility.  

 

Signal paths and metal lines were asymmetrically placed which could have amplifed these 

minute magnitudes of drift. Calculations were performed based on a generic asymmetric layout 

(see Figure 13, right) with the above drift parameters. A difference of 5% in metal line resistance 

due to asymmetry between the centre and edge gauges, caused a 0.004% of full scale (FS) offset 

drift. More significantly, a 4% difference in drift of the contact resistances can lead to an offset 

drift of 0.3% FS. Such drift performance findings are significant and cannot be ignored for 

precision or long-term stability requirements. These results show even minute alterations in the 

most basic sensing elements can impact stability.  

 

  

Figure 13: A photograph showing a portion of the chained test structure. The repeating sequence 

included the following; an ohmic contact, polysilicon gauge, ohmic contact and AlTi metal line 

(left). A generic piezoresistive sensor layout in a Wheatstone bridge configuration (right). From 

Andrei et al [119].  
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2.4.1.3. Drift mechanisms caused by wirebond failure 

Gold wire bonded to an aluminium pad is an established method for making interconnection 

between electronic devices and external circuitry. Zin et al [120] have found electromigration 

(EM) as a root cause of failure in wirebonds, which influences the kinetics of contact failure of 

the wirebond due to the growth of intermetallic compounds.  

 

In a benchtop experiment performed by Zin et al, measurements were performed on the contact 

resistance between a 99.99% purity gold wire (MK Electron Co.) and an aluminium bond pad 

(Al-0.5Cu-1Si). Testing was performed under moderately accelerated temperatures (T = 150 – 

175 °C) and at nominal current levels in actual wirebonds (I = 0.25 A). Results showed after 

400 hours of accelerated testing, the contact resistance increased and fluctuated to roughly 3 

times the nominal value, which occurred long before failure (see Figure 14). Electron flowing 

from a gold wire to the aluminium pad was found to result in faster failure, compared to the 

opposite direction. The contact interface was inspected via microscopy contact failure at the 

wirebond was found to be related to growth of the Au-Al intermetallic compounds. 

 

This result suggests a common wirebond has a finite lifetime and can cause substantial 

fluctuations in the contact resistance. It is possible that these random fluctuations are related to 

the drift characteristics of a sensor.  

 

Figure 14: A plot showing the contact resistance between the gold wire and aluminium bond pad, 

as a function of test time at an elevated temperature of 175 °C for accelerated testing. Nominal 

current of 0.25 A was applied. The contact resistance fluctuated well before catastrophic failure of 

the wirebond. From Zin et al [120]. 
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2.4.1.4. Effect of electrical components on drift 

Some of the contributions from electrical related drift have been presented. The most basic 

electrical elements fundamental to a sensing system can play a noticeable role in long-term drift. 

Although drift effects can be minimized through symmetrical placement, similar line lengths 

and matching contact dimension, this is not always feasible or practical.  

 

In the literature presented, sensors were tested at temperatures beyond what is experienced 

physiologically. The reliability characteristics of these structures may behave differently at 

lower temperatures – investigating these effects specifically for an implantable application 

would be beneficial. 

2.4.2. Stresses induced during Level-0 packaging 

The Level-0 package forms the most basic block of a functional sensing element, involving 

wafer bonding of several stacks of silicon chips into a three-dimensional structure. Typically, 

this packaging step is required to produce a hermetic enclosure for protecting sensing structures 

or electrical layouts (drift in sensing structures are discussed in Section 2.4.1). Here, a brief 

introduction of selected Level-0 joining techniques are described. This is followed by examples 

from the literature demonstrating the action of residual stress on drift.  

 

2.4.2.1. Bonding techniques for Level-0 packaging 

Specific requirements exist for wafer bonding; a stringent degree of flatness and cleanliness is 

required of the substrate surface and environmental conditions including the ambient 

temperature, pressure and force must controlled. These parameters may constrain the range of 

usable materials and restricts the order by which fabrication can proceed. The processing 

conditions can significantly alter the material behaviour. Introduced below are two wafer 

bonding techniques: (i) direct bonding (i.e anodic bonding and silicon direct bonding); and (ii) 

bonding using an intermediate layer (metal seal bonding and glass frit bonding) [121][122]. 

 

• Anodic bonding involves the direct joining of silicon with borosilicate glass or ceramics. 

This electrochemical process relies on the polarization of alkali-containing glasses; achieved 
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at 300 – 450 °C, by assistance of a high DC voltage applied to the wafer pairs (400 – 1000 

V). A surface roughness of <20 nm is required [121].  

 

• Glass frit bonding (GFB) involves a low melting point glass as an intermediate material for 

sealing wafer surfaces. The glass frit can bond to materials such as silicon, titanium and 

glass. The process involves screen printing of a glass paste, thermal conditioning, and 

thermocompressive bonding, performed at <450 °C. A rougher surface compared to direct 

bonding techniques is tolerated. Other advantages include high hermeticity, lower stress at 

the bonding surface. However, it is limited by the excess flow of glass into delicate structures 

[122].  

 

2.4.2.2. Inducement of residual stresses during Level-0 packaging 

Although Level-0 packaging techniques can achieve strong and stable bonds, significant 

residual stresses tend to result from bonding. These induced stresses can result in an immediate 

shift in signal output after packaging, or as a slow drift in sensor performance. In the examples 

below, Level-0 packaging stress effects are presented, followed by a discussion of its impact on 

sensor drift. 

 

Stresses introduced during anodic bonding 

Zheng et al [123] using Finite Element Modelling (FEM) investigated the effect of anodic 

bonding on signal output of a MEMS piezoresistive pressure sensor. The quarter model 

consisted of a silicon membrane attached onto a cavity etched in glass (Pyrex 7740) together the 

parts enclosed a vacuum. After cooling from a processing temperature of 450 °C, the residual 

stress on the piezoresistive region was revealed to be 0.58 MPa. This translated to an output 

signal shift of 1.9 mV, compared to before bonding (this was about 10% of the range). If this 

residual stress in the sensor relaxed overtime, it could lead to alteration in the sensor output.  

 

Auersperg et al [112] using FEM (ANSYS), investigated the impact of bonding stresses on the 

formation of fractures and microcracks within an avionics MEMS pressure sensor. The anodic 

bonding process, involving the attachment of silicon to Pyrex 7740 (Corning Inc.) and Borofloat 

33 (Schott AG) was simulated. Bonding was simulated at 400 °C and after cooling the formation 
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of cracks on the silicon substrate emerged in the model. Crack initiation was found to occur at 

the square corners of the cavity due to concentrated stresses. However, this did not result in the 

complete structural failure at the bonding interface.  

 

The effects of these microcracks on overall sensor output is not well understood. However, 

cracks formed initially from bonding may propagate due to cyclic aging. This is a reliability 

concern, which has the potential to affect mechanical performance and hermeticity resulting in 

long-term signal drift.  

 

Stresses introduced during glass frit bonding 

Sandvand et al [113] investigated the influence of packaging stress of a glass-frit bonded 

absolute piezoresistive pressure sensor. First, the dimension of the glass frit distribution was 

captured using X-ray microtomography. Next, the measured glass frit geometry was replicated 

using FEM (COMSOL Multiphysics) and the thermal sequence of a GFB procedure was 

simulated. The simulated stress produced a worst-case thermal mismatch of 147 MPa at the 

piezoresistor region. In a second simulation, the influence of GFB on zero-point output13 was 

investigated. An excess glass frit of 60 µm at the inner and outer edges was found to produce a 

residual stress of 4.1 MPa. The simulated result revealed a zero-point change of -7.1% in the 

piezoresistive output pre- and post-bonding. The simulated output changes corresponded well 

with the performance of physically fabricated devices.  

 

In a subsequent benchtop experiment, the stability of GFB sensors were investigated through 

thermal cycling (performed immediately after bonding before pressure cycling was performed). 

Three thermal cycles (−40 °C – 85 °C at 1 °C/min) were performed on six sensors. Two units 

were found to produce large positive shifts (0.3% FS); three units revealed small negative shifts 

(0.1% FS); the remaining units remained stable. Changes were suggested to be caused by 

structural changes in the stressed excess glass frit regions in the form of microcrack formation 

(see Figure 15). Lastly, devices were subjected to an additional ten thermal cycles (-55 °C – 125 

°C), microcracking was investigated using optical microscopy. The number of microcracks in 

the excess glass frit region was quantified before and after thermal cycling. Ten microcracks 

 
13 The sensor electrical output when the differential pressure applied across the sensing diaphragm is zero 



Chapter 2 

56 

 

were visible in the excess glass frit region before thermal cycling. After thermal cycling an 

additional ten microcracks were found in the glass frit region. 

 

Results from the glass-frit bonded sensor showed significant structural alterations when the 

sensors were subjected to environmental conditions within the rated operating condition. 

Changes were observed during the initial burn-in process at the start of the sensor operating life. 

Extending the aging and characterization period would be informative of long-term drift caused 

by GFB.  

 

Figure 15: An X-ray microtomography image of a glass-frit bonded chip stack, with excess glass-

frit circled in red (left). A microscopy image showing crack formation in the outer perimeter of 

the glass frit, cracks are labeled with arrows (right). Photographs from Sandvand et al. [113].  

 

2.4.2.3. Effect of Level-0 packaging on long-term drift 

The above findings show sensor reliability may be compromised by fabrication processes 

performed at the lowest level of packaging – this is an indication of the pervasive nature of drift 

mechanisms. Evidence shows that different Level-0 packaging techniques can result in 

significant stresses at the bonded substrates or interfaces, resulting in signal shifts after bonding. 

In addition, structural damage can occur in the form of microcrack formation, which tends to 

increase in quantity with cycling. It is possible that additional crack formation as a form of stress 

relaxation could cause changes in signal output over an extended duration. This is a contribution 

to long-term drift in microsensors with glass or silicon structures. However, a lack of literature 

was found reporting on the long-term effects of this failure mode on sensor output. 
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2.4.3. Stresses induced during Level-1 packaging 

The primary purpose of Level-1 packaging is for attaching the die sensing unit onto a package 

substrate. This processing step serves to provide thermal and mechanical isolation and 

protection of the Level-0 assembly from the operating environment.  

 

Of the packaging processes, the materials and processes involved at Level-1 packaging play a 

dominant role in inducing stresses. Liu et al [99] estimates the influences from chip packaging 

can account for 80 – 90% of sensor performance variations. The main cause of instability results 

from curing of the materials utilized in chip adhesion and compound molding. The objective is 

therefore to minimise the packaging stress imposed onto the sensing die. In the following 

Section, the techniques involved in Level-1 packaging are described and examples of effects on 

packaging stress are presented.  

 

2.4.3.1. Bonding techniques for Level-1 packaging 

Polymer adhesives and gels, due to their low elastic modulus, are widely used in the Level-1 

packaging of MEMS devices; for example, as a housing material for the die and bonding wires. 

The aim of utilizing polymeric materials is to minimise the stresses imposed onto the structures 

during bonding. Introduced below are steps involved during Level-1 packaging of the sensor:  

 

• Die-attach involves bonding of the Level-0 assembly to the substrate. The die-attach is 

a layer of adhesive that is applied between the substrate and die-stack and cured at 175 

°C. 

• Wire bonding involves interfacing the sensing die with on-board electronic circuitry, 

this is typically performed through thermosonic bonding. Typical wire materials include 

gold, aluminium and copper.  

• Compound molding provides an overcoat of polymeric material to prevent the sensor 

chip from physical damage.  

 

A typical temperature cycle over the Level-1 packaging process is shown in Figure 16, which 

illustrate the elevated temperatures required to perform each bonding step. As a result of 

differential expansion caused by CTE mismatch, the die stack can become subjected to 



Chapter 2 

58 

 

compressive stress, while the molding compound is subjected to tensile stresses [99]. This can 

lead to the distortion and warpage of the sensor and die structure [115], [124]. 

 

 

Figure 16:  A typical temperature sequence over the entire bonding and curing procedure, taking 

place during Level-1 packaging. 

 

2.4.3.2. Stresses introduced during die-attach 

Zarnik et al [124] simulated the effect of the die-attach on stress imposed onto a pressure sensor 

die (3.5 × 3.5 mm). The die was attached onto a ceramic substrate using a layer of Room 

Temperature Vulcanizing (RTV) silicone adhesive, and subsequently cured at 140 °C. The CTE 

of the adhesive, silicon and alumina were 160, 2.6 and 6.8 × 10-6/°C at 20 °C respectively. 

Parameters were varied including the adhesive modulus (1 – 4 MPa), thickness (100 – 300 μm) 

and the extent of die immersion (0 – 260 μm). The results indicated a thick, low modulus 

adhesive layer and minimal die immersion was beneficial in lowering the induced stresses. 

Minimal stress was imposed onto the die when placed upon a ring-shaped adhesive geometry. 

The worst-case geometry consisted of a silicon die immersed into the adhesive, with adhesive 

surrounding the side walls. The worst-case geometry produced a stress of 6.5 MPa over the 

sensor. These results were corroborated with benchtop experiments, by fabricating the worst-

case and optimal adhesive geometries. The influence on the output voltage was measured to be 

-6.4% FS, compared to -0.2% FS – the minimally stressed die produced a more stable output.  
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Even though a low modulus adhesive can be utilized for stress relief, its effect on packaging 

stress cannot be ignored. Such stresses on the sensing die can be minimized through deliberate 

separation of the sensing die. For example, Schroder et al [125] attached a gyroscope die onto a 

lead frame by using conventional ball-stitch wire bonding, without any polymeric materials. 

Lower stresses compared to a die-attach method was achieved. However, Schroder’s method 

produced multiple resonance modes dependent on the number of wire bonds. Thus, the use of 

die-bonding may have other unintended effects on the sensing system. 

 

2.4.3.3. Stresses introduced during electrical connection 

Wire bonding (thermosonic bonding) is ubiquitously applied for interfacing MEMS packages 

to more accessible circuitry. The process involves applying heat and force, while simultaneously 

providing an ultrasonic rubbing action onto the bonded substrate. A solid-state metallic bond is 

formed by mating metal surfaces below their melting points. Liu et al [126] simulated the 

bonding action, with regards to its impact on device layout below the bond pad. Common failure 

modes caused by bonding included: bond pad cratering, peeling, and crack formation below the 

bond pads. Simulated results showed a stress of up to 300 MPa could be transferred to the 

substrate during the bonding action, which dissipated after bonding and cooling to room 

temperature.  

 

The analysis indicates the benefit of placing bond pads away from critical sensing components, 

as temporary stresses induced may result in structural damage in the local volume. However, as 

sensors become more miniaturized, complex stress distributions may still result in heavily 

integrated die stacks.  

 

It is likely that microcracks present in the bonded structure may propagate from pressure 

cycling. Wire bonding could be a root cause of drift, depending on its proximity to stimulus-

sensitive elements.  

 

2.4.3.4. Stresses introduced during compound molding 

Krondorfer et al [127] simulated the packaging effect of an epoxy-based molding compound, 

on the performance of a MEMS pressure sensor. The results showed a significant alteration in 
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the output signal and sensitivity after packaging. These changes were caused by asymmetric die 

deformation, which was induced into the sensor after encapsulation and curing. After the Level-

0 assembly was bonded onto the lead frame using a die-attach, the device had a thermal-

coefficient of offset (TCO) of 51.2% and thermal-coefficient of span (TCS) of −31.6% over the 

temperature range of −7.5 to 125 °C. Subsequently, the assembly was compound molded, 

causing the TCO and TCS changing to 95.6% and −32.7% respectively. Furthermore, compound 

molding significantly altered the sensor’s zero-offset, changing the voltage offset from 0.41 mV 

to −43.6 mV.  

 

These results indicate compound molding can significantly impact the packaging stress, thermal 

response, and signal offset of the sensing system. Packaging stress could be minimized by 

coating the sensing elements in a lower modulus molding compound. Through sensor design, 

an alternative method of protecting the Level-0 die-stack may be possible. More robust designs 

may eliminate the need for compound molding material. 

 

2.4.3.5. Effects of Level-1 packaging on drift 

The findings from Level-1 packaging are consistent with an on-going theme – differences in 

material CTE and elevated temperatures during packaging can induce significant residual 

stresses within the sensor.  

 

• The compliant adhesive die-attach, for bonding the Level-0 package has been shown to 

induce stresses within the sensing die. 

• Wire bonding has been simulated to produce stresses sufficient to initiate crack 

formation below the bond pad. 

• Compound molding can introduce significant stresses onto the sensing die, resulting in 

voltage output changes of several millivolts.  

2.4.4. Stresses induced during Level-2 and System-Level packaging 

Level-2 packaging and higher levels of integration involve further encapsulation of the Level-1 

package. This process is application-specific and is designed to prolong device stability by 
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enabling the system to operate in its environment. Some of the techniques for Level-2 packaging 

are presented below.  

 

2.4.4.1. Effect of a compliant gel cover over the sensing die 

A compliant polymeric coating can be applied onto the sensing surface. This allows for 

protection from chemical attacks or physical impact when used in harsh operating environments. 

However, the presence and distribution of trapped gas bubbles within the top coating can be 

difficult to avoid. Dan et al [128] simulated the effects of a bubble at different locations within 

a cured gel (see Figure 17). A pressure sensitive silicon chip (3.8×3.8×0.55 mm) was coated in 

a low modulus adhesive (E = 1 MPa). Parameters varied included the temperature (−10 to 85 

°C) and bubble diameter (100 – 500 µm). Referring to Figure 17, gas bubbles trapped directly 

above the diaphragm (at positions 1, 2 and 3) had greater influence than bubbles located laterally 

on the sensing chip (at positions 4 and 5). A 500 µm diameter bubble placed directly at the 

diaphragm centre (at position 1) resulted in a 50% offset shift in the pressure reading when the 

device was heated to 85 °C. Positions 2 and 3 caused shifts of 10% and 5% respectively; whereas 

positions 4 and 5 shifted by less than 2%. In general, the presence of a gas bubble interrupts 

pressure transmission. A bubble directly above the centre of the sensing diaphragm has a large 

impact on sensor performance. The effect on sensor output diminishes as the trapped bubble is 

located further from the diaphragm centre. 

 

The presence of a gas bubble in the polymeric top coating was demonstrated to induce signal 

shifts immediately after curing. Although long-term effects were not investigated, degradation 

and wear of the coating caused by the operating environment is a likely outcome. This could 

cause structural alteration on top of the polymeric coating, or delamination from the silicon die, 

both of which can have a large impact on response. 
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Figure 17: Cross sectional view of the simulation model of a pressure sensing die coated in a 

compliant gel. Trapped gas bubbles were placed surrounding the sensing surface. Bubbles 

numbered 1, 4 & 5 are directly in contact with the membrane surface. Bubbles 2 & 3 are directly 

above the centre of the sensing surface.  From Dan et al [128]  

2.4.4.2. Reduce biofouling by packaging a commercially-off-the-shelf 

(COTS) sensor 

The design and manufacturing of a low-drift implantable pressure sensor involves complicated 

design processes and in-house expertise. The concept of repackaging high-performance COTS 

pressure sensing dies for implantation have been explored by Kim et al [129]. This is an 

application-specific method allowing for sensor choice to be customised for the geometry or 

performance characteristics required. Also, the high development cost involved with 

implantable sensors can potentially be bypassed.  

 

A pressure sensor (MS5637-02BA03, Measurement Specialties) was encapsulated within a 

silicone-filled, medical-grade balloon (31 – 44 μm thick, 06001000CA, Vention Medical) for 

monitoring bladder pressure. The technique was aimed at isolating the sensor from bodily fluids 

by immersion in a non-aqueous fluid. The large flexible surface was proposed to act as a 

sacrificial barrier for biofouling, reducing sensitivity and offset drifts. In vitro validation of the 

packaged sensors reported variation in readings of around ±3 mmHg.  

 

This was an interesting approach for isolating the effects of biofouling on sensor drift. Even 

though the flexible balloon architecture was much more compliant compared to a rigid 

diaphragm face, a biofilm could still grow on its surface. This effect could have been answered 

through long-term in-vivo testing. However, the packaging methodology was not a fully 

hermetic solution for long-term use. Corrosion still occurred around the encapsulated electronic 
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components, which possibly altered the sensor output. In addition, this method is unlikely to 

improve on the underlying drift characteristics of the packaged sensor.  

 

 

Figure 18: A photograph of the packaged COTS pressure sensor within an isolation fluid-filled 

balloon. From Kim et al [129].  

2.4.4.3. Effect of Level-2 packaging on drift 

The strategy above aimed at promoting the longevity of a sensor through the addition of 

encapsulation layers above the Level-1 package. This technique enhanced the level of 

environmental protection for a sensor not originally designed for the use environment. The 

challenge lies in reducing the induced stresses as a result of the additional packaging step.  

 

Also, the technique does not improve on the underlying instability of the packaged sensor 

elements (Level-0 and 1), and it is likely the additional layer of packaging was a reliability 

concern.  

 

Although this technique could open the sensor to a larger range of environments, it may not 

address the underlying drift performance of the existing packaged elements at Level-0 and 

Level-1. In addition, it is apparent from the study that extra layers of packaging would contribute 

to the complexity of the drift mechanism. 

2.4.5. The contribution of intrinsic factors to sensor drift 

In this Section, the sources of drift originating solely from the sensing system were presented. 

The root causes were separated into electrical and mechanical contributions. The electrical 

contributions were due in part to changes in material resistivity; whereas mechanical 
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contributions arose mainly from the relaxation of residual stresses. These contributions were 

highly pervasive and could be induced in each fabrication step. The magnitude of the resulting 

drift was small and did not immediately compromise on sensor performance. However, such 

alterations in the output signal over time should be ignored for sensors with precision or long-

term requirements. The intrinsic root causes of drift arise from fabrication of the sensor itself. 

Moreover, sensors typically require electrical components. Also, packaging procedures are 

likely to induce residual stress. If possible, packaging-induced residual stresses should be 

minimised to reduce sensor drift.  

 

2.5. Prior-art: stability extension strategies 

Self-calibration has been shown to be particularly useful for sensors operating in remote and 

hostile environments, where traditional methods of device calibration are difficult to be carried 

out. Below provides an overview of strategies for extending sensor stability. The applicability 

of these techniques to microsensors is discussed at the end of this Section.  

2.5.1. Compensation by using multiple sensors 

Sensors are typically cross-sensitive to measurands other than the one of interest (e.g. pressure), 

such as temperature sensitivity. An independent temperature sensor in additional to the pressure 

sensor can provide cross-sensitivity compensation. Pressure output is obtained from a look-up 

table with reference to temperature readings. This method depends on the reproducibility of the 

cross-sensitivity and its stability over time. In terms of novel devices incorporating this 

technique, Hao et al [130] designed a gas-sealed capacitive sensor with a bimetallic diaphragm. 

In this architecture, thermal fluctuation was sensed by a mechanical structure. Compensation 

due to gas expansion relied on the differential expansion between the two materials.  

 

Differential sensing uses matching sensors to monitor the same measurand. Sensors are 

arranged such that the measurand is monitored at opposing magnitudes in addition both sensors 

are cross-sensitive to the common noise. This cross-sensitivity can be removed provided it is 

independent of the measurand. However, the method is only effective if the sensors are closely 
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matched and remain equally sensitive over time. This technique is commonly employed in the 

form of a Wheatstone bridge for sensing pressure. 

 

Background calibration uses sensors sensitive to the same measurand. However, the 

measurement principles of each sensor are different. For example, the performance of the 

primary sensor can have a high dynamic response but poor stability. A secondary reference 

sensor complements the primary system with its high accuracy and stability but slower response 

time. Occasionally, the primary sensor is re-calibrated against the more stable reference to 

correct its accuracy. The effectiveness of this technique is dependent on the stability of the 

reference sensor.  

