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Abstract - in the present work, the design, the testing and the implementations of a biodegradable and biocompatible 

capacitive barometric endoradiosonde to be swallowed or implanted in the human body is reported. The biodegradable 

requirement has been achieved exploiting Polycaprolactone (biodegradable polymer - PCL) and the technique of 

printing thin gold films on it (200-400 nm thick). The overall system is a hysteresis comparator whose oscillation 

frequency depend on a pressure sensitive capacitor. The final implementation fully satisfies the requirements of small 

size (9.5 x 4.5mm), biocompatibility and biodegradability (PCL used as substrate), high speed (steady fosc=4.89 MHz), 

high frequency sensitivity (-0.548 MHz/kPa). 

 

Index Terms— Biotelemetry, endoradiosonde, bioengineering, bioelectronics, pressure sensor, Polycaprolactone, 

biodegradable electronics.   

I. INTRODUCTION 

An Endoradiosonde (ERS) is a small wireless sensing radio transmitter employed to report information from 

closed cavities on inaccessible places within the human body. ERSs offer massive potentialities for diagnostic or 

physiological analysis, overcoming the issues caused by wired medical equipment. Indeed, such small devices are 

developed for telemetering data in scenarios in which it is impossible or uncomfortable the use of tubes or wires, 

allowing also medium-long time monitoring. First ERSs studies date back to June 1957, when R. S. Mackay 

published an interesting article in the scientific journal "Nature" [1]. Mackay‟s ERS was able to detect and 

transmit information about the peristaltic movements, the metabolism of the patient, outlining the presence of 

pathological or spasmolytic situations through barometric measures. He even suggests its use as a kind of "truth 

machine". The exploited principle is summarized in the following: a frequency-sensitive Hartley oscillator, which 

requires only one transistor (germanium transistors had just been invented), was achieved by exploiting the 

movement of a ferrite core into an inductor. Specifically, the external relative pressure, acting on a flexible 

diaphragm, moves the ferrite core, modifying the configuration inductance:  this causes a change in the 

oscillation frequency that can be observed from the outside, through appropriate communication systems. The 

first Endoradiosonde realized by Mackay was about 8 centimeters long and had a diameter of about 1 centimeter 

(hardly swallowable).  Similar devices have been later described, for the same purpose, by Steinberg et 

al.(1960)[2], Yon Ardenne et al. (1959) [3], Jacobson et al. (1961) [4] and Russ et al. (1960) [5][6].   

 

Hence, great interest has been shown to biotelemetry mainly due to modern techniques of electronic integration 

and ultra-low power achievement. In [7] a remarkable application of a trans-nasal wireless capsule for PH 

measurement is reported while in [8] a CMOS ultrawideband wireless telemetry transceiver for implantable 

medical sensor applications is presented. Further remarkable applications concern wireless capsule endoscopy of 

the small bowel [9] and implantable telemetry platform system for in vivo monitoring of physiological parameters 

[10]. 

 

In this frame, the subject of the present work is the design, the implementation and the testing of a biodegradable 

and biocompatible barometric endoradiosonde implantable or swallowable. The goal of the project is to provide a 

barometric capacitive endoradiosonde for biotelemetry applications. The device is thought to be implanted or 

swallowed: for this reason, the pressure sensor has to be biodegradable - at least in part - biocompatible and small 

in the size. Borrowing Mackay‟s idea [1], in our design, the external pressure, acting on a flexible membrane, 

modifies the proprieties of a pressure sensitive capacitor, which is included into a hysteresis comparator ("opamp 

clock" configuration). Changes in pressure results in discernible changes in the output oscillation frequency.  
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In particular, the final implementation fully satisfies the requirements of small size (9.5 x 4.5mm), 

biocompatibility and biodegradability (achieved by using a biodegradable/biocompatible polymer – 

Polycaprolactone - as substrate), high speed (steady fosc=4.89 MHz), high frequency sensitivity (-0.548 MHz/kPa) 

and wireless communication (FM DSK @177MHz). The paper is organized as follows. Section II presents the 

analytical pressure sensor design, focusing also on the exploited printing technique a biodegradable polymer in 

order to satisfy the need of biodegradability and biocompatibility. Two achieved prototypes and relative test are 

outlined in Section III. Section IV deals with the final device focusing both on its implementation and its 

characterization.  

II. ANALYTICAL PRESSURE SENSOR DESIGN 

Figure 1 proposes the conceptual scheme of the overall system. In our design, the external pressure, acting on a 

flexible membrane, modifies the proprieties of a pressure sensitive capacitor, which is included into a hysteresis 

comparator ("opamp clock" configuration). Thus, changes in pressure results in discernible changes in the output 

oscillation frequency. 

 
Fig 1.  Overall ERS Architecture: a flexible membrane made of PCL enables the variations of a pressure sensitive 

capacitor. The capacitance variation results in detectable frequency modification of the squared wave generated by 

an oscillator  

A. Printing in Gold on Polycaprolactone for Biodegradability and Biocompatibility 

The biodegradable requirement is met exploiting the innovative technology developed at the Glasgow University 

Microsystem Technology Lab [http://www.gla.ac.uk] of printing in gold on Polycaprolactone (PCL). 

 

Polycaprolactone (PCL), sometimes called Poly-ε-caprolactone, is a biodegradable polymer with a long 

degradation time (