2.5.2. Calibration performed using an actuator 

Sensor correction can be performed by selectively multiplexing the sensing element to the 

measurand. The signal produced when the measurand is removed can be quantified and 

subtracted. For example, the offset error of a flow sensor can be corrected by temporarily 

pausing flow. 

 

The integration of precision actuation methods into microsensors has been demonstrated by 

several authors in this Section. The actuator precisely perturbs the sensing element, in turn 

generating a calibration signal within the measured response. In a post-processing step, the 

superimposed calibration signal is identified and the sensor is corrected. This technique requires 

the calibration signal to be highly reproducible. Several examples of this technique include:  

 

Incorporation of an electrostatic force actuator into a sensor was proposed by 

Yameogo et al [131] and Cozma et al [132]. In these implementations, a method of 

precisely generating deflection was presented. A pair of capacitive plates were built into 

the sensor reference cavity. A precise excitation voltage generated a repeatable 

electrostatic actuation between the plates, causing the membrane to deflect. This 

repeatable deflection was used for calibrating onboard sensing elements. 
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Phase change of a material can be harnessed for self-calibration purposes. Huo et al 

[133] proposed a pressure sensor using water trapped in the reference cavity as the phase 

change material. Heating of the water produced a vapor pressure, which in turn caused 

the membrane to flex outwards. This deflection response was utilized to calibrate the 

piezoresistive sensing elements. 

 

Use of the bimetallic effect was proposed by Lapadatu et al [134]. This pressure sensing 

system consisted of two membranes; one membrane was a pressure sensing membrane, 

while the other provided an actuation force. A heating resistor caused the bimetallic 

membrane to bend into the reference cavity, providing a backpressure for the sensing 

element to calibrate against. 

2.5.3. Applicability of compensation to an implantable pressure sensor 

True calibration can only be established in relation to the readings based off an international 

standard. However, the ability to extend the performance of a sensor is highly desirable. 

Common techniques involve the compensation of temperature, which can affect sensor output. 

In addition, an implantable pressure sensor would benefit from strategies to extend long-term 

stability. Practical application for an implant must be a balance between size, complexity and 

stability. The ability to fabricate these techniques as microstructure assists with miniaturization. 

However, the addition of compensation features can further complicate the causes of drift. It is 

likely reference sensors or actuators will also drift overtime.  

 

2.6. Prior-art: stability principles of highly stable pressure 

references 

The purpose of this Section is to present the current state-of-the-art primary and secondary 

pressure references such sensing architectures are highly reliable and have excellent long-term 

stability. Their ability to maintain calibration makes them suitable for reinstating the accuracy 

of lower-stability devices. The purpose of calibration is to correct the accuracy of a measurement 

instrument, by comparing it to a quantity directly or indirectly traceable to SI reference 

standards.  
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The techniques of calibrating pressure can be separated into two categories. Pressures from 101 

Pa (slight vacuum) to 105 Pa (atmospheric pressure) can be measured directly using a force per 

unit area relationship. At pressures below 101 Pa, indirect measurement techniques are required. 

In this Section, only the transducers capable of functioning around 105 Pa (atmospheric 

pressure) are explored – as physiological measurements occur at around this range.  

 

The aim is to determine if certain stability principles of pressure references can be translated to 

the construction of a long-term stable implantable pressure sensor. Here, a top-down approach 

is implemented in search of the principles regarding sensor stability.  

 

This Section first introduces the different types of pressure references. This is followed by their 

operating principles. Table 10 shows their operating range, uncertainty and long-term stability. 

This is followed by a summary of their stability principles (Table 11). Finally, the considerations 

for manufacturing an implantable pressure sensor based on these principles are discussed.  

2.6.1. Direct comparison methods 

Direct comparison of pressure to traceable SI reference standards is the most accurate method 

of calibration. This technique involves comparing the device-under-test (DUT) to a known 

primary standard. The reference pressure is generated with the lowest uncertainty and is not 

referenced to other standards of the same quantity. Pressure measurements from primary 

standards are derived directly using the SI units of mass, length and time.  

 

Mercury column manometer – pressure is derived from the accurate measurement of column 

height, provided local gravity and fluid density are well characterised (P = ρgh). Height 

measurements can be performed using laser or ultrasound interferometry, down to a resolution 

of 10 nm, resulting in a relative uncertainty of 3×10-6 and 3×10-5 for pressures of 100 Pa and 

100 kPa respectively. This primary standard is located at National Institute of Standards and 

Technology (NIST, Maryland, United States).  
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Piston gauge – masses are used to apply pressure to a hydraulic fluid. A cylinder piston rotates 

above a gas within an enclosed cylinder. The pressure generated is the total force on the piston 

on the surface area of the piston.  

2.6.2. Indirect comparison methods 

The instruments below provide a comparison to traceable SI reference standards; therefore they 

are a less accurate means of calibration. The method involves comparing the DUT to another 

sensor (a secondary standard), which has been calibrated against a primary standard. Although 

the primary standards have exquisite long-term stability and accuracy, it can be problematic to 

transport these devices due to their bulky and fragile nature. Secondary standards provide a 

trade-off in performance for their ease of transport compared to primary standards. These 

reference devices are typically constructed from fused silica, quartz or silicon. Such materials 

are desirable for sensor construction due to their mechanical robustness and chemical stability.  

 

Quartz-Bourdon manometer – measures the deflecting force exerted on a helically bent quartz 

tube due to pressure difference. A mirror attached to the coil reflects light onto a pair of balanced 

photocells. Electromagnetic coils are used to maintain the light spot in zero position. Pressure 

is determined by the current required to maintain the coil in zero position. Manufacturers include 

Ruska, Druck and GE, and are typically used as laboratory reference transducers [135]. 

 

Capacitance diaphragm gauge – a measuring diaphragm which forms one electrode of a 

capacitor and deflects due to a pressure difference. The capacitance measured reflects the 

pressure applied. This has a high sensitivity, and resolution is roughly 1 mPa. Infincon is a 

manufacturer of these instruments, which are typically used as secondary standards and 

laboratory references [136]. 

 

Resonance silicon gauge – when pressure is applied on the diaphragm, the resulting strain 

causes the micromachined resonators to change in frequency which is then converted into a 

pressure reading. This type of gauge is produced by General Electric as the trench etched 

resonant pressure sensor (TERPS). 
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Quartz resonant pressure sensors – another type of resonant sensor uses quartz as the 

reference element in a quartz resonant pressure sensor. These sensors have excellent long-term 

stability of ±0.0005% FS. When operating in thickness-shear mode, the transducer module is 

‘floating’ within the hydraulic fluid. This allows the transduction module to be completely 

isolated from stresses due to interaction with the housing. The resonant frequency of the quartz 

capsule is communicated wirelessly across the hydraulic medium without additional 

connections. For resonant silicon gauges and quart resonant pressure sensors, the main 

application is in harsh and difficult to access environments, such as in deep sea monitoring and 

oil & gas applications. However, since the operating pressure is extremely high (>100 MPa), it 

is uncertain whether this technology can be miniaturized for biomedical use.  

 

The instruments described have extremely reliable long-term stability behaviour and 

exceptional performance. In general, such devices are not suitable for direct translation into an 

implantable device due to several constraints. For example, the device construction typically 

leads to bulky dimensions. In addition, the sensing elements require highly controlled 

environments or complex readout methods to achieve the highest performance. Whereas for an 

implantable sensor, miniaturization and an uncontrolled environment cannot be avoided.  

 

Table 10: Sensors suitable for use as secondary references. Modified from Jousten [137]  

Transducer 

types 

Measurement 

range (Pa) 

Measurement 

uncertainty 

Long-term 

stability per year 
Manufacturer 

Piston gauge 10 – 105 1·10-4 – 1·10-5 N/A Listed below 

     

Quartz-bourdon 

manometer 
103 – 105 3·10-4 – 2·10-4 

±0.0075% of 

reading [135] 

Ruska/Druck/ 

GE 

     

Capacitance 

diaphragm gauge 
10-4 – 105  10-1 – 3·10-3 

±0.005 – 0.03% FS 

[136] 
Infincon 

     

Silicon resonant 

gauge 
10 – 105  3·10-4 –2·10-4 

±0.01% FS / year 

(GE TERPS 

datasheet) 

GE 
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2.6.3. Low-drift design principles of pressure references 

Summarized in Table 11 are the design principles and considerations observed of pressure 

references, which assist with the long-term stability of this class of transducers. These design 

principles will influence the sensor design to be presented in Chapter 3 (Section 3.3).  

 

Table 11: Low-drift design principles of highly stable pressure references 

Low-drift design 

principle 
 Attributes 

Inherent material 

properties 

1 Elements providing the reference are mechanically stable, e.g. quartz, fused 

silica, silicon. As opposed to materials which alter over time, e.g. polymeric 

adhesives, metallic bourdons. 

2 Perfectly elastic, high fatigue strength, low creep, low hysteresis, chemically 

robust. Resulting in stable mechanical properties; 

(i) sensing element returns to the same position 

(ii) stable natural frequency 

3 Minimize in-built stresses arising from fabrication, by reducing materials 

with CTE difference and reduce differential cooling 

   

Isolating drift 

contributions 

1 Low susceptibility to environmental factors 

2 Physical isolation of the stable reference element 

(i) isolate stress originating from housing, e.g. by ‘floating’ the 

transduction module 

(ii) wireless communication performed without contact, e.g. via 

electromagnetic field or light 

   

Modularity 
1 Designed with less interdependency and more individualisation, this can 

allow for greater control over manufacturability and optimisation 

   

Robust 

measurement 

technique 

1 Low susceptibility to noise or interference 

2 Frequency instead of amplitude signal 

3 Relative instead of absolute signal 

4 Binary instead of continuous signal, e.g. Discrete masses used in a 

deadweight tester, resulting in fixed calibration points 
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2.7. Conclusions 

 

In this chapter multiple causes of short and long-term instability in microsensors were presented. 

The operating environment can exhibit external stimuli such as temperature, humidity and 

electrostatic effects that cause short-term sensor instability. Such external influences are 

typically reversible and compensation mechanisms can be applied by monitoring the stimulus. 

External influences due to hermeticity loss and biofouling are difficult to predict as these effects 

are difficult to replicate realistically in real-time experiments. Sensor packaging provides 

physical protection and isolation from external influences. However, residual stresses can be 

induced at all packaging levels and cause long-term instability. The root cause originates from 

the mismatch of thermal expansion in the fabrication materials. Redistribution of stresses can 

potentially lead to a time-dependent change in the output signal. The materials and construction 

processes of the pressure system should induce minimal residual stress. The design principles 

of highly stable pressure reference devices were investigated. These relate to stable properties 

inherent to the material, drift isolation designs and a robust measurement technique. The 

stability principles obtained from this chapter will be applied to the pressure system design 

presented in the next chapter. 
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Chapter 3. Creating a stable pressure 

reference to support re-calibration 

 

 

Chapter 2 highlighted the many possible sources of drift that may be experienced by a small 

pressure sensor. One approach to making a better pressure measurement system is to focus on 

minimising each of these sources (prioritising the biggest contributions). Here a different 

approach is proposed: by introducing a re-calibration mechanism, the sensor can be allowed to 

drift and then re-calibrated to restore the accuracy of the pressure measurement system. A novel 

architecture of a pressure measurement system which can be re-calibrated is presented in this 

chapter. Chronic pressure monitoring is enabled by the ability to re-calibrate an implanted 

sensor. 

 

This new architecture includes a pressure switch in the implanted device. The basic concept 

relies on the pressure switch in the pressure sensor re-calibration process. A pressure switch is 

placed in fluid communication with the pressure sensor and will experience the same ICP. 

Provided the pressure switch is accurate, upon actuation the desired output from the pressure 

sensor is known. Subsequently, corrections can be made to the sensor calibration values to 

eliminate its drift. The accuracy of the pressure measurement system now becomes dependent 

not on the pressure sensor, but on the pressure switch. The stability of the pressure switch 

becomes key to system performance.  

 

This architecture has three main aspects; 1) the stability of the pressure switch determines the 

stability of the pressure measurement system; 2) a means of activating the pressure measurement 
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system to induce a re-calibration signal; and 3) a means of detecting actuation of the pressure 

switch. The majority of this thesis will address these key aspects for the application of ICP 

monitoring.  

 

A concept diagram of a pressure measurement system incorporating a pressure sensor, pressure 

switch and means to detect the switch actuation is shown below.  

  

Figure 19: Concept diagram of a pressure measurement system capable of re-calibration. Normal 

ICP measurement made by a MEMs pressure sensor placed within the pressure switch (top). 

Pressurization of the system has caused the pressure switch diaphragm to deform around a pillar 

(bottom). The measurement output from the MEMs sensor can be used to detect switch 

actuation (touchdown onto the pillar). 

 

In this figure, the key aspect of detecting the switch actuation is achieved by just interpretation 

of the pressure sensor output. The processing of this output to derive the switch actuation 

(touchdown of diaphragm onto a pillar) is described in Section 5.1.4.  

 

With an integrated pressure switch, pressure sensor drift can be removed by re-calibration. The 

pressure system accuracy is now tied to the stability of the pressure switch, this important topic 

is further addressed in Section 3.1.2. In section 3.1.3, the incorporation of stability concepts into 

the pressure switch design is discussed. 
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Hydrocephalus patients provide a compelling clinical application for this re-calibration concept. 

The ability to perform re-calibration is dependent on the ability to induce switch actuation. A 

simple method of pressurizing a hydrocephalus shunt is in clinical use today. It revolves around 

a deformable CSF-filled reservoir which is implanted under the skin. When manually pressed, 

the fluid is pressurised for the purpose of attempting to induce flow in a shunt tube to remove a 

blockage. This mechanism can be considered for generating a pressure change to perform a re-

calibration of the proposed ICP measurement system. More details on this aspect are cover in 

Section 3.1.2. 

 

In Section 3.1.3, the incorporation of the stability principles from Chapter 2 is discussed. Section 

3.2 provides a set of real-world requirements for the pressure measurement system. The chapter 

concludes with two possible deployment options for the chronic monitoring of ICP in Section 

3.3.  

 

3.1. Re-calibrating an implanted pressure sensor 

3.1.1. Embodiment of the pressure switch 

The physical form of the pressure switch is illustrated in Figure 20. The pressure switch is of a 

purely mechanical construction. The device consists of two critical mechanical structures; a 

pressure-sensitive diaphragm and a rigid circular base. The base structure is formed with a ring-

shaped recess on one face, such that a pillar is located at its centre. The diaphragm is bonded to 

the base structure forming a cavity, and together encloses a reference gas pressure. In addition, 

the implantable device also contains two side ports. This allows for connection in-line into a 

hydrocephalus shunt (as illustrated in Figure 20). The central compartment of the implant is 

open at both ends and allows for CSF to flow through. 

 

A pressure sensor can be integrated into the pressure switch structure as shown in Figure 20. 

Here, the sensor is placed behind a pressure sensitive membrane and surrounded within a 

pressure transmission oil. In a separate design, the microsensor for monitoring ICP is isolated 

from the pressure switch (shown in Figure 21).  
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Figure 20: A 3D sectional view of a dual-port pressure switch. The side-ports allow for in-line 

connection along the hydrocephalus shunt. The central chamber of the pressure switch is in 

contact with CSF. The top cavity encloses a pressure sensor, surrounded by a pressure 

transmission oil. The bottom cavity maintains a stable pressure reference. 

The pressure switch is of a purely mechanical construction and stability is not dependent on or 

affected by any on-board electronics. Due to this design feature the switch cannot provide a 

readout of the pressure signal. Instead, ICP measurements are achieved through a separate 

implanted pressure sensor – this sensor is expected to drift over time. The pressure switch is 

suitable to be paired with a range of transduction method. For example, the separate ICP sensor 

could be based on a piezoresistive, capacitive or surface acoustic wave for detecting pressure. 

Chapter 5 will show the integration of piezoresistive pressure sensors with the pressure switch.  

 

Stability depends on the mechanical compliance of the system. This is affected by the enclosed 

reference pressure and the pressure deformable structures. A hermetic seal is necessary to 

maintain a stable reference pressure. Gas ingress into the reference cavity can cause the re-

calibration pressure to deviate (investigated in Section 4.1, Chapter 4). Secondly, mechanical 

response can change due to wear between the pillar and diaphragm (investigated in Section 6.4, 

Chapter 6). The dimensioning of these components for the required hermeticity and deflection 

performance is investigated in Chapter 4. The device is sealed at atmospheric pressure instead 

of enclosing a vacuum, enhancing pressure sensitivity and allows for greater deflection. In 

addition, the differential pressure across the diaphragm is significantly reduced. This can 

potentially reduce the effects from constant pressure loading while also relaxing hermeticity 

requirements.  
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3.1.2. Re-calibration using the pressure switch to reinstate sensor accuracy 

A re-calibration procedure is performed on the implanted pressure sensor before an accurate 

ICP can be obtained. Subsequently, the zero-point accuracy of the sensor is reinstated to that of 

the stable pressure switch. The re-calibrated sensor is contained within the CSF-filled 

compartment of the pressure switch. This is the same sensor utilized for monitoring ICP.  

 

3.1.2.1. Mechanism of operation 

During a re-calibration event, the pressure sensor and the pressure switch, which are both in 

fluid communication, are simultaneously pressurized. Referring to Figure 21, the operation of 

the pressure switch can be separated into two modes. Initially, the diaphragm deflects inwards 

towards the cavity due to the applied pressure, without interfering with the pillar (Figure 21, 

top). Once the fluid pressure reaches a predetermined threshold, the centre of the diaphragm 

contacts the pillar. With further pressurization and deflection, bending of the diaphragm around 

the pillar occurs (Figure 21, bottom).  

  

Figure 21: A schematic diagram illustrating operation of the pressure switch. A cross-sectional 

view of the pressure switch before (top) and after (bottom) a touchdown event, as a result of 

pressure applied to the diaphragm face exposed to the cerebrospinal fluid (CSF). In this 

arrangement, pressure monitoring is performed using an independently placed sensor. 
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The response measured by the pressure sensor during a touchdown event is illustrated in Figure 

22. The pressure switch activates as its diaphragm contacts the pillar structure, generating a 

change in diaphragm compliance. This change is visible as a distinctive knee in the pressure 

response, as recorded using the pressure sensor. The pressure sensor records the touchdown 

event produced by the switch. A distinctive knee is produced in the measured pressure response 

at touchdown. This event is produced at a fixed reference pressure.  The re-calibration response 

is detected using the drifted pressure sensor, without requiring additional components. 

 

The pressure magnitude at touchdown is designed into the pressure switch, for providing a stable 

reference pressure for offset re-calibration of an adjacent pressure sensor. At touchdown the 

sensor output can be reset to the reference pressure of the pressure switch. This could be 

performed by correcting the pressure value stored on the sensor micro-processer. Now, the 

stability of the pressure sensor is tied to the stability of the mechanical pressure switch. Sensor 

offset can be calibrated using a singular touchdown pressure event. The pressure switch can also 

re-calibrate the span error of a pressure sensor. This is achieved by designing the switch to 

produce multiple touchdown events across the range of the sensor.  

 

 

Figure 22: A time-series plot of the pressure response illustrating a touchdown signal captured 

during the re-calibration procedure. 

The pressure switch and associated sensor are placed away from the brain ventricles; pressure 

communication with ICP is provided through a fluid-filled catheter. As a result of this 

arrangement, head movement and body orientation may induce hydrostatic pressure differences 

of a few millimetres of mercury [138]. It is necessary to obtain pressure readings in a defined 

resting body position. Alignment can be performed in a similar manner to the re-zeroing 
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procedure of ICP monitors connected via an external ventricular drain (EVD). This levelling 

procedure involves vertically aligning the pressure sensor with the tragus14 of the patient. This 

provides a reference position for ICP measurements [5]. 

 

3.1.2.2. Pressurization schemes 

This process is initiated using an external force to create a pressure rise within the system. A re-

calibration process can be performed at any time provided a sufficient pressure is applied. 

Below, a few pressurization schemes are proposed. 

 

• Transcutaneous finger pressure – can be used to deform the compliant tubing 

against the skull bone. This is a procedure similar to pumping a Foltz Flushing 

Reservoir (Integra NeuroSciences), for attempting to clear a hydrocephalus shunt 

[139]. The shunt tubing or a reservoir-like component can be pressed until the 

applied pressure reaches the re-calibration pressure. For a dual-ported system, the 

procedure is accomplished by pressing tubing distal to the pressure switch, while 

occluding the proximal tubing using another finger. This method is not automatic 

and requires deliberate user action to initiate re-calibration. 

 

• Feedback controlled pump – controlled pressurization can be supplied by using an 

implanted pump. This method has the potential to be fully automated, enabling 

continuous accurate ICP measurements without user intervention. However, the 

implantation of additional hardware and electronic circuitry is required, creating 

more bulk and potentially additional points of failure.  

 

• Atmospheric pressure fluctuations – the re-calibration pressure is designed at 

around the mid-point of the normal range of atmospheric pressure and re-calibration 

will occur naturally over time as atmospheric pressure varies with the weather. 

Hence, this method is completely automatic re-calibration.  

 

 
14 A small pointed projection of the external ear. 
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A finger press on the shunt tube is a practical method to re-calibrate the pressure sensor. This 

can easily be performed by a patient at home. In Chapters 4 and 5, the suitability of using a 

finger press to produce an input pressure for re-calibration is investigated.  

 

An example of sensor re-calibration using the finger pressure method involves the following 

steps. The pressure reading of the sensor is communicated to a smart phone. The phone instructs 

the patient through the re-calibration process. Re-calibration is started by a prompt to provide 

finger pressure. Pressing is continued until an algorithm on the phone has detected that the 

applied pressure has passed through the re-calibration pressure. A successful re-calibration 

event could be indicated by a feedback cue (e.g. an audible noise, physical vibration or flashing 

light).  

3.1.3. Considerations for designing a stable pressure switch 

 

In this Section, the pressure switch design is explained in relation to drift causes in microsensors 

and low-drift principles identified in Chapter 2. These findings provided a framework for 

designing a stable pressure switch to enable the re-calibration of implantable pressure sensors. 

 

• Inherent material properties – bonding processes involved during sensor fabrication 

typically require exposing the entire assembly to elevated temperatures. The difference 

in thermal expansion across materials can induce distortions and stresses into the sensor 

packaging. The relaxation of these stresses can have a time-varying impact on sensor 

performance.  

 

The pressure switch is of a monolithic design and constructed from a single material. 

The device is without additional metal fillers or ceramic materials. The pressure switch 

components are thermally matched for the joining process. The device is solely 

fabricated from a stable biocompatible material (titanium) to enable long-term 

performance. Materials that can degrade or deform overtime such as polymers and 

adhesives are absent. The structural change or material degradation within the pressure 

switch can lead to a change in its mechanical response.  
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• Modularity and minimalistic embodiment – all sensors are expected to exhibit a 

certain drift characteristics over time. The causes of drift are multifaceted and reducing 

its sources can be a perplexing task (as detailed in Chapter 2). Performance loss can be 

attributed to complex sensor design and fabrication techniques. The potential sources of 

drift in the pressure switch is reduced through the extensive elimination of materials and 

components required for its functionality.  

 

This radically simplistic design is of a monolithic mechanical structure. The resulting 

architecture operates independently of electrical-related components and structures. This 

allows for a modular approach to design. The complexity of the sensing system is 

separated independently into the pressure switch and the pressure sensor. The design, 

construction and functionality relating to stability of the pressure switch can be 

independently focused on. This strategy leverages off the ability to manufacture 

individual modules allowing for optimisation of processes and materials. 

 

• Isolating individual contributions to drift – the pressure switch must remain stable to 

enable reliable sensor re-calibration. In a typical microsensor, the mechanical, electrical 

and transduction related elements are inseparable, being incorporated into the same 

structure.  

 

The functionality of the pressure monitoring system is separated into the switch and 

sensor. The switch is utilized for re-calibration and the sensor for providing a pressure 

readout. Drift related to the complexity of the transduction and readout system is 

independent and not cross-sensitive to the pressure switch. 

 

• Robust measurement technique – sensors are generally required to maintain accuracy 

and stability over a range of sensing magnitudes. This requirement is removed for design 

of the pressure switch. The pressure switch provides a re-calibration signal at a 

predetermined pressure. Stability is only required at a single pressure point for re-

calibration. This is comparable to the measurement principle of a dead-weight-tester (a 
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primary pressure standard), in which pressure is related to discrete masses and 

measurements are produced at distinct points.  

 

3.2. Requirement analysis for an ICP implant 

The application of chronic monitoring of ICP enables device requirements to be define that 

address this clinical need. Of particular importance is the pressure range, accuracy, duration of 

use. Guidance on the physical size is also a helpful design input.  

3.2.1.  Investigating the operational pressure range 

In this Section, the operating pressure range relevant for an ICP monitoring implant is presented. 

An implanted pressure sensor cannot be vented to atmospheric pressure and hence cannot be 

used as a gauge sensor measuring the elevation of ICP with respect to prevailing atmospheric 

pressure on the body. An implantable pressure sensor must be fully sealed and therefore be an 

absolute pressure sensor. This means that the range must accommodate not only physiological 

pressure changes, but also changes in the prevailing atmospheric pressure on the body. The 

contributions to an absolute pressure measurement include natural variations in physiological 

ICP, atmospheric pressure fluctuations and special environmental conditions.  

 

The magnitude of ICP fluctuations in an adult was detailed in Section 1.1.2.1 (Chapter 1). In 

summary, the upper thresholds of ICP is 20 – 25 mmHg gauge during intracranial hypertension. 

Over-drainage in a shunted hydrocephalus patient can result in an ICP of -22 to -32 mmHg 

gauge [140]. These pressure ranges are roughly two-times above and below the normal range of 

physiological ICP in a healthy individual. 

 

Geographical elevation affects the reading of a fully implanted pressure sensor. The local 

atmospheric pressure is added on top of the pressure within the patient’s brain. Atmospheric 

pressure is a function of altitude; at standard sea-level this is 760 mmHg gauge (101.325 kPa). 

The Dead Sea is the lowest place on Earth at 430 metres below sea level, has a typical barometric 

pressure of 800 mmHg gauge. Denver, Colorado in USA is the second highest metropolis behind 

Mexico City. The elevation is 1613 meters above sea level. This corresponds to an average 
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barometric pressure of 630 mmHg gauge. The tallest skyscraper in the world (Burj Khalifa, 

Dubai) is 829.8 m in height; the typical atmospheric pressure experienced is around 690 mmHg 

gauge. 

 

Weather is a notable source of atmospheric pressure fluctuation. The strongest recorded tropical 

cyclone (Typhoon Tip, 1979) had a minimum pressure of 653 mmHg gauge. The highest 

pressure recorded was 813 mmHg gauge in Siberia.  

 

Special environment pressures as experienced on an airplane or during scuba-diving may 

make a significant contribution to an absolute pressure measurement. According to the World 

Health Organisation, the typical cruising altitudes is in the range 11 – 12 km, however in 

commercial flights the cabin air pressure is maintained at 1.8 – 2.4 km above sea level [141]. 

This corresponds to a barometric pressure of 567 – 611 mmHg gauge within the plane cabin. As 

for the other extreme, the pressure experienced by scuba-diving 10 m deep into the sea is 

effectively double that of standing on land at sea level. 

 

Illustrated in Figure 23 are the normal and maximum permissible pressure ranges an ICP sensor 

is likely to experience. Although the device must withstand pressure extremes without 

irreversibly affecting performance, it is reasonable to assume a pressure reading is not necessary 

at these magnitudes. 
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Figure 23: Pressure ranges relevant to the chronic monitoring of intracranial pressure – with 

considerations to physiological, altitude variations and overpressure ranges 

3.2.2.  Design requirements and constraints of a chronic ICP implant 

In this Section, the requirements and constraints for an implantable ICP system are discussed. 

First, the functional aspects, usability, reliability, operational, design and performance are listed. 

This is followed by design constraints of an implantable ICP system.  

 

3.2.2.1. Usability requirements 

The following requirements relate to the needs of the hydrocephalous patient:  

 

i) The diagnostic method is designed for use outside of the clinical environment and should 

not require specialist equipment or expertise for use. The user may include parties other 

than the patient and shall be able to access the patient’s health with minimal effort. For 

example, a parent or caretaker without extensive medical knowledge should be capable 

of performing the procedure. 

ii) The diagnostic method shall be a non-invasive technique (except for initial 

implantation). There are existing invasive methods of ICP monitoring which requires 
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the insertion of a needle into the implanted system to measure ICP, for example a lumbar 

puncture. However, these techniques carry the risk of infection. 

iii) During diagnosis using the implant, the procedure should not cause prolonged 

discomfort to the patient. The level of discomfort should be comparable if not lower than 

existing diagnostic methods.  

 

3.2.2.2. Reliability requirements 

The implant should provide a reliable pressure measurement over successive measurement 

sessions. An ICP sensing system is a Class II medical device with a moderate to high risk to the 

patient and/or user. Although the implant is not accountable for sustaining life, it should perform 

its functions as indicated without causing injury or harm to patient or user.  

 

i) The diagnostic method shall provide high sensitivity in detecting raised ICP. The method 

shall have a low-level of false negatives to reduce unnecessary hospital visits and 

radiographic imaging.  

ii) The diagnostic method shall have a low recovery duration before subsequent tests can 

be performed. The durations of checks should be short and comparable to existing 

techniques, such as a shunt-series scan, lumbar puncture or a CT scan. 

iii) The quantity of diagnosis attempts shall be unlimited over the device lifetime. 

 

3.2.2.3. Operational requirements 

i) The implant shall be fully implanted into the human body, without any percutaneous 

connections to the external environment (which can be a source of infection). Data 

transfer and communication shall be performed wirelessly using an external reader. 

ii) The implant shall be compatible with existing test methods for determining shunt 

malfunction or elevated ICP. 

iii) The implant itself shall not be damaged, or its sensitivity affected by other test 

procedures. Sensitive mechanical or electrical parts should be protected from the forces 

or charges set up during diagnostic procedures. 
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3.2.2.4. Design requirements 

A core requirement lies in the long-term performance of the implant; this is supported through 

the following design requirements. 

 

i) The low-drift design attributes and stability strategies previously discussed shall be 

employed to maintain system performance.  

ii) The design should leverage off existing conventional medical device fabrication and 

testing techniques. This is aimed at mitigating the risk and unknowns associated with 

new techniques. 

iii) The implant shall be produced using conventional biocompatible materials which have 

been well characterized and approved for use by medical device regulators such as the 

FDA. This is to reduce unnecessary resources in characterizing novel implant material 

combinations. 

iv) The design should be capable of being used while connected to a shunt or function 

independently. This design criterion is to provide flexibility to accommodate clinical 

acceptance and regulatory requirements. 

 

3.2.2.5. Performance requirements 

The implant must meet the level of performance specified in the following functions.  

 

i) Operating pressure range – these pressure requirements were investigated in section 

3.2.1. The implant shall withstand a low pressure extreme of 567 mmHg absolute (air-

cabin pressure at cruising altitude). A high pressure extreme of 1500 mmHg absolute 

(experienced by a patient Scuba diving 10 m underwater). The implant shall withstand 

the fluctuations produced by ICP (about ±25 mmHg) at these pressure extremes. 

ii) System accuracy – the assembly including the sensing system and the readout display 

shall not exceed ±2 mmHg gauge in the range of 0 to 20 mmHg gauge. In the pressure 

range of 20 – 100 mmHg gauge, error must not exceed ±10% of the reading (as required 

in ANSI/AAMI NS-28 for Intracranial Pressure Monitoring Devices [70]) 

iii) Long-term drift performance – the sensing implant shall remain within the rated system 

accuracy over the usage duration.  
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iv) Operating altitudes – the system shall provide an accurate reading across a majority of 

geographic locations and metropolis locations.  

 

3.2.2.6. Implant constraints 

Constraints are factors which contribute to safety and are likely to be necessary for clinical and 

regulatory approval. Provided the device is specifically used for monitoring ICP, it must comply 

to the ANSI/AAMI NS28 Standard on ‘Intracranial Pressure Monitoring Devices’ [70]. It is a 

Class II medical device because it is moderate to high risk to patient’s safety.  

 

i) The materials used in the implant must be biocompatible and demonstrated to be safe. 

ii) During operation, the temperature of the diagnostic system shall not produce 

temperatures exceeding 40°C. Continuous local heating can cause discomfort to the 

patient and tissue damage may occur as a result of excessive heating. The ambient 

temperature of the tissues surrounding an implant can be up to 37°C, hence there is a 

narrow window to accommodate for temperature rises.  

iii) The implant shall be mechanically robust to survive any non-fatal injury to the patient. 

These events could be related to physical impact or excessive overpressure causing 

mechanical failure of the device. The implant should not have parts which deteriorate 

over time and must not release fragments or chemicals into the surrounding tissue or 

transported them to other locations within the body.  

iv) The volumetric dimensions of the implant should be comparable to commercial 

neurological implants. This is favourable for gaining clinical acceptance. These 

neurological implants include hydrocephalus shunts, shunt valves and anti-siphoning 

devices – typically these have dimensions of around 40 x 10 x 10 mm (manufacturer’s 

catalog – Integra LifeSciences Corporation). Generally, a smaller implant is desired for 

minimizing trauma and discomfort to the patient.  
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3.2.2.7. Summary of requirements and constraints 

A summary of the requirements and constrains of the implant is presented in Table 12. 

 

Table 12: Summary of the Key Requirements for the pressure switch 

Requirement 

type 
Attribute Description 

Usability Convenience of testing Non-expert use, outpatient setting 

 Non-invasive Test method does not require puncturing the skin 

   

Reliability Trustworthy results Reliable detection of malfunction of elevated ICP 

 Low down-time Short recovery duration before subsequent retests 

 Unlimited tests Quantity of diagnosis not finite 

   

Operational Fully implanted Significantly reduced risk of infection 

 
Wireless 

communication 
No percutaneous connections 

 Flexible operation Compatible with conventional diagnostic methods 

   

Design Stability Application of low-drift principles 

 Conventional Avoid novel materials and fabrication techniques 

   

Performance Pressure range 567 – 1500 mmHg absolute 

 Accuracy/drift* 
±2 mmHg (0 – 20 mmHg gauge), ±10% of reading 

thereafter 

 Stability  Several months to years 

 Location Reliable operation across all metropolitan altitudes 

   

Constraints Biocompatible* FDA/NS28 approved materials 

 Robust* Sustain all non-fatal injury to patient 

* Must comply to requirements as per ANSI/AAMI NS28:1988 (R2015), Intracranial Pressure Monitoring Devices [70] 
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3.3. Pressure switch implantation locations 

Two implant configurations for the pressure switch are described below. The device can be 

integrated into the hydrocephalus shunt; or, it can be independently implanted into the 

ventricular space.  

 

Figure 24 shows a pressure switch placed in series with the hydrocephalus shunt. A 

hydrocephalus shunt insertion surgery involves implanting a shunt valve. The pressure switch 

could be implanted during this same operation and attached along the shunt-line. In this 

implementation, a dual-ported device is connected between the ventricular catheter and the 

shunt valve. It is not uncommon to have multiple devices connected along the hydrocephalus 

shunt-line – such as differential pressure valves, anti-siphon device or shunt reservoir. A 

commercial device configured into the shunt as described is the Miethke ‘Sensor Reservoir’, in 

which a pressure sensor is integrated into the burr hole reservoir in a ventricular drainage system 

(see Figure 8 in Chapter 1). 

 

 

Figure 24: Diagram illustrative of a shunted hydrocephalus patient, with a pressure switch 

integrated into the hydrocephalus shunt. The entire shunt system is implanted subcutaneously; 

consisting of a ventricular catheter (implanted into the ventricles of the brain), a regulating valve 

and a distal catheter. The pressure switch system shown, is integrated in-line with the shunt 

system, and placed proximally from the valve. The sensor within the pressure switch is exposed to 

CSF and is capable of monitoring ICP.  
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The pressure switch can be independent placed from the hydrocephalus shunt system. Here, 

the pressure switch is placed subcutaneously on the scalp and connected to an open and fluid-

filled catheter which is communicating with the ventricles. This configuration is similar to an 

Ommaya reservoir; an intraventricular catheter system for the aspiration of CSF, or for delivery 

of drugs. A similar pressure sensing configuration using a wireless transmitter was proposed 

and evaluated by Leung et al (see Figure 25) [142].  

 

 

Figure 25: An illustration displaying a patient with a fully implanted ICP monitoring system. The 

transmitter (containing a pressure sensor) is placed independently of the shunt system. From 

Leung et al [142] 

 

In both cases, the implant locations for the pressure switch was specifically configured for ICP 

monitoring. These configurations allow for chronic ICP monitoring through sensor re-

calibration.  Long-term monitoring within the body has additional challenges. Energy 

provisioning to the fully implanted sensor should be compatible with wireless power transfer 

techniques. This would require an external powering mechanism, which can also act as a reader 

for data transfer. The development of these components and techniques are part of future work.  
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3.4. Conclusion 

In this chapter the design requirements and constraints for an implantable pressure switch were 

presented. Existing hydrocephalus shunt valves set physical bounds for the size of the pressure 

switch. Conventional sizing would allow for ease of acceptance by the medical community. The 

implant should withstand a low pressure extreme of 567 mmHg absolute at cruising altitude. A 

high pressure extreme of 1500 mmHg absolute can be experienced by a patient Scuba diving 10 

m underwater. In addition, the implant must withstand ICP fluctuations (about ±25 mmHg) at 

these pressure extremes. To enable chronic measurements the accuracy should remain stable to 

within ±2 mmHg, following the internationally recognized NS28 Standard for ICP monitoring 

devices.  

 

The pressure switch concept was developed using the requirements and the stability principles 

identified in Chapter 2. The implant is a purely mechanical device that is connected along the 

hydrocephalus shunt or independently placed next to the shunt. The switch maintains a reference 

pressure for re-calibrating a drifted ICP sensor. Re-calibration corrects the sensor reading, 

enabling reliable chronic measurements.  

 

A finger press on the shunt tube is a practical method to re-calibrate the pressure sensor. This 

action can be conveniently performed by a patient at home. The effectiveness of this strategy 

will be explored using multi-physics simulations in Chapter 4 and evaluated on the bench in 

Chapter 5.  
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Chapter 4. Design of a chronic 

implantable pressure sensor with re-

calibration 

 

A strategy for re-calibration of an implantable pressure sensor was presented in Chapter 3. This 

chapter explores the feasibility of creating an implantable pressure switch to enable reliable and 

practical re-calibration. Reliability is addressed through mechanical robustness and the ability 

of the implant to maintain a stable reference pressure. As presented in Chapter 3, the stability 

requirements must be in accordance with the NS-28 standard. Reliability concerns are related 

to key physical attributes of hermeticity and implant dimensioning, while conforming to 

physical constraints of an implantable device. The pressure switch must be usable at home for 

re-calibration. This requires practical pressurization methods, such as a finger press to initiate 

sensor re-calibration.  

 

In this chapter, the reliability of the device and its practicality of use are explored through 

analytical and computational models. The intention is to use the model results to assess 

feasibility and inform the design of a physical device. The design considerations in this chapter 

are as follows:  

 

Implant hermeticity: in principle, the switch is a simple system compared to a pressure sensor, 

and the switch is not subject to aging of electronic components. However, its stability is still 

dependent on the stability of an internal pressure reference. The pressure switch contains a 

hermetic cavity held at a reference pressure for sensor re-calibration. The ability to accurately 

re-calibrate is contingent on preventing gases from entering the cavity. A leak into the cavity 
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acts to increase the magnitude reference pressure. In essence, this is exhibited as drift in the re-

calibration pressure of the pressure switch. Hermeticity is influenced by factors such as cavity 

dimensioning, sealing method and material properties. Analytical modelling using leak rate 

equations will investigate the requirements for a hermetically sealed pressure switch.  

 

Mechanical robustness: the implant consists of a pressure sensitive diaphragm designed to 

deflect against a pillar structure to produce a touchdown event. The diaphragm must withstand 

the imposed stresses when operating at the pressures specified in Chapter 3. Mechanical 

response is dictated by diaphragm dimensioning and material properties. Deflection and stress 

are analytically modelled using established mechanical plate theory. Mechanical failure of the 

diaphragm means the pressure switch can no longer re-calibrate. 

 

Detectable re-calibration response: re-calibration is initiated by an actuation, involving a 

physical interaction and movement performed by a patient (or caregiver). The concept is that a 

pressure sensitive diaphragm changes compliance as it touches down on a central supporting 

pillar. This process generates a re-calibration signal detected by the drifted sensor. The signal is 

produced through the fluid-structural-interaction (FSI) between the pressure switch and the 

pressurized CSF. A multi-physics simulation in FEM will be used to determine signal 

detectability by practical actuation methods.    

  

In Section 4.1, the hermeticity requirements of the pressure switch are investigated using 

analytical modelling. Section 4.2, investigates the mechanical response using analytical 

modelling and feasible design parameters are extracted. In section 4.3 the pressure touchdown 

pressure response is simulated using FEM, and the practicality of producing the re-calibration 

response is investigated.  

 

4.1. Stability of a reference pressure: packaging 

The accuracy of the pressure sensor system is dependent on the accuracy of an internal pressure 

reference. On the assumption that this reference will be a volume which is hermetically sealed, 

this section will review the achievable leak rate which leads to estimating the pressure stability 
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of the reference.  The loss of hermeticity can be modelled using leak rate equations, and depends 

on factors such as cavity dimensioning, encapsulation quality and material properties. Gas 

ingress into the reference cavity corresponds to a pressure increase – a potential cause of offset 

drift in the re-calibration response.  

 

Hermetic packaging has been used in the medical device industry for many years in active 

implantable devices. Hermetic packaging protects the patient from the internal components 

inside the device, and the device from damage from bodily fluids. The traditional technologies 

involve enclosing the electronics within a metal or ceramic can, formed by joining two shaped 

cups. The pressure switch is a fully mechanical device without electronics, therefore electronic 

failure from corrosion is not of concern. However, the device contains a sealed reference 

pressure within its cavity, and the stability of this reference pressure impacts the stability of the 

system. An unknown change in cavity pressure would alter the offset computation.  

 

4.1.1. Mechanisms of gas ingress into a sealed enclosure 

Mechanisms by which gases can leak into or out of a “sealed” enclosure can be categorized as 

permeation, capillary leaks and outgassing.  

 

 

Figure 26: Mechanisms of gas leaking into a device, leading to the loss of hermeticity. Diagram 

from Costello et al [102]. 
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Figure 27: Multiple materials and thicknesses to prevent the internal cavity from reaching 50% of 

the external humidity as a function of time. For a 1 mm thick silicone or epoxy enclosure, 

permeation is the dominant transport mechanism and can occur within hours to days. Adapted 

from [143] 

 

Permeation is dominant in enclosures made of polymeric or porous bulk packaging material. 

Gases are transported through the material bulk via adsorption and desorption, occurring in three 

steps; (i) adsorption of species onto the material’s surface (solubility dependent); (ii) diffusion 

through the bulk material driven by a concentration gradient, and; (iii) desorption into the 

package cavity. Figure 27 shows the relative rate of leak tightness for a range of materials, as a 

function of material thickness and its permeability over a logarithmic timescale. This is a 

valuable diagram for illustrating why polymers are not suitable materials for use in medical 

devices for hermetic sealing. 

 

Outgassing involves the release of adsorbed gases from the package internal walls. Gases can 

become trapped during metallisation or become desorbed from components. Silicon fusion 

bonding is a common fabrication process, in which gaseous species such as H2 and H2O can 

become outgassed from the bonded substrates. This ingress mode is problematic for MEMS 

sensors with extremely small reference cavity volumes [144]. 
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Fine leaks occur through joint channels or fine cracks in the package, which may arise from 

particle contamination or thermomechanical stresses. This is the dominant gas ingress regime 

for chronically implanted medical devices. A fine leak in the package leading to a change in 

reference pressure is investigated in the next section. 

 

The following requirements apply for joining the pressure switch components: (i) a hermetic 

joint between the parts must be created to effectively maintain the reference pressure; (ii) heating 

effects during welding must not warp the sensing diaphragm, which may cause the performance 

to deviate from its intended mechanical response. These requirements can potentially be 

achieved using hermetic laser welding. The process involves the use of focused laser radiation 

to generate highly localized heating of an input power of 10 – 100 W. The low power input 

makes it a good candidate for welding thin metallic diaphragms. In Chapter 6, the results from 

hermetic laser welding of thin metallic diaphragms onto the pressure switch will be presented.  

4.1.2. Analytical modelling of hermeticity maintenance 

The following section models the effect of fine leaks into the pressure switch reference cavity. 

The pressure switch consists of a diaphragm which is hermetically joined to the base structure. 

The pressure switch cavity is filled with a gas. Based on Figure 27 and permeation data, we can 

anticipate that the pressure switch should be constructed from a type of glass, metal or pure 

crystal to prevent early hermeticity failure. Depicted in Figure 28 is the ingress of gaseous 

species into the pressure switch reference cavity. For a well-sealed hermetical pressure switch, 

the majority of gases ingress through fine channels at the diaphragm-base interface. 

 

Figure 28: Cross-sectional diagram depicting the ingress of gaseous species into the pressure 

switch reference cavity through fine leak channels along the welded joint. 
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The quantity of gas leaking into a package of a defined volume after a period of time can be 

modelled using Eq. 1 

𝑄𝑖𝑛𝑃 = ∆𝑃𝑖 (1 − 𝑒
−
𝐿.𝑡
𝑉 ) (1) 

where:  

𝑄𝑖𝑛𝑃 = quantity of gas measured in pressure entering the package over a time 

period [atm] 

∆𝑃𝑖  = difference in partial pressure internal and external of the cavity [atm] 

𝐿   = true leak rate [atm.cc/s] 

𝑡   = time period of leak into the cavity [s]  

𝑉   = volume of the cavity [cc] 

 

For the following analysis, Equation 1 was rewritten, such that the pressure evolved within the 

cavity could be approximated. This was achieved by calculating the quantity of gas leaking into 

the outer cavity at each incremental time interval.  

 

The assumptions made for the model included: (i) capillary leaks are dominated by gas ingress 

through fine cracks, in this case, flowing through the attached area between the bulk structure 

and diaphragm; (ii) the leak rate is extremely low (<10-6 atm.cc/s), such that leaks are within the 

fine-leak regime; (iii) there is negligible outgassing from the components or inner walls; (iv) 

gas permeation through the bulk structure is negligible.  

 

The magnitudes of the parameters below are relevant for the following analytical calculations: 

 

• Leak rate, 𝑳 [atm.cc/s] – the parameter for describing hermeticity is the ‘leak rate 

constant’, denoted as L – which quantifies the amount of gas which enter a hermetic 

package over a period of time. It is a lumped parameter which takes into consideration 

all the leak channels present.  

 

The helium leak test is an industry accepted technique for quantifying the fine leak rate 

of hermetic packages. Testing involves exposing a hermetically sealed package to 
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pressurized helium for a up to 10 hours. Helium is forced through any leak channels 

within the packaging wall and into the sealed cavity. Subsequently, the applied pressure 

is removed, and the package is placed in a mass spectrometer. Trace amounts of helium 

leaking out of the package is detected. A mathematical model converts the measured 

helium leak rate to an air leak rate across the package. The relationship between a helium 

leak rate and an air leak rate is LAir = 0.373×LHe [100].  

 

In general, hermetically laser welded metal enclosures are capable of achieving a fine leak 

rate of LHe = 10-9
 atm.cc/s [145]. This magnitude of leak-tightness is expected of a pressure 

switch formed in a metallic enclosure.  

 

• Internal cavity volume, 𝑽 [cc] – the pressure switch dimension is based around the size 

of neurological implants for managing hydrocephalus, which typically have a physical 

volume of 0.4 – 0.6 cc [146].  

 

• Difference in partial pressure, ∆𝑷𝒊 [atm] – as gases leak into the reference cavity, the 

partial pressure of the gas inside the cavity will change over time. The flow of gases will 

depend on the direction of pressure difference inside and outside the package.  

 

• Quantity of gas entering the package, 𝑸𝒊𝒏𝑷 [atm] – the quantity of gas leaking into the 

reference cavity has a one-to-one relationship with the pressure rise within the reference 

cavity, which can cause a time-dependent change in the reference pressure.  

 

4.1.3. Pressure evolution into a cavity sealed under atmospheric 

pressure 

The pressure rise within the reference cavity of the hermetically sealed pressure switch is 

examined. In reality, the pressure within the gas filled cavity is a complex relationship between 

altitude, atmosphere pressure and driving pressure from the tissue. The pressure difference 

chosen for this model is purely illustrative and for studying the effects of gas leakage. For ease 

of modelling, the following parameter approximations and assumptions were made: 
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(i) The cavity is sealed at a standard atmospheric pressure at sea level; 

(ii) The external pressure fluctuates around 1 atm with no net pressurization;  

(iii) hydrostatic effects due to motion and elevation causing a pressure difference are 

negligible;  

(iv) the difference in partial pressure15 across the package is solely due to pressurization 

from a constant ICP of 15 mmHg gauge. Therefore, in this case the equivalent partial 

pressure difference for air internal and external of the cavity is equal to 0.0197 atm 

(15/760 mmHg).  

 

Two simulations were performed for an operating duration of 5 years. Figure 29 focuses on a 

leak rate of 10-9 atm.cc/s for multiple cavity volumes, this leak level is achievable using hermetic 

laser welding [145]. Figure 30 shows the pressure rise within the cavity due to differences in 

leak rate performance (10-8 – 10-10 atm.cc/s).  

 

4.1.3.1. Results and discussions 

The internal cavity size (see 4.1.2) effects on the rate of pressure increase. Referring to Figure 

29, the leak rate analysed was typical of hermetically laser welded metallic enclosures (𝐿𝐻𝑒 = 

10-9 atm.cc/s) [145]. After 5 years, the internal cavity pressure increased by 1.4 – 2 mmHg 

gauge16 for a volume of 0.6 cc and 0.4 cc respectively.  

 

The effect of leak rate on the pressure rise was investigated. Figure 30 show a linear increase in 

cavity pressure for 𝐿𝐻𝑒 = 10-9 and 10-10 atm.cc/s, a higher leak rate would lead to a non-linear 

increase. A leak of 10-8 atm.cc/s would cause a 10 mmHg increase in the reference pressure after 

5 years. 

 

 
15 The overall partial pressure of the atmospheric gases is taken, as opposed to a single species (e.g. water vapour). 

The pressure switch reference cavity does not contain electronics, so the effects of corrosion is not of interest. 

However, ingress of atmospheric gases would affect the reference pressure. 
16 The NS-28 standard [70] specifies the accuracy of an ICP monitoring device must be within ±2 mmHg in the 

range of 0 – 20 mmHg gauge. 
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Figure 29: Pressure ingress into the reference cavity as a function of time, modelled for a range of 

cavity volumes. Calculated using Eq. (1).  

 

 

Figure 30: Pressure ingress into the reference cavity, modelled with a range of leak rates. Solid 

lines represent the pressure rise for a specific leak rate and volume, dashed lines represent ±0.1 cc 

of the specified volume. All leak rates and volume combinations fall within the 15-mmHg 

threshold. Calculated using Eq. (1). 
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These results show hermetic sealing is a challenge and the stability of the pressure sensor system 

may be limited by the quality of the hermetic seal of the switch cavity. However, laser welding 

is a viable technique for assembling a metallic pressure switch. A pressure switch with a 0.4 cc 

reference cavity, will exhibit a pressure increase of 2 mmHg after 5 years. However, lower leak-

rate performance will produce a greater rise in the reference pressure.  

 

4.2. Mechanical analysis of diaphragm response 

This section investigates the feasibility of producing an implantable sized pressure switch. The 

re-calibration response is defined by the mechanical properties of the diaphragm. In this 

analysis, the diaphragm is constrained to 10 mm in diameter, this is roughly the size of an 

implantable hydrocephalus shunt valve. The diaphragm is the most failure prone component 

within the pressure switch. It must withstand the pressure applied during normal operation and 

re-calibration. During re-calibration the diaphragm must deflect and physically contact the pillar 

to produce a re-calibration signal without yielding. The maximum stress a material can 

withstand without permanent deformation is defined by its yield stress. Using plate theory, the 

diaphragm thickness and its materials properties are varied to determine the deflection and stress 

response. The maximum operating pressure is set as the pressure experienced by a patient diving 

at 10 meters underwater, equating to about 1 atm gauge. Several metallic materials chosen for 

their biocompatible properties and the compatibility with hermetic laser welding are analyzed.  

 

In section 4.2.1, the analytical method of plate theory for modelling the mechanical response of 

a flat diaphragm is explained. Section 4.2.3 presents the results obtained for diaphragm 

deflection and its induced stress. Lastly, in section 4.2.4 the design trade-offs between the 

dimensioning of several feature within the pressure switch are presented.  

4.2.1. Parameters for modelling the pressure switch 

The pressure switch material must be biocompatible, corrosion resistant, and be suitable for 

welding or joining [147]. Biomaterials including Titanium Grade II, Titanium Grade V and 316L 

Stainless Steel are chosen for analysis due to their compatibility with hermetic welding 

techniques. The mechanical properties of these materials are provided in Table 13.  
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Table 13: Mechanical properties of the biomaterials selected for performance analysis 

Parameter 

AISI type 

316L Stainless 

Steel 

Commercially 

Pure Titanium 

ASTM F67 Grade 

2 

Ti6Al4V 

ASTM F136 

Grade 5 

Elastic modulus 

(GPa) 
193 103 114 

Tensile strength 

(MPa) 
560 345 860 

Yield strength 

(MPa) 
235 275 795 

Poisson’s ratio 0.27 0.34 0.33 

 

For the following analysis, a differential pressure of 760 mmHg gauge is applied, this represents 

the maximum pressure range from the requirements previously specified in Chapter 3 – 

experienced when the patient is diving at 10 meters underwater. A low pressure magnitude is 

also considered, 567 mmHg absolute is experienced within an aircraft cabin at cruising altitude.  

4.2.2. Modelling plate deflection and stress 

For this study, the static response of the diaphragm was investigated using plate theory. The 

flexible membrane was modelled as a flat and freely deflecting diaphragm, with its outer 

diaphragm edges constrained by a fixed and held boundary condition. Pressure is applied 

uniformly over the entire plate.  

 

The dimensionless general characteristic equation (Eq. 2) uses the superposition method to take 

into account both the bending and tensile conditions. This provides the advantage of a single 

equation to model the full range of diaphragm deflections. For this model, a ‘small deflection 

regime’ applies when the maximum deflection is <30% of the plate thickness, in which plate 

bending dominates without tension (and stress) occurring at the neutral axis. The plate enters a 

‘large deflection regime’ when deflection is five-times its thickness, the diaphragm behaves as 

a membrane in which it is purely under tension with no contribution from plate bending.  
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𝑃𝑎4

𝐸ℎ4
=

16

3(1 − 𝜈2)

𝑦0
ℎ⏟        

𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑡𝑒𝑟𝑚 (𝑠𝑚𝑎𝑙𝑙 𝑑𝑒𝑓.)

+
7 − 𝜈

3(1 − 𝜈2)
(
𝑦0
ℎ
)
3

⏟          
𝑇𝑒𝑛𝑠𝑖𝑜𝑛 𝑡𝑒𝑟𝑚 (𝑙𝑎𝑟𝑔𝑒 𝑑𝑒𝑓.)

 
(2) 

Where, 

𝑃 = lateral pressure applied [Pa] 

𝐸 = Youngs Modulus of the diaphragm [Pa] 

ℎ = thickness of the diaphragm [m] 

𝜈 = Poisson’s ration of the diaphragm material [Dimensionless] 

𝑎 = diaphragm radius [m] 

𝑦0 = deflection at the diaphragm centre [m] 

 

In addition, the analytical model is constrained by the following assumptions:  

(i) pressure is applied on a flat plate of uniform thickness; 

(ii) the material is isotropic and homogeneous;  

(iii) pressure is applied perpendicular to the plate surface;   

(iv) the plate is not stressed beyond its elastic region. 

 

The general equation for the stresses can be formulated using the superposition method. Eq. 3 

describes the maximum stress due to bending stress and diaphragm tension combined.  

 

𝜎𝑎2

𝐸ℎ2
=

2

1 − 𝜈
(
𝑦0
ℎ
) + 0.976 (

𝑦0
ℎ
)
2

 (3) 

 

Where, 𝜎 = 𝜎𝐵𝑒𝑛𝑑𝑖𝑛𝑔 + 𝜎𝑇𝑒𝑛𝑠𝑖𝑜𝑛, is the maximum stress due to bending and tensile stresses 

combined. Stress is obtained by first solving for 𝑦𝑜 using Eq. 3. 

4.2.3. Results from analytical modelling  

For a diaphragm constructed from Titanium Grade V, material thicknesses greater than 20 µm, 

will operate above a safety factor of 2; at this point, the deflection and tensile stress is 214 µm 

and 455 MPa. Failure due to yielding occurs for thicknesses below 5.6 µm. Hence, this material 

provides good mechanical properties as a sensing element for the pressure switch. 
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Although the analytical model suggests a membrane of several micrometres thick is capable of 

the applied load, the model assumes the material properties of isotropism and homogeneity – 

these conditions might be violated for an extremely thin membrane.  

 

  

Figure 31: Mechanical response of a ⌀10 mm Titanium Grade V plate. Maximum deflection and 

stress plotted as a function of membrane thickness, when subjected to a differential pressure of 

760 mmHg. A solid line represents the diaphragm operating above a safety factor of 2; a dashed 

line represents the diaphragm is operating below the safety factor. At the upper value, where the 

curves end, marks the point when failure due to yielding occurs. 

 

Table 14: Performance and feasibility of using the selected materials as the pressure switch 

diaphragm. Analysis performed on a ⌀10 MM diaphragm (SF = 2).  

Modelled material 

Differential pressure applied = 

200 mmHg 

(Simulating air cabin pressure at 

cruising altitude) 

Differential pressure applied = 

760 mmHg 

(Simulating pressure when Scuba 

diving 10 m below sea level) 

316L Stainless 

Steel 

Not ideal, 

t > 72 µm above SF 

Infeasible, 

Yielding occurs from excessive 

tensile stress 

Titanium Grade II 
Feasible, 

t > 52 µm above SF 

Not ideal,  

all thicknesses operate close to 

the yield stress 

Titanium Grade V 
Feasible,  

t > 5.3 µm above SF 

Feasible,  

t > 20 µm above SF 
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4.2.4. Analysis of the design space 

For this analysis, a touchdown pressure at 10 mmHg gauge is specified. Here, additional 

manufacturing constraints are imposed onto the system, which further limits the feasible design 

space. These include the following:  

 

• Diaphragm weldability – hermetic laser welding causes localised heating of the material. 

For diaphragms of less than 25 µm in thickness [148], inadequate cooling during welding 

may cause diaphragm warpage – this can lead to the pressure sensitive membrane to 

deviate from its desired response.  

• Gap distance manufacturability – the gap distance designed in the prototype is fabricated 

using precision machining (typical tolerance of ±5 µm).  

 

Illustrated in Figure 32 is the design space for a gap distance and diaphragm thickness to achieve 

a touchdown pressure of around 10 mmHg gauge for a Titanium Grade V diaphragm. The lower 

diaphragm thickness limit is to satisfy the weldability of the diaphragm. The upper limit is 

defined by the machining tolerance. Between these two constraints lies the feasible design space. 

To minimize the impact of machining tolerance and to achieve the highest deflection, a 

diaphragm thickness of 25 µm was opted for. Table 15 shows the key design parameters 

informed by the analytical analysis, these parameters are utilized in the FEM simulations to 

follow. The analytical modelling performed purely describes mechanical behaviour prior to 

contacting the central pillar. This is a step towards obtaining the pressure switch response 

throughout the entire re-calibration procedure.  

 

Figure 32: The design trade space for a Titanium Grade V diaphragm at ΔP = 10 mmHg 
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Table 15: Key design parameters for simulating the response of the pressure switch 

Design parameter Value 

Diaphragm diameter (mm) 10 (design constraint) 

Implant material Titanium Grade 5 (design constraint) 

Gap distance (µm) 30 

Diaphragm thickness (µm) 25 

 

4.3. Design verification via Finite Element Analysis 

The analytical model from the previous section described the mechanical deflection of a freely 

deflecting diaphragm – valid prior to touchdown. In this section, FEM will simulate diaphragm 

deflection over the entire re-calibration procedure; before, during and after touchdown. The 

purpose of this simulation is to investigate the pressure change that is detected by a sensor during 

the re-calibration procedure. More specifically, the fluid-structural-interaction (FSI) between 

the pressure switch and the pressurized CSF will be simulated. Re-calibration is a physical 

process performed in a real-world system. Practical concerns affecting the re-calibration signal 

are considered. These effects include gas compression from diaphragm movement and non-

linear pressurization produced from pressing.  

4.3.1. Simulating a complete touchdown cycle 

The structural mechanical module on ANSYS Workbench allows for the simulation of two-

dimensional geometries, with rotational symmetry along a central axis. The validity of this 

technique assumes strains are only significant on the 2D plane and negligible 3D forces act on 

the system. The Y-direction is axial, the X-direction is radial, and the Z-direction is in the 

circumferential (hoop) direction. Loadings and computed results are in the X-Y plane, no 

solutions provided in the Z-axis. This analysis mode significantly sped up processing time and 

conserved machine resources. The pressure switch was modelled as a 3D structure with 

rotational symmetry about its central axis, therefore allowing for an axisymmetric 2D analysis 

to be applied.  
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4.3.1.1. Modelling setup 

The dimensioning parameters and material selection defined in section 4.2 are used in the 

subsequent modelling procedure. The simulated model is shown in Figure 33, the model 

geometry can be separated into two sections. The pressure switch is located at the bottom 

portion, while the top portion consists of a syringe plunger. The modelled syringe plunger is 

purely utilized in the simulation for fluid pressurization and is not present in the actual implant. 

The material used in the modelling of the structures was Titanium Grade II.  

 

A 2D axisymmetric modelling technique was performed for the pressure switch model. The 

model includes a ⌀12 mm, 25 µm thick diaphragm, clamped between the base and syringe side 

wall, achieving a ⌀10 mm freely deflecting area. The base contains a central pillar of ⌀1.5 mm, 

with a 30 µm offset from the flat diaphragm. The cavity recessed 2.5 mm into the base structure. 

The external walls are 2 mm thick to reduce any undesired deflection, apart from the diaphragm 

under study. The total simulated area is 7 mm wide by 4 mm high. Although further 

miniaturization of the structure is possible, it was not a focus of this analysis.  

 

The boundary conditions used on the pressure switch model include the following. A ‘Bonded’ 

contact condition held the diaphragm between the rigid structures. A ‘frictionless’ contact 

condition was applied between the diaphragm and pillar surfaces and between the syringe walls. 

A ‘Fixed’ support condition was applied to the base of the structure.  

 

 

Figure 33: 2D axisymmetric setup of the simulated pressure switch. A quarter-section rendition of 

the 2D axisymmetric model (left). A 2D plane view of the modelled area, with rotational 

symmetry about the Y-axis (right). 
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Figure 34: The 2D axisymmetric pressure switch model, displaying the boundary conditions and 

structure translation. 

During pressurization, the downwards displacement of the rigid plunger structure generates a 

pressure rise in the CSF-filled compartment. As mass is conserved and the CSF being an 

incompressible fluid, the diaphragm is forced to bend towards the gas-filled compartment. The 

Fluid-Structural-Interaction (FSI) between the mechanical structural, fluid elements within the 

model was captured using 2D axisymmetric solid elements (HSFLD241). This method is 

capable of calculating fluid volume and pressure for coupled systems involving FSI. The 

assumptions for using these elements include; (i) the pressure, temperature and density of the 

fluid volume is assumed to be uniform; and (ii) the fluid must be fully enclosed by the fluid with 

no free surfaces; (iii) both the liquid and gas elements are initialised at 101.3 kPa and 38 °C to 

simulate the implant environment.  

 

For simplifying the modelled response, the simulation initially assumes the gas within the 

bottom compartment is unaffected by diaphragm movement and remains static at 760 mmHg 

absolute – this provides consistency with the vented experimental setup to be discussed later in 

Chapter 5. The modelled results involving gas compression, as experience in a hermetically 

sealed enclosure is provided in section 4.3.2. For this simulation, a plunger displacement of 50 

µm/s in the negative Y-direction was selected. This resulted in a 30-mmHg pressure rise within 

the CSF-filled compartment at the end of 3 seconds, allowing for the touchdown pressure to 

occur around the middle of the pressurization period.  
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4.3.1.2. Results & discussion: deflection and stress 

The simulated mechanical response at the end of the pressurization cycle are shown in Figure 

35 and Figure 36. A 20× magnified response is shown in Figure 35, the diaphragm is in contact 

with the central pillar, with a portion of the diaphragm continuing to deflect around it. The 

maximum deflection is 34.235 µm, which occurred at 1.5 mm off-centre from the axis of 

revolution. The corresponding equivalent (von-Mises) stress induced within the diaphragm is 

shown in Figure 36. The maximum stress is 45.94 MPa and occurs at the top of the clamped 

diaphragm edge, indicating failure is likely to eventually occur due to tensile failure with 

increasing pressure.  

 

Figure 35: A 2D plane view of the total deformation. A differential pressure of 30 mmHg gauge is applied 
across the diaphragm. In reality, deflection of the diaphragm is physically restricted by the pillar. The 

deflection is exaggerated 20-times to display the diaphragm shape after contacting the pillar.  

 

 

Figure 36: Equivalent stress (von-Mises) of the pressure switch diaphragm, exposed to 30 mmHg gauge, 
(deflection mag. X20), the maximum stress is shown to occur at the corner of the clamped contact surface 
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(top). An inset of the zoomed selection – maximum von-Mises stress occurs at the diaphragm top surface, 
in contact with the clamped contact surface (bottom) 

4.3.1.3. Results & discussion: touchdown response 

Shown in Figure 37 is the FEM results of a complete pressurization of the diaphragm deflection 

and pressure response. The deflection response can be interpreted as the diaphragm deflecting 

freely under pressure until a displacement of 30 μm, thereafter becomes halted by the pillar. 

This displacement phase was modelled using FEM (in solid blue) and through analytical 

solution (black dash) – both solutions display close agreement for diaphragm displacement. 

After the diaphragm centre has displaced for 30 μm, further deflection is restricted by the pillar 

causing the deflection to plateau off. Once a sufficient pressure magnitude is reached, the 

diaphragm again continues to deflect around of the pillar structure.  

 

 

Figure 37: Simulated response of deflection at the centre of the diaphragm and pressure produced over a 

duration of 3 seconds. Arrow indicates the location of touchdown as detected by a pressure sensor within 

the fluid. The dashed line shows the analytically calculated deflections, which is valid until the diaphragm 

contacts the pillar. 

Concurrently, the pressure response was simulated with its results plotted in red. Plunger 

displacement causes a gradual increase of pressure within the CSF-filled cavity from 0 – 7 

mmHg gauge. The touchdown event is observed in both the deflection and pressure responses; 

deflection occurring at the centre of the diaphragm halts, concurrently a distinct change in the 
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pressure response takes place, due to the change in system compliance. When sufficient pressure 

is reached, deflection around the pillar occurs, pressure within the top cavity then rises at a 

steeper rate due to the stiffening of the overall system compliance. This change in the pressure 

gradient is clearly seen by inspection and is marked by an arrow. This is a promising result 

which demonstrates the simulated pressure switch can generate an easily detectable re-

calibration signal.  

 

4.3.1.4. Limitations of the model 

The feasibility of using the pressure switch for producing a re-calibration signal has been 

demonstrated through a FEM simulation. However, the simulation was based upon ideal 

pressurization behaviour and ignored gas compression effects are present for a fully sealed 

device. These conditions should be considered to obtain a more realistic switching response. In 

the following section, some common cases of non-linearity, likely to be experienced by the 

pressure switch are explored.  

4.3.2. Practical considerations in detecting the touchdown pressure 

In the previous simulation, a generalised response was produced using a highly idealised 

pressure switch. This section addresses some more realistic operating conditions by accounting 

for non-linear effects such as from gas compression and a non-linear input pressure. 

4.3.2.1. Effect on gas compression on pressure response 

For modelling simplicity, the previous model assumed the internal cavity is vented to 

atmosphere. For an implantable pressure switch, this cavity is hermetically sealed off. As a 

result, a backpressure due to the compression of gases behind the deflecting diaphragm is 

generated. The goal of this simulation is to determine the effect of cavity depth on the 

detectability of the pressure response. This pressure rise can be related using the Ideal Gas Law, 

Eq. (4).  The pressure rise within the gas-filled compartment is due to a decrease in volume, 

which has a linear relationship. 

 

𝑃𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑉𝐼𝑛𝑖𝑡𝑖𝑎𝑙 = 𝑃𝑓𝑖𝑛𝑎𝑙𝑉𝑓𝑖𝑛𝑎𝑙 (4) 
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The simulation setup of the pressure switch introduced in Section 4.3.1.1 is utilized for the 

following analysis. HSFLD elements were specified in the bottom cavity with a gaseous, 

compressible content. Multiple cavity depths were modelled; 2 mm, 5 mm and an infinitely deep 

cavity to neglect gas compression (acting as a control). Pressure was obtained from the top 

cavity, where the pressure sensor is located.  

 

Displayed in Figure 38 is the pressure response within the CSF-filled compartment. As the 

cavity depth decreased the pressure at touchdown increased due to a greater opposing 

backpressure from the gas-filled compartment. Signal detectability was judged by graphically 

measuring the angle made between the lines prior to and after touchdown. A more acute angle 

caused by a significant response change is easier to detect, compare to one which more obtuse. 

The angle for the 2 mm and 5 mm deep cavity decreased by 0.73% and 1.73% relative to the 

control (gas compression neglected). These results indicate that although the touchdown 

pressure magnitude is significantly increased by a pressure of several mmHg, its detectability 

with respect to the control remained relatively unchanged.  

 

 

Figure 38: The effect of gas compression on touchdown pressure response is modelled. Several 

cavity depths are modelled – with a decreasing cavity depth, a corresponding pressure offset 

occurs, in turn increasing the touchdown pressure. 
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4.3.2.2. Effect of input linearity on pressure response 

When pressurization is performed using a practical setup, a degree of non-linearity in the input 

pressure response is expected – such effects on the touchdown pressure are investigated below. 

This was performed in the ANSYS simulation by vertically displacing the plunger (in section 

4.3.1.1) using realistic actuation profiles. Two classes of non-linear displacement profiles are 

investigated; (i) a slow starting displacement ramp, which speeds up at the end, and (ii) a fast-

starting displacement ramp, which slows down at the end. These displacement profiles are 

described with the equations below. Both equations terminating at a displacement of -54 µm 

after a simulation time of one-second. 

 

𝑦𝑠𝑙𝑜𝑤(𝑡) =  0.054(1 − 𝑡
𝑛)(

1
𝑛
) − 0.054 

(5) 

𝑦𝑓𝑎𝑠𝑡(𝑡) =  −0.054(1 − (−𝑡 + 1)
𝑛)(

1
𝑛
)
 

(6) 

Where: 

  𝑦 is the plunger displacement in millimetres 

𝑡 is the time of the simulation (for a simulation period of 0 – 1 second) 

𝑛 is the shape factor for defining the response skewness (range between 1 to ∞) 

 

Shown in Figure 39, the set of equations from 𝑦𝑠𝑙𝑜𝑤(𝑡) and 𝑦𝑓𝑎𝑠𝑡(𝑡) are displayed. With a shape 

factor of 1, a perfectly linear response is achieved – this is referred to as the ‘control’. The 

skewness of the response increase, corresponding to the increase in the shape factor value. For 

the plots shown, a shape factor of 1.25, 1.6 and 2 were used.  

 

Referring to Figure 39, the slow-start series of displacement is shown to delay the touchdown 

pressure from being reached. The response became more skewed, resulting in a higher rate of 

pressure increase after touchdown. For the fast-start series, the touchdown pressure is reached 

earlier temporally. In addition, as the ramp becomes more skewed, the pressure profile starts to 

bow in the opposite direction.  
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Figure 39: Pressure responses measured within the CSF-filled cavity of the pressure switch. 

Pressurization was generated by a series of realistic actuation profiles. 

 

An individual pressure response can be separated into lines – before and after touchdown – 

which is marked by a gradient change in the pressure response. The angle produced between 

these two lines is used as an indicator of the ease of detection. Touchdown is considered to be 

easier to detect, provided that a more acute angle is produced.  

 

In general, a more non-linear input actuation causes a greater deviation of the pressure response 

from the control (pressure response drawn as a dotted line in Figure 39, produced from linear 

actuation). The slow-start regime generates an angle of 3° more acute than the control (or a 2.7% 

decrease). Whereas, the fast-start regime generated 4° more obtuse than the control (or a 1.7% 

increase). The response produced from a slow-start displacement ramp is easier to detect, since 

there is a smaller angle between the lines. 

 

These results are promising, the detectability of the touchdown response seems to be invariant 

to large variations in input displacement profiles. This alludes to a practical actuation scheme 

may be acceptable for pressurization – this concept is further explored experimentally in Chapter 

5.  
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4.4. Conclusions 

Modelling results indicate a mechanically robust and stable pressure switch can be produced in 

a comparable size to existing hydrocephalus implants. Leak rate into a laser welded metallic 

package was modelled analytically. Modelling results show a switch with an internal cavity of 

0.4 cc will be stable to within 2 mmHg over 5 years. This sealing technique is well established 

for medical device packaging. The entire device can be fabricated from implantable titanium 

grade V. Modelling showed a 25 µm thick, 10 mm diameter titanium grade V diaphragm can 

withstand ICP operating ranges. The material choice and diaphragm dimensions are readily 

available. FEM results showed the re-calibration response remain unaffected by a range of 

pressure inputs produced from realistic actuations. A finger press action remains a viable 

pressurization strategy for initiating re-calibration. Analytical and FEM outputs provide 

encouragement for proceeding with physical prototyping. 
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Chapter 5. Physical realisation of 

detecting a switching actuation 

 

In the previous chapter, analytical and computational modelling were performed to define a set 

of optimal structural parameters for the physical form of an implantable pressure switch. In these 

simulations, a significant response change was evident and detectable during the touchdown 

event. This gives us confidence to proceed with a physical realisation of the device.  

 

The models assumed accurate material properties and mechanical dimensions without any of 

the errors introduced by a manufacturing process. It is important to understand if the theoretical 

performance can be seen in a real device. In this chapter, a benchtop setup of the pressure switch 

was assembled to investigate the feasibility of the operating principle. Successful re-calibration 

relies on producing a repeatable touchdown response. This is related to the two main topics to 

be investigated. Firstly, the change in compliance of a titanium diaphragm as it touches down 

on a pillar must be detectable by the pressure sensor. Secondly, a practical method to pressurize 

the pressure switch to actuate the diaphragm through touchdown.  

 

A key output from the following series of benchtop experiments lies in determining the 

variability of the touchdown response. This will provide an insight into how accurately the 

pressure switch can re-calibrate an implanted pressure sensor which has drifted.  

 

Section 5.1 provides an overview of the experimental apparatus created to test the physical 

representation of the pressure switch. Section 5.2 presents the experimental results obtained 

from repeated pressurization cycling. Section 5.3 discusses the limitations of the current 
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prototype for inferring longer term performance. The chronic use characteristics are the subject 

of Chapter 6. 

 

5.1.  Methodology for testing the benchtop pressure switch 

This chapter presents a benchtop system which is designed to determine proof-of-concept of the 

detectability of the touchdown signal. A test environment is described first which enables 

controlled environmental variables to be applied to the device under test. The pressure switch is 

the device under test, and the key mechanical aspects (such as diaphragm properties) for an 

implantable device are maintained, which other aspects (such as accommodating multiple 

pressure sensors) are included to improve the robustness of the testing. A third element, the 

method of generating a re-calibration procedure, is also evaluated as it impacts on the practical 

feasibility of the concept. 

 

The following experiments were driven by practical mechanisms (realistic for an implanted 

device) for generating the pressure changes required for implementing a re-calibration process. 

In reality the controlled change of pressure with an implanted device is unlikely to be precise. 

It is more likely to be initiated by an external process such as a finger press on a tube implanted 

under skin (details in 5.1.2).  

 

The main motivation for the finger actuation method is to provide a controlled, on-demand 

mechanism for a patient with an implantable pressure monitoring system to be able to re-

calibrate their pressure sensor easily. The concept is that the switch will be pressurized through 

its activation touchdown event while experiencing a pressure ramp. The finger roll on a 

compressed fluid filled tube is intended to generate that pressure ramp. In a similar procedure, 

a finger press against the skull bone is performed for pumping a Foltz Flushing Reservoir 

(Integra NeuroSciences). This semi-dome-shaped implant is 19 mm in diameter and 7 mm in 

height. The reservoir is intended to be used for clearing a hydrocephalus shunt.  

 

Pressure recording in this experiment is performed using implantable pressure sensors, to 

resemble realistic pressure sensor outputs during a re-calibration scenario (details in 5.1.3). The 
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pressurization performed using a finger press is expected to be non-linear in nature. Simulated 

results at the end of Chapter 4, has shown a detectable touchdown pressure can still be generated 

using different forms of non-linear pressure inputs.  

5.1.1. Establishing a test environment 

To characterise the pressure switch it is necessary to provide a test system with controlled 

environmental variables and a means to subject the pressure switch to a test protocol while 

monitoring sensors. An overview of the experimental components used for determining the 

pressure response is illustrated in Figure 40.  

 

 

Figure 40: Schematic diagram of experimental components used to determine pressure switch 

response. A power supply (1 – 2220-30-1, Keithley) provided power to pressure sensors 

connected to the pressure switch. The pressure sensitive test components and barometric sensor 

(3 – CPT6100, Mensor LP) are maintained within a temperature-controlled oven (4 – Designer 

Model 7100 incubator, Contherm Scientific) with a set point at 37 °C and monitored using a 

benchtop temperature readout and 4-wire thermistor probe (2 – Fluke 1504 Digital Thermometer 

Readout & GE Sensing CSP60BA103M-H/2-90). The electrical signals are interfaced via RS-232 

Serial communication or using the National Instruments VISA protocol.  



Chapter 5 

118 

 

The experimental apparatus for controlling and monitoring the testing environment are 

described below: 

 

1) Thermal regulation – the experiment was run within a temperature-controlled 

incubator (Designer Model 7100 incubator, Contherm Scientific), from the device 

manufactures manual, its temporal and spatial variation at 37 °C are ±0.1 °C and ±0.2 

°C respectively. Good thermal control reduces pressure fluctuations originating from 

thermal expansion. A 4-wire thermistor probe (Fluke 1504 Temperature readout) was 

attached to the surface of the device under test (DUT). Experiments were performed 60 

minutes after the temperature oven reached its set-point and the thermistor reading had 

settled at 38 ºC.  

2) Barometric pressure was monitored to obtain virtual gauge measurements from the 

implantable pressure sensors. The relationship between gauge pressure and absolute 

pressure is; 𝑃𝐺𝑎𝑔𝑒 = 𝑃𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 − 𝑃𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐. The atmospheric pressure was monitored 

using a precision barometric digital pressure sensor (CPT 6100, Mensor LP). The 

measurement error is 0.010% of reading, or an equivalent pressure error of ~0.076 

mmHg. Sampling was performed at 200 ms, which was sufficient for measuring 

fluctuations in atmospheric pressure. The sensor was interfaced to the monitoring PC via 

a RS-232 communication protocol.  

 

The supporting firmware for interfacing the experimental instruments to the monitoring PC was 

written in LabVIEW (R13, National Instruments).  

5.1.2. Pressure switch prototype 

The key aspects of the pressure switch are: 

1. Diaphragm thickness and dimensions. Is the movement of this diaphragm in the presence 

of realistic changes in pressure sufficient to a) transduce pressure, and b) push through 

a touchdown event? 

2. Pillar height and gap to diaphragm. Is it possible to manufacture a pillar such that the 

gap to the diaphragm is appropriate to participate in a touchdown event? 



Physical realisation of detecting a switching actuation  

119 

 

3. Detectability based on pressure sensor output. Does the change in compliance of the 

diaphragm after touchdown compare to before touchdown produce a sufficiently large 

change in the output of the pressure signal to be detectable? 

 

A mechanical assembly has been designed to test these key aspects.  

 

 

Figure 41: Pressure switch test device. A) concept pressure switch showing key components of 

the diaphragm and pillar.  B) CAD drawing of the practical test apparatus. The diaphragm and 

pillar are near the base. Infrastructure above accommodate three independent pressure sensors. A 

port to allow for pressure input using a syringe controlled using a syringe pump. The entire solid 

enclosure clamped using bolts. 

 

The pressure switch is a three-component mechanical assembly consisting of a top plate, a 

metal diaphragm and a bottom plate. These are described below, and dimensional drawings 

are attached in Appendix B.  

 

(i) a bottom plate consists of the feature distinctive to the pressure switch (see Figure 

42). A precision machined ⌀1.5 mm pillar rested 32.4 μm below the flexible 

membrane clamping surface (measurement via stylus profilometry, Appendix B). 

Around the pillar is a ⌀10 mm groove, 0.2 mm in depth. A vent hole connects the 

cavity to atmospheric pressure. 

(ii) a top plate is designed as a hydraulic manifold with ports for connecting to the 

pressure source and sensors.  

(iii) a titanium diaphragm is the flexible membrane (Goodfellow Cambridge Ltd) with 

dimensions of ⌀15 mm, and thickness of 25.4 ± 3.8 μm.  
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The system includes support structures exaggerated in size beyond what might be practical for 

an actual implant. However, this design enables the investigation of the key components of the 

diaphragm performance without confounding contributions from compliance of the support 

structure, and secondary thermal and clamping effects. Optimal dimensioning for testing the 

benchtop pressure switch was identified in Chapter 4. Critical dimensions were locked-in to 

maintain consistency and transferability to an implantable sized unit, these include; i) the 

diaphragm thickness; ii) diameter, and; iii) vertical gap distance between the flat diaphragm and 

pillar (when differential pressure is zero). 

 

Figure 42: A CAD drawing of the bottom plate, dimensions are in millimeters. Six M3 holes 

around the central cavity allow for attachment of the top plate, as shown in Figure 46. Four M6 

holes at the corners allow for attachment onto a test fixture. The inset (Detail B) shows a 

magnified area containing a ⌀1.5 mm pillar structure, ⌀10 mm recess and through-hole vent port. 

The inset (Detail C) shows the pillar surface with a recess of 30±5 µm below the clamping 

surface.  

 

An exploded cross-sectional schematic of the benchtop pressure switch is shown in Figure 43. 

A leak-tight seal is achieved solely from mechanical contact between the mirror-finished plate 

surfaces and the flat diaphragm. This method of attachment allows the device to be assembled 

and dis-assembled. Clamping screws (8× M3) are placed a radius length away from the 
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diaphragm, to reduce the effects of local loading. Screws were tightened to 10.5 mNm 

(65991180, PB Swiss Tools). To minimize thermal expansion between parts, all components 

were kept at 38 ºC for 12 hours before assembly.  

 

In this benchtop prototype, one face of the diaphragm is vented to atmosphere through an 

opening in the bottom plate. Whereas the other face of the diaphragm is exposed to the fluid 

(deionized water) representing CSF. This is a simplification from an implanted device which 

would require a hermetically sealed chamber and reference pressure. This was done to enable 

the performance of the pressure switch to be quantified independently from the contribution the 

reference pressure (and it’s stability) might make to the error measurements.  

 

Figure 43: An exploded cross-sectional schematic of the benchtop pressure switch. 

5.1.3. Pressure sensors record pressure response 

In normal use, the pressure sensor is responsible for recording the pressure of the CSF. During 

the re-calibration process, the pressure sensor provides the output signal which is analysed to 

detect the touchdown event. This then enables the offset that may have developed to be reset 

from future CSF pressure measurement. For this experimental setup, the pressure sensor used 

was a 2-French Millar Mikro-Tip® pressure catheter (Model IPR-2093, Millar-Inc). The 

absolute pressure sensor contains a MEMS pressure die integrated into the tip of a 2-French 

(0.67 mm) flexible catheter (See Figure 44).  

 

Three Millar pressure sensors were connected to the pressure switch, and simultaneously 

monitored the pressure response over touchdown. Multiple sensors were implemented to 
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provide redundancy in measuring the touchdown response. This was to test if the touchdown 

event could be detected consistently using different sensors. A schematic of the signal 

conditioning circuitry for the pressure catheters and its PCB are shown in Appendix B. Data 

acquisition was performed using a 16-bits resolution USB Multifunction I/O Device (USB-

6210, National instruments), with sampling performed at 2 kHz. The nominal range of the DAQ 

was set at ±1 V, with an absolute full-scale error of 310 µV, corresponding to a pressure error 

of 0.0253 mmHg. 

 

Figure 44: A close-up photograph of a 2-French Millar Mikro-Tip pressure catheter (Model IPR-

2093, Millar-Inc) used in the experiments for detecting the touchdown pressure response 

 

Figure 45: Schematic diagram of pressure sensing components connected to the pressure switch. 

(1) The pressure response sensed by multiple Millar Mikro-Tip pressure catheter (Model IPR-

2093, Millar-Inc). (2) The raw microvolt output from the sensors are filtered and amplified on an 

interfacing PCB. (3) The data acquisition hardware includes a NI-USB 6210 DAQ.  
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Prior to the experiment, the 2-French pressure catheters were calibrated at 38 ºC within the 

temperature oven, pressurization was performed in the range of 700 – 800 mmHg absolute. The 

raw voltage readings were fitted against the calibration pressure using a second order 

polynomial equation. Table II shows the accuracy and standard deviation of the sensors due to 

individual polynomial fitting. The resulting equations had a R-squared value greater than 0.999 

for all three sensors. Sensor 2 exhibited the highest absolute error of 0.0557 mmHg.  

 

Table 16: Accuracy error from individual second order polynomial fit to sensor and interfacing 

electronics 

Sensor 
Max. absolute 

error (mmHg) 

Standard 

deviation 

(mmHg) 

1 0.0449 0.0159 

2 0.0557 0.0206 

3 0.0502 0.0202 

 

 

Figure 46: A CAD drawing of a section-view showing the benchtop pressure switch setup.  

Illustrated in Figure 46 is a CAD drawing (SolidWorks 2016) of a section-view showing the 

benchtop pressure switch prototype. Components included are the mechanical hardware for 

pressure modulation (Section 5.1.2) and implantable sensors for monitoring the modulated 

pressure (Section 5.1.3). A Titanium diaphragm is clamped between the two mirror-finished 

304 stainless steel plates, using eight M3 screws. Three 2-French Millar catheters are connected 

into the top plate via Tuohy-Borst adaptors (11058, Qosina) and Luer lock adaptors (LULM-

10M-3, Beswick Engineering), providing a leak-tight seal around the catheters. The sensor tips 



Chapter 5 

124 

 

are placed within the centre of the cavity. Input pressure is supplied through the silicone tubing 

at the remaining port. The interior of the pressure switch is filled using deionized water. The 

overall dimension of the pressure switch is 65 mm x 65 mm x 30 mm. 

5.1.4. Extracting the touchdown signal 

Sensor re-calibration involves determining the location of a distinctive touch pressure within 

the measured pressure response during a pressure input ramp. Ideally, a touchdown event is 

marked by a distinctive sharp knee in the pressure response. This knee occurs when the 

diaphragm contacts the pillar. In reality, the change in gradient, a hence location of the pressure 

knee, is subtle, and a detection algorithm (written in MATLAB) is used to assist with 

determining the location of touchdown.  

 

The basis of the algorithm is to determine the touchdown by recognizing a flattening of the 

pressure response during the touchdown event. The response is divided into segments along the 

time axis. The segment with a gradient closest to zero was identified as the touchdown location. 

Extracting the touchdown pressure involved the following procedures:  

 

i. Loading CSV format datafiles of pressure response recording 

a. Atmospheric pressure captured using the Mensor barometric sensor (for 

converting absolute pressure readings from the pressure catheters into gauge 

readings) 

b. Individual pressure ramps measured by the 2-French Millar pressure 

catheters in volts 

ii. Convert raw voltage readings from the Millar sensor into absolute pressure values 

using calibrated values obtained from 5.1.3.  

iii. Touchdown pressure detection  

iv. Repeat the above processes to obtain the touchdown pressure for the next 

consecutive pressurization response  

v. Plot the touchdown pressure across the consecutive test cycles to determine 

variability 
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5.1.5. Pressurizing the pressure switch 

The re-calibration event occurs by applying a change in pressure to the switch and having 

pressure sensor output measurements before and after touchdown. The change in pressure 

causing a touchdown is an important aspect of the re-calibration process. Given that the device 

will be fully implanted, a practical method of changing the pressure in a controlled was is 

required.  

 

A simple method of pressurization is to take advantage of the tubing already in use in 

hydrocephalous shunts. If the tube is fluid filled and connected to the hydraulic media of the 

diaphragm, then by pinching the tube and rolling the pinch point towards the device, the pressure 

will be increased inside the device. In principle, this action can easily be performed by a patient 

or their caregiver.  

 

In the benchtop setup, the silicone tubing was 10 cm in length, with inner and outer diameters 

of 3.4 mm and 4.6 mm respectively (50A T2014, Qosina). The inner diameter is roughly twice 

that of implantable shunt tubing. Pressing on this tubing produces a volumetric displacement 

approximately ten-times less than a flushing reservoir. The tubing was attached to the fluid-

filled cavity of the pressure switch. The tube was filled with deionized water and vented to the 

atmosphere, making it a gauge pressure system. During pressurization, a pressing force was 

applied through a rigid stainless-steel cylinder (⌀10 mm, 30 mm in length). This ensured a 

consistent volume was deformed for each press. The tubing was pressed mid-way at 5 cm from 

the pressure switch. This simulates a pressing action as performed on the patient’s head. When 

the tube is compressed the volume of water upstream (towards the sensor) becomes entrapped. 

Next, a rolling action increased the upstream pressure. The pressure response is monitored in 

real-time using the LabView graphical interface on the PC. Once the desired pressure is reached, 

the stainless-steel cylinder is removed and the fluid pressure decreases to atmospheric pressure.  

 

A drawback of this scheme is the unpredictability of the rate of change of pressure and the 

potential for rapid increases once the tube is pinched and an incompressible fluid is subjected to 

the finger roll action. A method of regulating the rate of pressurization resulting from a finger 

press is also proposed. This can be achieved by including a needle valve (MNV-4K2, Clippard 



Chapter 5 

126 

 

Instrument Laboratory) in-series to the pressure switch as shown as a schematic diagram in 

Figure 47. 

 

For the experiments, ten consecutive pressurization events will be performed. Prior to starting 

each pressurization cycle, the fluid pressure will be left to settle within ±1 mmHg with respect 

to atmosphere. This pressure reading is taken from the sensor connected to the switch.  

 

 

Figure 47: Schematic diaphragm illustrating the components used for initiating a pressurization 

event.  

 

5.2.  Results and discussion: pressure switch characterisation 

In Section 5.1 the experimental setup, including the pressure application methods and signal 

processing techniques were detailed. In this Section, the pressure responses obtained from the 

benchtop setup are presented. Of particular focus is the detectability and variability of the 

touchdown response. This is indicative of how accurately the offset of an implanted pressure 

sensor can be reinstated.  

 

Section 5.2.1 show the initial results produced from applying a simple finger pressure onto a 

silicone tube. In Section 5.2.2, the response was produced by including a regulator (needle 

valve) along the tube.  
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5.2.1. Finger actuation - unregulated 

 

Figure 48 shows the pressurization responses obtained from an unregulated finger press. These 

pressurization events occur within 1 second. The plots show that random variations were 

produced at both the rising and falling edges. Pressure responses at the rising edge were analysed 

using the detection algorithm described in Section 5.1.4. The algorithm-produced results of 28 

touchdown pressures are plotted in Figure 49. Across the events, the touchdown pressure 

achieved a variation of 13.3 mmHg and no repeatable response was produced. A similar 

unsatisfactory response was produced from the falling edge. The pressure variation is over six-

times higher than the accuracy required by the NS-28 standard of ±2 mmHg. A simple finger 

press on a silicone tube is unsuitable for activating the pressure switch for re-calibration.  

 

 

Figure 48: Pressure responses obtained from Millar ultra-miniature pressure transducer (no.1). 

Rising (left) and fall edges (b) were generated by a finger press or release. The touchdown event is 

completely masked by the fluctuations created during a pressing cycle. 
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Figure 49: Variability of detected touchdown pressures obtained over 28 rising edges. 

Pressurization was performed using a finger press. Pressure measurements were obtained from a 

Millar Mikro-tip pressure catheter (Model IPR-2093, Millar-Inc., taken from sensor number 1 in 

apparatus.  

5.2.2. Finger actuation - regulated using needle valve 

 

The pressure sensor output when using a finger press action through a needle value regulator is 

shown in Figure 50. A smooth output pressure ramp was produced over a duration of 40 seconds 

with a range of 12 mmHg gauge.  

 

The response can be interpreted as the diaphragm deflecting freely during the initial linear 

portion of the pressure response. The onset of diaphragm contact with the pillar is interpreted as 

a plateauing response. A flattening of the response follows as the diaphragm continued to deflect 

against the pillar surface. The touchdown pressure used for sensor re-calibration is determined 

by the algorithm as the point with a minimum slope. This is indicated by the vertical dashed line 

in Figure 50. As the pressure increased, the diaphragm continued to deflect around the pillar.  
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Figure 50: The pressure response at the rising edge obtained from a Millar Mikro-tip pressure 

catheter (Model IPR-2093, Millar-Inc), taken from sensor number 1 in apparatus. Pressurization 

was generated using a finger press and regulated by the needle valve. Minimum gradient is 

detected by the algorithm (dashed line), representing the diaphragm touching down on the 

pressure switch pillar. 

 

 

Figure 51: Variability of detected touchdown pressures obtained using a Millar Mikro-tip pressure 

catheter (Model IPR-2093, Millar-Inc), taken from sensor number 3 in apparatus. Pressurization 

was induced by a finger press and filtered using a pressure regulator. The variation in pressure 

readings across 10 cycles was 0.16 mmHg. 
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Table 17: Variability of the experimentally recorded touchdown pressure obtained using 3 Millar 

pressure sensing catheters. 

 n = 10 consecutive pressure cycles 

Sensor Rising Edge (mmHg) 

1 ±0.054 

2 ±0.108 

3 ±0.078 

 

Figure 51 illustrates the variability of the touchdown pressure as detected over ten pressurization 

cycles. The pressure response was measured using a drifted Millar pressure catheter (Sensor 3), 

and the touchdown pressure was extracted from the rising edges. In this case, the range obtained 

for the touchdown pressure was ±0.078 mmHg. The touchdown variability obtained using the 

remaining pressure catheters are shown in Table 17. All three Millar pressure sensors detected 

the touchdown event occurring at the same time. The touchdown pressure was extracted from 

the rising edge of each recorded response. The worse-case variability was ±0.108 mmHg from 

Sensor 2. Accounting for the uncertainty in the instrumentation setup, the 2-French pressure 

sensors can be re-calibrated to within ±0.15 mmHg.  

 

This is a promising result, as the variability of the touchdown signal is much less than the ±2 

mmHg error band as stated in the requirements section. Importantly, this is well within the 

accuracy performance requirements of ANSI/AAMI NS-28 for intracranial pressure monitoring 

devices [70]. 

 

In summary, this outcome has demonstrated the feasible of reinstating the accuracy of an 

implantable sensor using the pressure sensor to detect a touchdown event. This shows the 

potential of the re-calibration technique to be utilized for re-calibration of an ICP sensor 

implanted into the brain.  
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5.3.  Limitations of the prototype 

While the ability to re-calibrate the pressure sensor prototype accurately is exciting, it is 

important to recognise some limitations and differences which need to be advanced to apply the 

approach to a fully-implantable pressure sensor suitable for chronic use.  

 

(i) Substantial support structures. The large scale of the test device meant that the 

structure was rigid and factors such as attachment of the diaphragm to the support 

structure was easy. Critical design dimensions are correct including: (i) diaphragm 

thickness; (ii) diameter, and; (iii) vertical gap distance between the flat diaphragm 

and pillar. Ultimately a miniature support structure which is also manufacturable will 

need to be tested to confirm that it does not compromise the accuracy of the re-

calibration process.  

 

(ii) Gauge sensor architecture. The backside of diaphragm was experiencing 

atmospheric pressure. An implantable device will need to be fully hermetically 

sealed and maintain a reference pressure. The stability of the reference pressure will 

also contribute to sensor drift and this is not included in the current experimental 

results.  

 

(iii) Benchtop adjustable pressure regulator. This element was oversized and not suitable 

for including into an implantable system. It served a valuable purpose of providing 

a means to adjust the rate of pressurization. The design of an implantable regulator 

will need to consider a fixed orifice and, any potential implications for contributing 

to tubing blockages.  

 

(iv) Short term experimental duration. While this experiment was able to consider 

repeatability, it did not consider long term (chronic) changes that might occur to 

elements of the design. For example, if the mechanical touch down between the 

diaphragm and the post was to experience wear or fatigue, then these effects would 

not be evident from the current experimental data. Pressure cycling or accelerated 

aging could be performed while observing for changes due to the actuations or stress 
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effects. Biofouling of the sensor within the biological environment is expected to 

stiffen the mechanical diaphragm, causing alterations in the sensor reading. Bio-

growth can be investigated using animal models and the variation in mechanical or 

pressure response validated using FEM simulations. 

 

5.4.  Conclusions 

This work has demonstrated that it is feasible to re-calibrate an implantable pressure sensor by 

reference to the pressure switch. Detection of the re-calibration point has been achieved within 

an accuracy of ±0.15 mmHg. This level of accuracy is one-tenth of the clinically relevant error 

of ±2 mmHg.  

 

A finger press on a compliant tube is a feasible mechanism for actuation of the re-calibration 

process, provided a regulator mechanism is included. The regulator is required to provide a 

detectable touchdown event. This arrangement shows promise for integrating into a 

hydrocephalus shunt system. 

 

These results give confidence that a re-calibration process may be simple enough to be 

performed by a patient at home. The next key steps are related to enabling the re-calibration 

process to be implemented in a hermetically sealed package leading to chronic assessment of 

re-calibration accuracy.  
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Chapter 6. Long-term testing of the 

pressure switch 

 

This work has moved the accuracy of the pressure measurement from depending on the stability 

of the pressure sensor to depending on the stability of a pressure switch. This chapter will 

evaluate the long-term stability of the pressure switch.   

 

Previously in Chapter 5, the re-calibration procedure was shown to be capable of identifying a 

pressure sensor offset to within ±0.15 mmHg. This chapter will investigate if this level of 

accuracy can be maintained – potentially for many years.  Given that the switch is a simple 

mechanism made from a single material type, many of the sources of drift due to aging (e.g. 

change in electrical components, material outgassing) have been removed. However, the 

possibility of physical wear due to repetitive actuations may still contribute to a change in the 

re-calibration response. Fortunately, these effects can be investigated with accelerated aging by 

pressure cycling. This is the approach for testing the stability of the switch presented in this 

chapter. The quantity of pressure cycles can be estimated as the maximum likely actuations over 

a ten-year period with a safety factor applied.  

 

The pressure switches from Chapter 5 had key aspects such as diaphragm (diameter and 

thickness) and pillar dimensions. In this chapter, the construction of the prototypes will closer 

represent an implantable pressure switch. The prototypes produced in this chapter will have 

titanium diaphragm which are welded onto the base structure.  
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Section 6.1 provides a conservative estimate of the number of actuations performed on the 

pressure switch in the device lifetime. In Section 6.2 the structure of the pressure switch 

prototype for long-term testing is presented. Parts were inspected prior to pressure cycling, and 

the baseline performance of the experimental setup was characterized. Section 6.3 describes the 

experimental apparatus and procedures for extracting the touchdown response from the 

prototype. In Section 6.4, the apparatus for aging the prototypes through pressure cycling is 

presented. The results from cyclic testing is presented. In Section 6.5, results from the 

tribological analysis of the prototype surfaces are presented. 

 

6.1. Conservative use estimate of the pressure switch 

This section will provide a conservative estimate of re-calibration actuations performed on the 

pressure switch over lifetime use.  This quantity reflects the cycles required for in-vitro testing.  

Consider a scenario involving weekly ICP measurement. The implanted ICP sensor is re-

calibrated using the pressure switch before an accurate measurement is performed.  Each re-

calibration procedure involves an initial warm-up period, involving pressurization of the 

pressure switch for 15 cycles17. Subsequently, five additional actuations and re-calibration 

readings are obtained by the sensor. The sensor reading is corrected against the averaged 

pressure of the re-calibration signals. Hence, each re-calibration procedure involves a total of 

20 actuations.  

 

Using the estimate above, one measurement series amounts to approximately one-thousand 

actuations over a year of use (20-actuations × 52-weeks). A ten-year use duration yields 10,000 

actuations. At ten years the majority of hydrocephalus shunts would have failed and potentially 

identified through chronic pressure monitoring.  

 

Frequent physical contact between the diaphragm and pillar is expected to cause mechanical 

wear. An altered pillar height due to wear is a likely contributor to a change in the re-calibration 

pressure.  The cyclic pressure experiment in this chapter will involve one-million pressure 

 
17 Initial testing on the experimental setup show the prototypes require to be actuated ten times before a repeatable 

re-calibration signal is achieved. The need to perform warm-up actuations may differ or perhaps not be required 

for the final implantable pressure switch. 
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cycles to actuate the pressure switch through touchdown to produce the re-calibration signals. 

This is a very conservative number of actuations and equate to 100-times the ten-year period 

use-case.  

 

In this chapter pressure switch stability is investigated through pressure cycling. However, other 

factors that influence stability such as barometric pressure changes, body orientation, ICP 

fluctuations or bio-response are not investigated.  

  

6.2. Manufacture and Characterization of new pressure switches 

This Section describes the pressure switch prototypes created for the long-term testing 

experiment. Characterisation is performed at multiple stages of the construction process to 

identify the physical properties prior to cyclic testing.  

6.2.1. Fabrication and evaluation of the base structure  

6.2.1.1. Precision machining 

The base structure is the rigid element of the pressure switch and includes the precision element 

of the pillar. The critical features are shown in Figure 52. Precise dimensioning of the structure 

was required for achieving the desired touchdown response. The heights between the surfaces 

is critical, a detailed sectional drawing illustrating the precise difference in surface heights is in 

Appendix B.  

 

Figure 52: A 3D CAD illustration of the base structure of the pressure switch (before the 

diaphragm is attached). 
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The commercially-pure Titanium grade II base structures were fabricated via precision 

machining by Gumbley Engineering Ltd (Auckland). The pillar surface was machined on the 

lathe to the required separation distance. Subsequently, the cavity and pillar edges were polished 

to remove burrs resulting from the machining process. An inscription was engraved onto the 

side of each prototype. The denotations and nomenclature were given in the order; <Position 1> 

<Position 2> < Position 3>, where:  

 

• Position 1: D – Device; 

• Position 2: 1 – 10 µm gap; 

• Position 3: 1 – test unit 1; 2 – test unit 2…  

Table 18: Nomenclature of individual device and quantity per set of samples 

Type Device inscription Total quantity 

Pillar, 10 µm gap D11, D12…D15 5 

 

6.2.1.2. Surface characterization of base structures 

The manufactured base structures were inspected and characterized before the diaphragm was 

welded on top. Measurements were performed using stylus profilometry to verify the separation 

between the pillar structure and weld edge where the diaphragm will be located. This dimension 

defines the magnitude of free diaphragm deflection before touchdown occurs. The step-height 

between the pillar and the flat surface for welding can be quantified using stylus profilometry 

(DektakXT, Bruker Corporation), using a similar procedure as defined in Chapter 5. Line scans, 

as depicted in Figure 53, of a length of 13 mm will fully capture the base and pillar profile.  

 

Figure 53: Path of stylus profilometry during a Standard Scan procedure. The stylus is 

programmed to begin measurement at the bottom side wall, traversing across the central pillar 

and terminating at the opposite side wall. 
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Stylus profilometry measurements were performed on the set of devices. Displayed in Figure 

54 is a surface profile taken from prototype D11. This was produced using the procedure 

illustrated in Figure 53. The pillar surface shows a typical roughness of 2 – 3 µm peak-to-peak, 

with a drop of 5 – 10 µm at the cavity and pillar edges. These features are likely a result from 

the deburring process. Measurements performed on other unwelded base structures produced a 

similar profile.  

 

Shown in Table 19 is a summary of the measured deviations from the specified separation 

distance of 10 µm. In general, across the devices the separation was machined to a high 

tolerance, to well within 5 micrometres as specified. However, due to this variation in the 

separation distance, the magnitude of the touchdown pressure was expected to vary across the 

prototypes.  

 

Figure 54: Surface profile of the unwelded base structure (D11) obtained using stylus 

profilometry. The measured base structure profile was levelled at the flat side edges. The vertical 

separation between the pillar and edge was measured as 9.18 µm (top). Slight surface roughness 

can be observed at the pillar (right). 

Table 19: The measured error between the manufactured and specified gap distance of 10 µm 

Sample D11 D12 D13 D14 D15 

Measured separation (µm) 9.18 11.22 10.97 12.98 10.33 

Deviation from 10 µm  -0.82 1.22 0.97 2.98 0.33 
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6.2.2. Fabrication and evaluation of the welded pressure switches 

Hermetic laser welding was identified in Chapter 4 as a key packaging technology for 

maximising the stability of the reference pressure. This technology is used here to joining 

diaphragm to the base structure. This is a step towards the fabrication of a fully sealed device 

appropriate for a long-term implant. This Section describes the construction of the welded 

pressure switch.  

 

6.2.2.1. Laser welding 

Welding was outsourced to a laser welding specialist (escotec Lasertechnik GmbH, Teltow, 

Germany). During hermetic laser welding, a controlled amount of heat is applied simultaneously 

to the diaphragm and pressure switch base structure. Local melting and solidification forms a 

homogenous seal between the components without additional fillers.  

 

Prior to hermetically welding the devices, machining residues and oil were cleaned from base 

structures using Isopropyl alcohol and within an ultrasonic bath.  

 

Although a fully sealed architecture could be achieved, a vent port was implemented in the base 

structure for venting the internal cavity to atmospheric pressure. This provides an easy 

mechanism for applying a known differential pressure across the prototype, thus simplifying the 

testing apparatus necessary for pressurization. During testing, a vacuum was pulled at the vent 

port causing the diaphragm to deflect towards to the internal pillar structure. Once a sufficient 

vacuum was drawn, touchdown of the diaphragm occurred.  

 

Shown in Figure 55 is the fully assembled pressure switch with a 25 µm thick titanium 

diaphragm welded to the base structure. The hermetically laser welded perimeter is labelled in 

Figure 55, a close-up of the welded edge is shown in Figure 56 (d).  
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Figure 55: A photograph of an assembled pressure switch. The ⌀15 mm titanium diaphragm is 

hermetically laser welded onto the pillared base structure at its perimeter.  

6.2.2.2. Inspection of the welded diaphragm surface 

Surface characterisation was performed after the titanium diaphragms were hermetically laser 

welded onto the pressure switch base structure. First, visual inspections were performed to 

observe for significant defects on the thin membrane. Following this, pressure was applied 

across the diaphragm and the displacement response was captured using stylus profilometry. 

 

Inspection of the welded 25 µm diaphragm surface was performed using a stereo microscope 

(SMZ18, Nikon). The primary objective was to observe for significant distortions as a result of 

welding. Two illumination methods (ring and coaxial light illumination) were utilized to 

produce the photographs shown in Figure 56 (a, b & d).  

 

The image obtained via ring illumination (Figure 56, a), shows an uniform metallic surface with 

minor striations on the surface and discolorations at the diaphragm edges. In contrast, imaging 

via coaxial light illumination show vertical variations spanning millimetres and sub-millimetre 

pits on the diaphragm surface (Figure 56, b). The surface topology was verified using optical 

profilometry (DHM-R2100, Lyncée Tec) to be roughly 2.5 µm peak-to-trough (Figure 56, c).  

 

The microscopy images in Figure 56 (a, b & d) show obvious unidirectional striations on the 

diaphragm surface. These are likely related to the formation of the metal film, such as resulting 

from a rolling procedure. The tension effects formed on the diaphragm after welding does not 
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seem to be significant, otherwise distinctive corrugations would have formed on the membrane. 

However, significant dimpling and surface roughness is present, it is unclear whether such 

features were generated from welding or initially present on the metallic diaphragm. The 

dimples were around 2 – 3 µm in height (Figure 56, c). This is a significant variation, 

considering the diaphragm is 25 µm thick and the separation in the base structure is 10 µm. The 

presence of these features and its effects on the mechanical response are investigated in Section 

6.2.3.  

 

Figure 56: A series of surface profile characterization performed on the diaphragm surface. 

Photographs (a, b & d) were captured using a stereo microscope (SMZ18, Nikon) and (c) was 

captured using a reflection digital holographic microscope (DHM-R2100, Lyncée Tec). (a) 

Diaphragm surface captured using ring illumination directional striations are clearly visible, 

surface dimples are clearly visible. (b) The same orientation as (a) capture using a coaxial light 

illuminator, surface dimples are clearly visible. (c) A 5.28 x 5.28 mm, 3D surface profile of the 

welded diaphragm; the peak-to-trough height is roughly 2.5 µm across the section. (d) Close-up 

view of weld line at the diaphragm edge, captured using coaxial light illumination. The 

overlapping welds are characteristic for a hermetically laser welded joint. The heat affected zone is 

visible as a discoloration adjacent to the weld line. 
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6.2.3. Characterising the diaphragm deflection response 

The diaphragm deflection response was investigated prior to pressure cycling experiments. 

Pressure was applied across the diaphragm from 10 to 70 mmHg gauge at 10 mmHg increments. 

Deflections were measured using stylus profilometry (DektakXT, Bruker Corporation). Figure 

57 illustrates the profile taken by the stylus across the pressure switch surface. Stylus movement 

began and terminated at the same locations over successive profilometry scans. 

 

Figure 57: Scan path of stylus profilometry over the welded diaphragm. The scan path initiated at 

the flat section of the base structure, crossing the free hanging diaphragm above the cavity, and 

terminating at the opposite flat section. 

 

The diaphragm deflection response of the pillared pressure switch is plotted in Figure 58. The 

plot reveal the undeflected diaphragm has a surface topology of ~2.5 µm across its central axis. 

This surface roughness is in agreement with the results obtained through optical profilometry 

(see Figure 56). During pressurization, the diaphragm deflected freely for ~10 µm before 

contacting the pillar. Subsequently, the diaphragm is clearly seen to be bending against the pillar 

structure. The distinctive distortions on the undeflected diaphragm are clearly visible on the 

profiles of each pressurization step. The lateral location of these distortions did not displace as 

the pressure increased up to 70 mmHg gauge. This observation suggests diaphragm warpage 

from laser welding remained sufficiently low. From this characterization experiment, we expect 

the prototype to operate as designed to produce repeatable touchdown responses. The next steps 

involve progressing towards pressure cycling of the prototypes. 
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Figure 58: Diaphragm deflection profiles of a pillared pressure switch. Profile of the undeflected 

diaphragm (red); diaphragm displacement profile obtained at pressure increments of 10 mmHg 

increase (blue); the displacement profile at initiation of touchdown (green).  

 

6.3. Methodology for characterising the touchdown pressure 

In this Section, the apparatus and protocol used for determining the touchdown pressure of the 

prototype are presented. The challenge involved in this experiment is the extremely high 

precision and stability required for performing displacement measurements and pressure 

control.  

6.3.1. Overview of the characterisation system 

6.3.1.1. Description of the experimental setup 

The experimental apparatus for determining the touchdown pressure requires simultaneous 

control of pressure and displacement monitoring of the pressure switch diaphragm.  A simplified 

schematic of the setup is shown in Figure 59. Pressure within the cavity of the prototype is 

controlled using a pressure controller (Ruska 7250 LP, Fluke Calibration). The profilometer 

stylus was placed in physical contact with the pressure switch diaphragm. A standalone 

computer was interfaced to the stylus profilometer and pressure controller. A barometric 

transducer (CPT 6100, Mensor LP) monitored the atmospheric pressure and transient pressure 

events. The recommended warm-up time required for both precision instruments were observed; 

15 minutes for the profilometer and 3 hours for the pressure controller. Figure 60 is a photograph 

of the experimental setup housed within the University of Auckland Microfabrication Facility. 
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Figure 59: Schematic diagram illustrating the experimental apparatus for monitoring long-term 

stability of the pressure switch prototype. The pneumatic and communication lines are shown in 

blue and red respectively. 

 

Figure 60: Photograph of the experimental setup for detecting the touchdown pressure from the 

pressure switch prototype. (A) Monitoring PC interfaced to profilometer; (B) Stylus profilometer 

(DektakXT, Bruker Corporation), the pressure switch prototype is placed on its sample stage; (C) 

Monitoring laptop for the pressure controller; (D) Pressure controller (Ruska 7250 LP, Fluke 

Calibration) and barometric pressure transducer (CPT 6100, Mensor LP) 

 

6.3.1.2. Method of enabling repeatable alignment 

The pressure switches shown previously in Figure 55 were held at a fixed orientation during a 

scan sequence. A tube for supplying pneumatic pressure was attached to the threaded port on 

the switch. This device-under-test (DUT) was clamped at the recessed machined horizontal edge 

which are positioned away from the diaphragm.  
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Clamping was achieved using a three-part alignment assembly shown in Figure 61 (left). A top-

clamp machined from Aluminium 6061-T651 (Proto Labs, Minnesota) was used for vertically 

constraining the pressure switch. An intermediate Aluminium fixture for radially constraining 

the pressure switch with the port facing outwards from the profilometer. The two Aluminium 

parts and the DUT were attached to a bottom alignment fixture which was laser-cut from acrylic. 

The bottom fixture consisted of vertical walls for aligning the three-part assembly to the bottom-

left edge of the profilometer stage.  

 

Touchdown pressure detection was performed using ‘static scans’ on the profilometer, which 

required locating the centre of the diaphragm. This was assisted by a piece of transparency, 

overlaid above the pressure switch surface. The transparency was cut to size using a CO2 laser 

cutter and a pin-hole was produced at its centre. During alignment, first the transparency is 

referenced to the edge of the diaphragm; next the profilometer is made to fall into the 

transparency pinhole; lastly, the transparency is removed, without displacing the pressure 

switch.  

 

Figure 61: A photograph showing the pressure switch prototype held in place using the alignment 

fixture; tubing connected to the pressure controller is shown to extend out of the structure (left). 

The stylus is located to the diaphragm centre with assistance of a transparency (bottom). A 

magnified view from the profilometer camera, showing the stylus falling into the pinhole at the 

centre of the transparency (top). 
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6.3.2. Pressurization to generate a touchdown event 

The Fluke 7250LP Low Pressure Controller/Calibrator (Fluke Calibration) is typically deployed 

to calibrate low pressure sensors, gauges and portable calibrators. The performance 

specifications of the pressure controller are listed in Table 20. The pressure controller is 

equipped with a vacuum (negative gauge) option, allowing for bidirectional control of pressure 

above and below atmospheric pressure. For the experiments a partial vacuum was produced 

within the internal cavity of the pressure switch. In turn, this caused the pressure switch 

diaphragm to deflect downwards onto the central pillar. This procedure is equivalent to inducing 

a positive pressure to the open top-side of the diaphragm.  

 

Table 20: Performance specifications for the Fluke Ruska 7250LP relevant for long-term drift 

monitoring 

Parameter Value 

Pressure range Dual ranges: 35/100 inH2O (65/186 mmHg) 

Precision 
10 % to 100 % FS: 0.005% of reading 

<10 % FS: fixed error of 0.005% of FS 

Stability 0.0075 % of reading/year 

Zero drift <0.006 % FS / 24 hours 

Control stability 0.004% of range 

Slew rate Factory: 187 mmHg/min 

Total uncertainty* 0.009% of reading (0.01674 mmHg for FS) 

* Maximum deviation from the true value of pressure including precision, stability, temperature effects and the calibration 

standard 

 

The pressure controller was tuned to provide a linear pressurization response for ease of 

extracting the touchdown pressure. The slew rate (i.e. maximum rate of pressure change) was 

adjusted to 26 mmHg/min. At this setting, a pressurization of 0 to -60 mmHg gauge was 

achieved over 90 seconds (see Table 21). Higher slew rate settings (>26 mmHg/min) allow for 

faster pressurization. However, at higher slew rates the pressure controller produced jumps in 

the pressure response. Such a non-linear response is undesirable as it can be mistaken as the 

touchdown signal.  
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Table 21: Pressure controller settings for obtaining the touchdown pressure 

Parameter Value 

Initial pressure Vented 

Final pressure -60 mmHg gauge  

Slew rate 26 mmHg/min 

6.3.3. Extracting the touchdown pressure 

The procedure for procuring the touchdown pressure from the prototype using the high precision 

experimental setup was described. The goal of the experiment was to extract the following 

outputs from the prototype: (i) the diaphragm displacement at which touchdown occurs, which 

was used to infer (ii) the touchdown pressure.  

 

For this process, the profilometer stylus was placed at the diaphragm centre using the method 

shown in Figure 61. Pressure was controlled and monitored using the parameters previously 

specified in Table 21. Simultaneously, the central diaphragm displacement was monitored over 

the entire testing duration using the parameters in Table 22. The ‘static scan mode’ selected on 

the stylus profilometer allowed for measurement of vertical diaphragm displacement as a 

function of time. 

 

Table 22: Stylus profilometer settings for obtaining the touchdown pressure. 

Parameter Value 

Scan type Static scan 

Range 514 µm 

Profile Valleys 

Stylus type Radium: 2 µm 

Stylus force 0.3 mg 

Duration 55 s 

 

Figure 62 displays the pressure and displacement response captured for prototype D11. The blue 

curve shows the pressure supplied to the pressure switch using the pressure controller. The red 

curve shows the central diaphragm displacement measured using the stylus profilometer. 

Referring to the displacement profile, a distinct gradient change is evident, occurring at 34.4 

seconds. At this moment the diaphragm encountered the pillar, producing a characteristic 
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gradient change – this signal is subsequently analysed to pinpoint the touchdown pressure. A 

second, less distinct gradient change occurred at 60 seconds. This is possibly due to a bowing 

characteristic of the diaphragm, causing the system compliance to change once more. Referring 

to the pressure profile in coloured in blue, the pressure response was not affected by the change 

in diaphragm compliance. This is likely because the pressure controller strived to maintain its 

operating slew rate.  

 

In order to extract the touchdown pressure, the temporally matched pressure and displacement 

responses were supplied into an algorithm written on MATLAB. First, the touchdown point in 

the displacement response was found by detecting for a sharp gradient change – a similar process 

was applied in Chapter 5 for determining the touchdown pressure. For assisting the algorithm, 

the user was prompted to input a rough range of when touchdown occurred. For the response 

shown in Figure 62, the time frame was specified between 30 – 40 s. This region is marked 

using two dashed lines. The greatest gradient change along the specified section was identified. 

This is marked by a third dashed line placed between the last two. Finally, the pressure at the 

time of the gradient change was found – this is the touchdown pressure.  

 

 

Figure 62: Typical pressure and deflection response curves produced using a linear pressure ramp 

input. Diaphragm deflection was monitored using the static scan mode on the stylus profilometer. 

The middle of the three dashed line indicates the diaphragm interacting with the pillar. 
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In this experiment, the touchdown pressure was inferred from the displacement response. 

Whereas, the previous benchtop experiment performed in Chapter 5 produced a touchdown 

signal detectable in the pressure response. Both methods are suitable for detecting the 

touchdown event produced by the pressure switch. 

6.3.4. Characterising the system performance 

An initial series of experiments was performed to determine the performance of the 

experimental apparatus and protocol. Meaningful touchdown results can only be obtained if the 

combined test errors fall well below the 2 mmHg drift requirement of the pressure switch. The 

factors investigated relate to both the pressure controller and the stylus profilometer. A summary 

of the key outcomes are provided in Table 23, followed by a discussion of their impact on the 

measurements. A detailed description of the methodologies and the analysis are provided in 

Appendix C.  

 

The performance experiments yielded the following key considerations: 

 

• In general, the system can determine drift in the pressure switch to well within the error 

range required of ICP monitoring devices (±2 mmHg as in NS-28 standard [70]). 

• The systematic error from the measurement apparatus and the touchdown detection 

protocol was investigated; the error was within ±0.125 mmHg. This variation is 

associated with apparatus handling and misalignment. 

• At least ten full-scale pressure cycles should be performed on the experimental setup 

before starting the experiment. A warm-up period was observed over which the 

deflection profile settled. 

• A reliable touchdown signal was obtained by positioning the stylus tip within a 1 mm 

radius of the diaphragm centre. This was achieved by aligning the stylus to the 

diaphragm centre using a piece of patterned transparency.  

• Noise associated with the stylus profilometer and the pressure controller is insignificant 

compared to the systematic error. Use of these high precision instruments are suitable 

for determining the drift in the touchdown signal. 
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Table 23: Key outcomes from performance testing of the experimental apparatus and protocol. 
Details of the characterization experiments are included in Appendix C (Characterization of the 

experimental apparatus and test protocol) 

Characterisation 

experiment 
Description Worst-case performance 

   

(a) Profilometer stage 

displacement drift 

Vertical displacement during a static scan 

without pressurization being applied 
±120 nm over 60 seconds 

   

(b) Pressure control noise 

detected as diaphragm 

deflection 

Minute pressure fluctuations present in 

the controlled pressure response, causes 

minor diaphragm deflections to occur 

30 nm peak-peak 

displacement, the resultant 

pressure noise is negligible 

(±0.0016 mmHg) 

   

(c) Effect on touchdown 

due to repositioning 

prototype onto 

profilometer stage 

The prototype and alignment fixture were 

removed from the profilometer stage, 

after each test sequence. However, 

repositioning is not perfectly repeatable 

and prone to slight misalignments 

60 nm displacement 

variation and ±0.125 mmHg 

gauge pressure variation 

   

(d)  Effect on touchdown 

due of stylus offset from 

centre of diaphragm 

Positioning of the stylus at the diaphragm 

centre is assisted with a patterned 

transparency. However slight 

misalignments are likely to be 

unavoidable 

Reliable touchdown 

readings obtained if stylus 

is within 1 mm of 

diaphragm centre 

   

(e) Exercising the 

prototype prior to testing 

The prototype and connections were 

pressure cycled, to remove initial effects 

due to compliance and relaxation 

Touchdown pressure 

stabilized after having been 

subjected to 10 cycles of FS 

testing pressure (-60 

mmHg) 

 

6.4.  Long-term stability investigated through accelerated aging 

This Section describes the procedures for determining the long-term performance of three 

pressure switch prototypes. Long-term stability was investigated by actuating the pressure 

switches for a million cycles. The experiments described in this Section are directed at 

answering the following research question. How does the touchdown pressure change when the 

prototypes are exposed to repeated cyclic pressurization? This is a step towards determining the 

feasibility of the pressure switch concept for re-calibrating implantable ICP sensors.  
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Section 6.4.1 describes the accelerated aging hardware utilized for cyclically pressurizing the 

prototypes. Also described are the pressure cycling protocol and the test method for detecting 

alterations in the prototype. In Section 6.4.2 the results are presented and discussed.  

6.4.1. Methodology of pressure cycling the prototypes 

Long-term stability was investigated for the following pressure switches labelled as D11, D12, 

D14 in Table 19. The remaining two welded devices had clearly visible surface defects on the 

diaphragm surface. The apparatus for applying pressure cycling to the pressure switch 

prototypes is shown in Figure 63. All three pressure switches were connected into the pneumatic 

setup and were cycled simultaneously.  

 

The pneumatic actuator consisted of a modified air pump (Series 200, Eheim) for providing a 

maximum vacuum pressure of -120 mmHg gauge. The vacuum supplied was down-regulated 

using a partially open 1-way PVC stopcock (11069, Qosina) connected in series to a PVC 

hydrophobic filter (28203, Qosina).  This arrangement provided a maximum pressure of -60 

mmHg gauge to the pressure switches. Pressure cycling was achieved by drawing a vacuum 

within the pressure switch cavity, then venting the cavity to atmospheric pressure. A 5V DC 

switching signal was provided a USB-6009 DAQ (National Instruments) controlled using a 

LabVIEW program on the monitoring PC. The control signal was supplied to a solid-state relay 

circuit (CN048D05, Crydom). The 24V relay output powered a 3-Way NC electrical valve (EV-

3-24, Clippard) for multiplexing the pneumatic line between vacuum or atmospheric pressure. 

The cycling pressure was monitored using a barometric pressure transducer (CPT6100, Mensor 

LP). This transducer was interfaced to LabVIEW on the PC using serial communication 

protocol.  

 

The pneumatic system performed pressure cycling at 3 Hz and was sufficient for this 

experiment. As shown in Table 24, one-million cycles is achieved through continuous cycling 

for 3.9 days at 3 Hz. The cycling rate could be increased by using a vacuum pump with greater 

flow rate and by using tubing with a higher diameter.  
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Figure 63: Photograph of the pressure cycling experimental setup. (A) USB-6009 DAQ (National 

Instruments); (B) Veroboard with relay for controlling valve operation; (C) vacuum pump (Eheim 

200 air pump); (D) electric pneumatic valve (EV-3-24, Clippard); (E) pressure transducer (CPT 

6100, Mensor LP); (F) pressure switch prototypes housed within vented container for protection 

during aging. 

 

Shown in Figure 64 is the pressure response captured on the LabVIEW front panel during 

pressure cycling of the prototypes. Stable pressure cycling was achieved to within ±1.5 mmHg 

around the maximum vacuum pressure of -60 mmHg gauge.  

 

Table 24 shows the number of pressure cycles and the corresponding time required at a rate of 

3 Hz. The pressure switch prototypes were removed from the pneumatic setup after 10x pressure 

cycles were performed (with ‘x’ being from 2 to 6). A series of pressurization tests monitored 

for changes in the touchdown pressure signal. The testing protocol was described previously in 

Section 6.3. This process involves the use of a highly accurate pressure controller for 

pressurization and a stylus profilometer for measuring diaphragm displacement. 
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Figure 64: Front panel of LabVIEW program for performing pressure cycling. 

Table 24: Time required to perform accelerated aging via pressure cycling. 

Number of 

cycles 

Cycling time required at 

3 Hz 

100 33 s 

1k 5.6 mins 

10k 1 hr 

100k 9.3 hrs 

1M 3.9 days 

6.4.2. Results and discussion 

Shown in Figure 65 is a semi-log plot of the touchdown pressure magnitude over a million 

pressurization cycles. The touchdown pressure readings captured after each 10x pressure cycles 

were subtracted from the initial baseline touchdown pressure (obtain at the first cycle). The 

plotted marker shows the mean touchdown pressure obtained across 5 measurements with the 

error bars showing the standard deviation. There was no distinctive drift pattern for the first 

100k cycles in all three prototypes. There seems to be an initial positive increase in baseline 

drift across the prototypes. In addition, all the prototypes displayed a drop in touchdown 

pressure between 100k to 1M pressure cycles.  
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Figure 65: Semi-log plot of touchdown pressure drift relative to initial baseline over 106 cycles 

Table 25: Drift characteristics of the touchdown pressure over 106 pressurization cycles 

   Drift characteristics (mmHg) 

Device 
Baseline touchdown 

pressure (mmHg) 
Total drift envelope End-point drift 

D11 -28.43 ±0.533 -0.238 

D12 -22.67 (lowest) ±0.852 -0.238 

D14 -40.53 (highest) ±0.144 +0.044 

 

The touchdown pressure drift after 106 pressurization cycles is summarised in Table 25. The 

overall response shows Device D14 having the best drift performance, with the lowest end-point 

drift (+0.044 mmHg) and the lowest drift envelope (±0.144 mmHg). Devices D11 and D12 had 

worse drift performance, the drift envelop was ±0.53 and ±0.85 mmHg respectively, with end-

point drift of -0.238 mmHg for both. The end-point drift (final touchdown pressure – initial 

touchdown pressure) was at least a factor better than the total drift range.  

 

Devices D12 and D14 had the lowest and greatest initial touchdown pressure respectively 

(largely influenced by the separation distance). Interestingly, the magnitude of the drift 

characteristics was the highest for D12 and lowest for D14. This result seems to suggest a higher 

touchdown pressure is correlated with a more stable touchdown pressure. Additionally, drift 

obtained from D14 over the entire experiment (±0.144 mmHg) is very close to the systematic 

error (±0.125 mmHg). It is possible that the device remained very stable, with a large proportion 

of the drift due to systematic or random error. 
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In general, the laser-welded pressure switches demonstrated a drift performance of less than ±1 

mmHg over a million pressurization cycles. This is lower than the specified ±2 mmHg required 

as specified by the standard; ANSI/AAMI NS-28:1998 (R2015), Intracranial Pressure 

Monitoring Devices standard. 

 

6.5. Morphological observations of mechanical wear from 

accelerated aging 

The results from accelerated aging of the pressure switches through pressure cycling were 

presented in Section 6.4. In this Section, the cause of touchdown pressure drift is investigated 

by analysing the topological alterations on the pressure switch prototype. In particular, the 

internal structures which has undergone frequent mechanical contact were inspected. This is a 

critical analysis as it enables signal drift to be related to physical, observable alterations. 

6.5.1. Surface alterations observed using scanning electron 

microscopy 

 

The surface topology of pressure switch prototype (D12) was inspected under the FEI Quanta 

200 field emission environmental Scanning Electron Microscope (SEM). This equipment is 

located at the Research Centre for Surface and Materials Science, The University of Auckland. 

Figure 66 (right) shows the pressure switch base structure placed on a 45° angle within the SEM. 

Observations were performed on the unwelded base structure; (i) before the diaphragm was 

attached using laser welding; and (ii) after a million pressure cycles were carried out. The 

welded diaphragm was carefully removed using a micro-rotary tool (Dremel 8050-N/18). 

Selected areas on the pillar surface and weld edge were imaged; these locations are indicated in 

Figure 66 (left).  
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Figure 66: An illustration indicating the key locations imaged on the pressure switch base 

structure (left). A photograph of base structure placed tilted at 45° within the evacuated SEM 

chamber. Tilting was performed to achieve an optimal view of the machined edges (right). 

 

6.5.1.1. Topological changes on the pillar surface 

Presented in Figure 67 are SEM images focusing on the base structure pillar (⌀ 1.5 mm), before 

and after the entire pressure cycling procedure. SEM images were taken at 200-times 

magnifications to capture the entire pillar surface. Features left behind from the machining 

process include; (i) a notch on the right of the pillar; (ii) machining marks, scratches and pits 

across the entire surface. However, at a magnification of 200-times, it was difficult to observe 

for distinctive mechanical alterations between pre- and post-cycled surfaces.  

 

Figure 67: A SEM image displaying the entire precision machined pillar surface with a diameter of 

1.5 mm (200x mag.). Surface irregularities such as notches, scratches, pits and machining marks 

are clearly visible. Black speckles present in the pre-cycling image is due to contaminants from 

insufficient cleaning; contaminants were removed before final diaphragm assembly. 
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The pillar surface profile was previously measured using stylus profilometry in Section 6.2.1.2 

to be ±2 µm. The surface variation is likely from the machining burrs seen in Figure 67 (left). 

These burrs across the pillar surface were still visible after pressure cycling Figure 67 (right). 

This indicates diaphragm actuation against the pillar top surface altered the vertical variation by 

less than 2 µm.  

 

For the following series of SEM images, the top image was performed at a magnification of 

100-times; a magnified view of the boxed area shows the topology before cycling (left) and after 

cycling (right). Both bottom SEM images were taken at 1600-times magnification. The 

magnified images show the same area of the pillar edges before and after the pressure cycling 

procedure. The morphological alterations shown in these cases were generally observed across 

the device. 

 

Figure 68: SEM images focusing on the pillar bottom-left edge. The pillar edge has been 

remodeled after pressure cycling, revealing a cross-hatched pattern (circled, right). The surface 

adjacent to the edge remained unchanged. The magnified images show the same edges before and 

after actuation. 
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Presented in Figure 68 is a series of SEM images focusing on the bottom-left edge of the pillar. 

The deburred pillar edge is shown in Figure 68 (left), showing a different directionality 

compared to the machined pillar surface. Figure 68 (right) shows remodelling of the deburred 

edge post-cycling, revealing a cross-hatched pattern. Remodelling was the result of the pressure 

cycling procedure and was not produced during laser welding. The remodelled edge indicate 

substantial wear has occurred after touchdown – as the diaphragm deflects around and beyond 

the pillar edge. There is indiscernible alteration of the pillar surface, directly adjacent to the edge 

with the magnification used (1600x).  

 

6.5.1.2. Topological changes at the cavity edge 

Presented in Figure 69 is a series of SEM images focusing at the cavity edge of the base 

structure. The entire surface was polished to achieve a 10-µm vertical separation from the pillar 

surface. This edge was not specified to be deburred, however polishing would have removed 

vertically protruding burrs. The diaphragm is welded at the ⌀15 mm edge of the pressure switch, 

the dimension of the cavity is ⌀10 mm. Hence, the diaphragm was free to deflect across a 2.5 

mm length on the horizontal surface of the base structure. Referring to Figure 69 (right), a crack 

along the cavity edge is visible post-cycling. In addition, the labelled surface directly adjacent 

to the cavity edge has been remodeled post-cycling (Figure 69, right). Over a million cycles, a 

visually distinctive physical alteration can be observed. 

 

Although substantial alterations were observed on the base structure surface, changes on the 

diaphragm could not be found. The surface topology of the diaphragm, above the interfaces 

shown in Figure 68 and Figure 69 were visibly similar to the surrounding surface.  
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Figure 69: SEM images focusing on the cavity edge. Cracking along the cavity wall is visible post-

cycling. The area directly adjacent to the edge has been considerably remodeled. The magnified 

images show the same edges before and after actuation 

6.5.2. Surface features compared using profilometry 

Observations made using SEM revealed remodelling of the base structure edges after pressure 

cycling. The post-cycled pillar surface topology of prototype D12 was measured using stylus 

profilometry. The results obtained were compared against the pre-cycled pillar profile. The 

stylus path across the pillar was kept the same, allowing for comparison pre- and post-cycling. 

In this device, the vertical protrusions at the pillar edge were evident.  
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Figure 70: Line profile measured across the central axis of the pillar surface. An exaggerated case, 

in which the burr remained after deburring, or the device was skipped from deburring. The burrs 

at the outer edge produces a concaved pillar surface. Vertical displacements were captured using 

stylus profilometry (DektakXT, Bruker Corporation). Measurements from the pre-cycle profile: 

(a) 10 µm; (b) 5 µm; (c) 110 µm. Measurements from the post-cycled profile: (d) 5 µm; (e) burr 

removed. 

Displayed in Figure 70 (top) is the line profile captured across the pillar before pressure cycling 

was performed. The measurement was made using the method shown in Section 6.2.1.2. A 

significant burr of 100 – 200 µm in length was present around the outer edge of the pillar. The 

height of the burr is 10 µm on the left and 5 µm on the right; resulting in a concaved pillar 

surface. The surface profile post-cycling is shown in Figure 70 (bottom). Substantial 

remodelling at the pillar edges was observed; the left-side burr has been reduced in height by 5 

µm and the right-side burr has been completely removed. The machining marks at the centre of 

the pillar with a roughness of ±2 µm was still visible. Prototypes D11 and D14 were also 

measured using stylus profilometry before pressure cycling. Both prototypes had a convex pillar 

surface, without the presence of burrs at the pillar edges (see Appendix C).  

 

Stylus profilometry measured a 5 µm reduction in the vertical burr height at the pillar edge. This 

result is in agreement with the reworked burrs shown in the images captured using SEM (Figure 

68). Across the batch of prototypes tested, prototype D12 displayed the greatest drift in the 
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touchdown pressure (±0.852 mmHg, from Table 25) – this was the same prototype analysed in 

Section 6.5. 

 

Remodelling of surface burrs over the pressure cycles was likely responsible for the change in 

the touchdown pressure. This is a potential source of drift in the pressure switch. If improved, 

the useful lifetime of the pressure switch for sensor re-calibration may be extended.  

 

6.6. Limitations of the prototype and experiment 

Long-term testing has proven the touchdown technique can produce a stable re-calibration 

response to well within ±2 mmHg, after a million pressurization cycles. However, there are still 

limitations which require addressing before the device is deemed suitable for chronic use.  

 

(i) Small sample size – the results produced from the three pressure switches have 

shown stability to be within ±1 mmHg. It would be beneficial to have a larger sample 

population and more samples of the touchdown pressure performed across the 

million cycles. Experimental results seem to suggest a higher touchdown pressure is 

correlated with better drift performance. This can be tested by performing the 

experiment on a range of pressure switches with different touchdown pressure 

magnitudes. 

 

(ii) Limited characterisation capability – during pressure cycling, only the diaphragm 

displacement at a single point was monitored. Tribological analyses were performed 

as line profiles across a single axis. The ability to capture a greater area of the 

diaphragm surface or pillar structure would allow for more in-depth mechanical 

characterisation.  

 

(iii) Gauge sensor architecture – the current prototype has a titanium diaphragm 

hermetically laser welded to the base structure. However, the internal cavity is 

connected to a pressure controller, for ease of controlling the actuation pressure for 
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test purposes. The drift performance of a fully hermetic device has yet to be 

examined.  

 

(iv) In-vivo cellular response – the pressure switch prototypes have been tested on 

benchtop in atmospheric air. Once implanted a host response will take place, forming 

a biofilm on the pressure sensitive membrane. The contribution of this effect on 

pressure drift needs to be examined.  

 

(v) Touchdown monitored as displacement change – the experiments performed 

monitored for a displacement change on the diaphragm surface, in which pressure 

was inferred at the time of touchdown. This setup was very effective in monitoring 

the stability over the pressurization cycles. However, to closer represent the 

implanted setup, the pressure change (and touchdown pressure drift) should be 

monitored using an implantable pressure sensor. 

 

6.7. Conclusions 

This chapter demonstrated the stability of the pressure switch throughout an accelerated aging 

programme. Stability performance was obtained from a benchtop prototype with the diaphragm 

area of the pressure switch having dimensioning, materials and fabrication processes 

representative of an implantable pressure switch. Accelerated aging was performed over one-

million pressure actuations, exceeding the expected re-calibration actions over a 10-year period. 

The worst-case drift of the re-calibration signal was ±0.85 mmHg and is well within the 

permissible error of ±2 mmHg. Surface remodeling of contact surfaces was observed using SEM 

after pressure cycling. Future investigations into reducing surface alterations could improve drift 

performance further. Results from this prototype support the progression of fabricating of fully 

implantable prototypes for use in animal testing.  

 

 

 



Chapter 7 

162 

 

 

Chapter 7. Conclusion 

 

7.1. Summary of the research 

This research is motivated by the prospects of improving the quality of life of hydrocephalus 

patients. The overall aim is to improve the longevity of implantable pressure sensors. This goal 

has been enabled by the development of a novel implantable pressure switch. The technology 

offers the prospect of reliable chronic monitoring of ICP. 

 

Although modern hydrocephalus management based on shunts is life-saving, shunts will fail 

and the methods to evaluate their performance can often provide inconclusive results. This can 

leave patients and clinicians not knowing if symptoms relate to raised ICP or just a simple 

headache. The clinical need is for a reliable and safe method of chronically monitoring 

intracranial pressure. The technical barrier is the drift performance of existing implantable 

pressure sensors (which are typically only used for a few days). This thesis outlined the 

development of a novel pressure switch. The following performance aspects have been achieved 

and the future work discussed for each theme. The implications for the chronic measurement of 

pressure is considered. 

 

Implantable pressure switch for sensor re-calibration 

An ICP sensor can be re-calibrated, after implantation, using a pressure switch. The pressure 

switch design is intended to reduce system complexity and limit potential drift sources. The 

pressure switch has a fully mechanical design and is constructed from a single biocompatible 

material. Activating the pressure switch produces a re-calibration response that can be used to 

re-calibrate the sensor. The “drifted” pressure sensor can detect the re-calibration response 
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without the aid of additional sensing electronics. This eliminates potential drift sources caused 

by sensor electronics. The accuracy of the pressure measurement system is dependent not on the 

pressure sensor, but on the pressure switch. Sensor offset can be corrected by the re-calibration 

strategy.  

 

If changes in sensor span are found to be a problem with maintaining pressure system accuracy, 

then the re-calibration process could be extended to have two touchdown events to support a re-

calibration technique for sensor span correction.  

 

Dimensioning comparable to existing implants for hydrocephalus management 

Modelling results indicated the pressure switch can be produced in a comparable size to existing 

hydrocephalus implants. This provides confidence of gaining acceptance from the medical 

community. Mechanical modelling showed the pressure switch is structurally robust against the 

environmental pressures experienced by a patient during normal living activities. This would 

allow patients to freely travel and perform activities without hinderance to their way of life. 

Calculation of leakage rates through the seal provides confidence of the hermeticity for a five-

year period. This allows the re-calibration signal to be unaffected by leaks to provide accurate 

ICP monitoring over this period. Future work involves integrating the pressure sensor and 

electronics into the pressure switch. This integration should not affect the stability of the re-

calibration pressure. Miniaturization can be achieved by eliminating structures previously used 

for supporting benchtop testing. The next step involves fabricating an implantable pressure 

switch suitable for large animal in-vivo studies. 

 

Re-calibrate an ICP sensor using a simple finger press 

With the proposed finger press method, the ICP sensor could be re-calibrated just prior to 

obtaining an ICP measurement. Re-calibration can be easily performed by a patient or caregiver 

at home. The pressure switch is activated by simply pressing on a compliant tube. Benchtop 

experiments demonstrated the technique can produce a repeatable re-calibration signal with 

inclusion of a needle valve. The valve regulated a steady rate of pressure change at the switch. 

The next step involves the consideration of how the restriction might impact CSF flow and its 
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vulnerability to blockages. If the restriction is found to promote blockages, the mechanism may 

be modified to only provide a constriction during a re-calibration procedure.  

 

Implant fabricated using conventional techniques 

Fabrication of the prototype pressure switches involved precision machining of biocompatible 

titanium. This was followed by laser welding to form a hermetically sealed joint between the 

titanium diaphragm and base structure. These same manufacturing steps are transferable to 

producing fully implantable pressure switches. This avoids the risk involved with introducing 

and validating novel manufacturing techniques.  

 

Re-calibration signal stable after pressure cycling 

The ability to accurately re-calibrate an implanted sensor is dependent on the stability of the 

pressure switch. Pressure cycling experiments were performed on laser welded pressure 

switches on the bench. The pressure switch remained stable after pressure cycling simulating 

one-million pressing actuations. The re-calibration pressure accuracy was within the clinically 

relevant error range for ICP monitoring devices.  

 

Future work on drift investigation and mitigation  

Future work involves animal testing to determine effect of host-response on the re-calibration 

pressure. The formation of a tissue layer or encapsulant around the pressure sensitive membrane 

may cause drift of the re-calibration pressure. In the experiment, this could be quantified by 

comparison with an independent sensor (calibrated) to measure an end-point change after 

several weeks of implantation. 

 

Future work involves monitoring for structural changes in the pressure switch as a method of 

investigating drift sources. A change in diaphragm deflection shape or distance is likely to alter 

the re-calibration pressure. Possible contributions to changes could be from relaxation of 

stresses induced during welding or physical wear of contact surfaces. Digital holographic 

microscopy could be applied for time-efficient surface measurement of nanometer displacement 

changes. These observations could inform design improvements in diaphragm or pillar 
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geometry and welding parameters. Ultimately, these design and manufacturing improvements 

should extend stability of the pressure switch even further.  

 

Potential contributions to hydrocephalus management 

The long-term goal is to provide a system that enables a patient, their family and healthcare 

professionals, to remotely and reliably confirm if brain pressure is normal or abnormal. This is 

addressed through accurate chronic ICP monitoring enabled by sensor re-calibration using an 

implanted pressure switch.  

 

A change in hydrocephalus management is expected if the technology becomes routinely used. 

A hydrocephalus patient experiencing a headache would lead them to suspect their shunt has 

failed. However, their first reaction would not involve the preparation for a hospital visit. 

Instead, they would check their ICP at home using an accurate sensor. If the ICP reading is 

below a safe threshold, their symptoms are likely due to a flu. However, an elevated ICP reading 

is indicative of a blocked hydrocephalus shunt and a hospital visit is justified. 

 

It would seem reasonable to assume that the patient experience of managing their hydrocephalus 

would be greatly improved if they could quickly and easily obtain qualitative information that 

their ICP pressure is normal. This would alleviate the anxiety over the prolonged process of 

clinical assessment. It might also lead to a more rapid intervention for when a shunt is identified 

as blocked. This can potentially relieve patients and their families from requiring to live near a 

hospital for the anticipation of frequent shunt check-ups. 

 

An accurate ICP reading could provide valuable feedback to a clinician to inform diagnosis. 

There could be large cost-savings through reducing unnecessary clinical evaluations, 

radiographic imaging, hospital stays and shunt revision surgery. Short-term ICP monitoring 

could enable ICP-guided valve adjustments to ensure correct rate of CSF drainage through the 

shunt. Long-term monitoring could provide valuable clinical feedback on brain health and 

disease progression – this capability has previously been unobtainable. 
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Potential application to other medical conditions 

A future extension is the application of the pressure switch as a generalized re-calibration 

technique for implanted pressure sensors. Monitoring locations could include the heart, vessels 

and the abdomen. The ability to re-calibrate is subject to appropriate pressurization and the 

finger press approach will need to be re-visited.  

 

7.2. Contributions 

The contributions resulting from this PhD research are described below: 

 

1) Identified key design factors for a stable pressure sensing system 

Key design factors to produce a stable pressure sensing system were identified. The 

design strategy avoids the drift sources present in microsensors. Design principles from 

highly stable pressure references were investigated. This analysis led to the design of a 

novel stable pressure monitoring system.  

 

2) A novel pressure sensing system to enable chronic ICP monitoring 

A novel pressure switch for enabling chronic ICP monitoring was presented. The implant 

is constructed from a single material to reduce stresses induced during assembly. 

Electronic components are eliminated to simplify fabrication. Only one stable pressure 

point is required for re-calibration. The device is fully implantable can either be 

integrated along the hydrocephalus shunt or independently placed.  

 

3) Acceptable sizing and biocompatible for implantation 

Conducted modelling using mechanical plate theory, for dimensioning critical 

components to produce a re-calibration signal. Analytical modelling provided 

dimensions of (⌀ 10 mm, 25 µm thickness), with a pillar separation of 30 µm. The 

pressure switch is fabricated from biocompatible titanium, with dimensions comparable 

to most hydrocephalus shunt valves. 
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4) Hermetic seal to maintain a long-term stable reference pressure 

Hermeticity modelling shows the pressure switch with a 0.4 cm3 enclosure can remain 

stable to within 2 mmHg for an implantation period of 5 years. This volume is 

comparable to existing hydrocephalus implants. 

 

5) Practical re-calibration performed using a finger press 

A finger press was demonstrated to be effective method to activate the pressure switch. 

An implantable pressure sensor (Model IPR-2093, Millar Inc.) was re-calibrated using a 

benchtop pressure switch prototype. The variability of the re-calibration pressure was 

±0.15 mmHg, this is 10% of the clinically relevant error range of ±2 mmHg (as required 

for AAMI/ANSI NS-28). This outcome confirms the feasibility of using the pressure 

switch as a reference for re-calibrating an implanted pressure sensor.  

 

6) Manufactured to specifications using conventional fabrication techniques 

Demonstrated the manufacturability of a pressure switch prototype using conventional 

techniques of precision machining and hermetic laser welding. Prototypes fabricated 

were within dimensional specification and welded diaphragms exhibited minimal 

distortion. The fabrication processes and material choice are readily transferable to 

production for in-vivo studies.  

 

7) High precision characterization protocol for evaluating pressure switch 

performance  

Highly precise instruments are required to detect the alterations resulting from drift in 

the re-calibration response. The experimental setup consisted of a stylus profilometer 

(DektakXT, Bruker Corp.) and a precision pressure calibrator (Ruska 7250LP, Fluke). 

This system could resolve the re-calibration pressure to within ±0.125 mmHg. System 

performance was well within the pressure drift requirements of ±2 mmHg.  

 

8) Stable re-calibration response after accelerated aging 

The re-calibration concept rests on the stability of the re-calibration response produced 

by the pressure switch. Drift evaluation at defined cycling intervals was performed on 
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three hermetically laser welded pressure switches. One-million pressure cycles were 

performed, and the worst-case drift performance was ±0.852 mmHg. This is equivalent 

to 100-times the quantity of re-calibration actuations performed every week for 10 years. 

This result is well within the clinically relevant error of ±2 mmHg as required by the 

standard for ICP monitoring devices (ANSI/AAMI NS-28).  

 

9) Performance drift observed as a physical surface alteration 

Re-calibration pressure drift caused by surface alterations after pressure cycling was 

investigated. Physical wear is likely to affect the deflection response and present as a 

potential source of drift. The protocol involved examination of surface features using 

scanning electron microscopy before and after cycling. SEM imagery displayed 

noticeable wear and smoothening at contact areas. Stylus profilometry confirmed 

material removal of 5 µm in height at the pillar edge.  

 

10) An experimental technique to investigate mechanical related sensor drift 

An experimental technique to investigate drift relating to mechanical effects in sensors 

with a deformable surface. The technique when applied to an electromechanical sensor 

can be used to separate performance relating to the mechanical sensing structure. The 

mechanical surface deformation is captured while the sensor is held at known conditions. 

Subsequently, the deformation profile is fed into a FEM program to infer the expected 

sensor reading. The difference between the measured and simulated reading is drift 

arising from non-mechanical related effects. This technique can provide design feedback 

for improving sensor performance.   

 

11) Contributions to the Pressure Sensor Development Program 

• The key concept around the method of re-calibrating an implanted pressure sensor to 

extend functional lifetime was the basis of a successful grant application to the Ministry 

of Business, Employment and Innovation. This Endeavour Fund Programme Grant 

entitled “Smart Sensors for the MedTech Industry” lasts for five years and is valued at 

approximately $11M. 
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• Specified imaging requirements for the mechanical characterization of pressure sensor 

drift (<<1 µm resolution, <<1 s acquisition, sampling through glass window of 

pressurized container). Performed screening of completing technologies (white light 

interferometry, 2D/3D laser scanning). This led to the procurement of a Digital 

Holographic Microscope (DHM R2100, Lyncée Tec, Lausanne).  

 

7.3. Recognition 

Journal publications: 

D. P. Leung, D. J. McCormick, S. C. Malpas, and D. M. Budgett, “Reducing Drift in Implantable 

Pressure Sensors,” IEEE Sensors Journal, vol. 19, no. 7, pp. 2458–2465, 2019. 

 

Conference papers: 

D. Leung, S. Malpas, D. McCormick, and D. Budgett, “In-situ re-calibration of implanted 

pressure sensors,” in Proceedings of IEEE Sensors, 2017, vol. 2017–December, pp. 1–3. 

 

Conference abstracts:  

D. Leung, S. Malpas, D. McCormick, and D. Budgett, “Monolithic implantable pressure switch 

for sensor re-calibration”. World Congress on Medical Physics & Biomedical Engineering 

(IUPESM 2018), Prague, Czech Republic.  

 

D. Leung, S. Malpas, D. McCormick, and D. Budgett, “In-situ re-calibration of implanted 

pressure sensors”. IEEE Sensors Conference 2017, Glasgow, United Kingdom. 
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sensor for ICP measurement”. 4th International Conference on Medical Bionics (2016), 
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Appendices 

 

Appendix A 

Plate deflection and stress while subjected to 200 mmHg gauge 

 

Figure 71: Mechanical response of a ⌀10 mm 316L Stainless Steel plate. Maximum deflection and 

stress plotted as a function of membrane thickness, when subjected to a differential pressure of 

200 mmHg. 
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Figure 72: Mechanical response of a ⌀10 mm Titanium Grade II plate. Maximum deflection and 

stress plotted as a function of membrane thickness, when subjected to a differential pressure of 

200 mmHg. 

 

Figure 73: Mechanical response of a ⌀10 mm Titanium Grade V plate. Maximum deflection and 

stress plotted as a function of membrane thickness, when subjected to a differential pressure of 

200 mmHg. 
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• 316L S/S – for an applied differential pressure of 200 mmHg gauge, a ⌀10 mm diameter 

diaphragm >72 µm will operate above a safety factor of 2, this occurs at a deflection of 

35 µm and tensile stress of 103 MPa. Diaphragms thicknesses <38 µm will fail under 

the applied load.  

 

• Ti-Grade II – diaphragms of >52 µm will operate within its safety factor of 2. The 

deflection and tensile stress at this point is 87 µm and 138 MPa. A thickness of less than 

10 µm will fail under the applied load. 
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Appendix B 

Benchtop pressure switch dimensioning 
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Pressure switch dimensional characterisation 

The design of re-calibration system was based on model computations and assumed mechanical 

dimensional accuracy at the micro-metre level. Stylus profilometry is a contact measurement 

method involving a diamond stylus in direct contact with the sample to trace the surface 

topology.  

 

The surface of the bottom plate containing the pillar was measured using a stylus profilometer 

(DektakXT, Bruker Corp.), located at the University of Auckland Microfabrication Facility. A 

‘Standard Scan’ was performed using the parameters shown in Table 26. The scan path was 

across the central axis of the cavity and pillar, starting at an offset of 1 mm from the cavity. The 

measurement results are show in Figure 74. The vertical separation distance between the flat 

pillar surface and the clamping edge surface to be 32.4 µm; which is within the tolerance of 

precision machining.  

 

Table 26: DektakXT stylus profilometer measurement parameters.  

Scan parameter Value 

Scan type Standard scan 

Run duration 120 seconds 

Run length 12000 µm 

Vertical range 512 µm 

Stylus force 15 mg 

Tip radius 12.5 µm 
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Figure 74: A displacement profile obtained from the pillared plate surface, using a ‘Standard scan’ 

on the DektakXT (Bruker Corp.). Levelling was performed between the horizontal side surfaces. 

The difference in vertical displacement between the horizontal surface of one side wall (shaded 

red) was measured against horizontal surface at the center of the pillar (shaded green); which was 

32.4 µm. The remodeled curved edges of the pillar and cavity wall was produced by a deburring 

procedure.  

Electronic circuitry for interfacing to the Millar pressure catheters 

The circuit contains a regulated analog power supply (+VCC) of +5 V (DC power supply 2220-

30-1, Keithley Instruments) and a 1.25 V bandgap voltage reference (REF 3012, Texas 

Instruments). The half-bridge Millar pressure sensor is shown with its matching trim resistors 

connected to the end of its catheter. The microvolt full scale output from the sensor is amplified 

using a programmable gain precision amplifier (PGA204BU, Texas Instruments). The 

adjustable gain of the amplifier was programmed to 1000 ± 0.5; performed by selecting the 

digital inputs of A0 and A1 to HIGH.  
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Figure 75: Electronic schematic for obtaining and amplifying the input signals from the Millar 

Mikro-Tip® pressure sensors. 

 

 

Figure 76: Printed circuit board for interfacing to three Millar Mikro-Tip® pressure transducers. 

Filtering and amplification is applied on-board. The signal output is supplied to a DAQ. 

 

 



Appendices  

179 

 

Appendix C 

Detailed dimensioning of the pressure switch substrate 

 

Figure 77: A 2D CAD drawing illustrating a sideview of the pressure switch. Magnification 

focuses on the pillar structure and gap height 

Alignment fixture 

 

Figure 78: CAD assembly of the alignment fixture. The diaphragm is omitted from the diagram to 

show the orientation of the pillar and vent hole. Base and alignment bracket are manufactured 

from ABS. Parts for clamping the prototype are manufactured from aluminum to reduce wear.  
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Characterization of the experimental apparatus and test protocol 

Static displacement noise of profilometry setup 

Purpose 

To determine the displacement noise of the profilometer stage during a static scan, without 

pressurization being performed on the device. 

 

Method 

Stylus is made to rest at the non-deflecting outer edge on the diaphragm. Pressure controller is 

set to vent mode for the entirety of the experiment. Nine scans were performed. The measured 

output is in terms of stylus displacement over the test duration. 

 

Table 27: Test protocol – profilometer stage noise. 

Instrument Parameter Value 

Pressure switch prototype Sample type Randomly selected 

   

Stylus profilometer Scan type Static scan 

 Range 6.5 µm 

 Profile Hills & valleys 

 Stylus type Radius: 2 µm 

 Stylus force 0.3 mg 

 Length --- 

 Test duration 100 s 

 Stylus location 0.5 mm from edge of diaphragm 

   

Pressure controller Pressure control mode Vent 

 Applied pressure --- 

 

Results & discussion 

The maximum displacement drift was measured to be less than ±100 nm over a duration of 100 

seconds. The diaphragm of a pillared device deflects 10 µm before interacting with the pillar. 

This error represents 1% of the gap distance.  
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Figure 79: A typical stylus displacement drift. In this example, 30 nm of vertical displacement drift 

occurred over 100 seconds. 

Effects of pressure controller noise on displacement response 

Purpose 

A source of noise with a beating frequency was evident when the pressure controller operated 

in control mode. This experiment investigates the beating amplitude as detected in the 

displacement signal.  

 

Method 

Pressure was controlled and held at -30 mmHg gauge for 15 seconds, subsequently the 

instrument was set to measurement mode, during which pressure control is terminated. The 

nominal and peak to peak noise level and of beating were measured with the instrument in 

control and measure modes. During ‘measure’ mode, the pressure is passively held without 

controller input. The ability to maintain pressure at the setpoint is determined by the system’s 

leak-tightness.  
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Table 28: Test protocol – effect of controller and profilometer settings on displacement noise. 

Instrument Parameter Value 

Pressure switch prototype Sample type --- 

   

Stylus profilometer Scan type Static scan 

 Range 512 µm 

 Profile Hills & valleys 

 Stylus type Radius: 2 µm 

 Stylus force 0.3 mg 

 Length --- 

 Test duration 30 s 

 Stylus location Diaphragm center 

   

Pressure controller Pressure control mode Control/Vent 

 Applied pressure -30 mmHg gauge 

 Slew rate 187 mmHg/min 

 

Results & discussion 

The source of beating clearly originated from the pressure controller operating in ‘control’ 

mode. The levelled displacement responses during the ‘control’ and ‘measure’ mode are shown 

in Figure 80. The curvature observable in the levelled displacement curve, captured during the 

‘measure’ mode was due to a loss of pressure.  

 

Measurement of the peak-to-peak noise is unaffected. The typical peak-to-peak displacement 

measured by the stylus profilometry was 30 nm; while during ‘measure’ mode the peak-to-peak 

noise was 15 nm. The fluctuation in the pressure reading was negligible during pressure control 

at -30 mmHg gauge, with a control stability of ±0.0016 mmHg. 
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Figure 80: Displacement noise observed in the stylus profilometry reading. While under ‘control’ 

mode (blue, left) there is a peak-peak noise of 30 nm. With pressure control turned off (red, right) 

the peak-peak noise was 15 nm.  

Investigating the repeatability of device repositioning  

Purpose 

The pressure switch prototypes were individually attached to the pressure control line, loaded 

into the alignment stage and placed onto the profilometer stage. After the measurement sequence 

was performed, the devices were unloaded from the testing setup. This experiment is to 

determine alterations in the touchdown pressure due to apparatus repositioning. 

 

Method 

Subsequent to attachment of the prototype and fixture, a linear pressure cycle was performed 

from 0 to -60 mmHg gauge via the pressure controller. This procedure of placing and removing 

the device from the test-apparatus was repeated for 5 times.  
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Table 29: Test protocol for determining repositioning effects. 

Instrument Parameter Value 

Pressure switch prototype Sample type D11 

   

Stylus profilometer Scan type Static scan 

 Range 512 µm 

 Profile Valleys 

 Stylus type Radius: 2 µm 

 Stylus force 0.3 mg 

 Length --- 

 Test duration 90 s 

 Stylus location center of diaphragm 

   

Pressure controller Pressure control mode Control 

 Applied pressure 0 to -60 mmHg gauge 

 Slew rate 26 mmHg/min 

 

Results and discussion 

The displacement and pressure at touchdown of the 5 experiments were determined using the 

algorithm discussed in Section 6.3.3. The results are plotted in Figure 81 and shows the spread 

of data points over 5 test runs. The touchdown displacement varied by 0.06 nm (-10.94 nm to -

11 nm), whereas the touchdown pressure varied by 0.25 mmHg gauge (-27.8 mmHg -28.05 

mmHg).  

 

Figure 81: Touchdown deflection and pressure obtained over 5 test runs. Devices were removed 

from the stage and alignment fixture, then repositioned before each test run. 
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Effect of stylus positioning offset on touchdown results 

Purpose 

The transparency tool provides assistance in locating the diaphragm center, however the method 

is still prone to slight misalignments. This experiment aims to determine the effect of stylus 

offset from the diaphragm center.  

 

Method 

The stylus was placed at the diaphragm center and aligned using a patterned transparency. The 

pressurization procedure was performed, the diaphragm displacement was monitored, and the 

touchdown response detected. The experiment was performed with the stylus placed 1 mm and 

2 mm offset from the center location. This procedure was repeated three times for each offset 

setting. For the duration of the experiment, the prototype and alignment rig remained unmoved.  

 

Table 30: Test protocol for determining the effects of stylus positioning offset. 

Instrument Parameter Value 

Pressure switch prototype Sample type D11 

   

Stylus profilometer Scan type Static scan 

 Range 512 µm 

 Profile Valleys 

 Stylus type Radius: 2 µm 

 Stylus force 0.3 mg 

 Length --- 

 Test duration 90 s 

 Stylus location Center of diaphragm 

   

Pressure controller Pressure control mode Control 

 Applied pressure 0 to -60 mmHg gauge 

 Slew rate 26 mmHg/min 

 

Results and discussion 

Shown in Figure 82 is a plot of the touchdown displacement and pressure detected at the 

different stylus offset locations. A cluster formed for the two stylus locations; no offset and with 

an offset of 1 mm from the center. However, the stylus location at 2 mm offset remain an outlier 

from the cluster. This result indicates that provided the stylus is located within a 1 mm radius 

of the diaphragm’s center, the touchdown pressure can be detected reliably.  
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Figure 82: Touchdown pressure and displacement obtained with the profilometer’s stylus placed 

offset from the diaphragm center. 

 

Changes in the response due to initial relaxation 

Context 

Upon initial touchdown evaluation, it was evident a degree of relaxation was occurring in the 

system under test, which caused a gradual change in response over consecutive cycles. This 

experiment was aimed at determining whether this relaxation plateaus if a sufficient quantity of 

cycles is performed. 

 

Results 

The results reveal an overall downwards slope in both the touchdown displacement and pressure 

readings. A significant change is evident for the first 10 measurements in which the touchdown 

displacement and pressure decreased by about 1 mmHg gauge. Following this initial warm-up 

procedure, the touchdown pressure stabilized.  
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Figure 83: A plot of the touchdown pressure and displacement during first ten pressurization 

cycles. 

Pillar surface profile of prototype D11 and D14 

 

Figure 84: A line-profile of the pillar surface of prototype D11 (top) and D14 (bottom), capture 

via stylus profilometry (DektakXT, Bruker Corporation). Images are resized such that the 

dimensions are matched. For both prototypes, the circumferential edges are deburred and slanted 

downwards. The surface of prototype D14 is slightly more concave; the central top edge is 10 µm 

higher than the left pillar edge. 
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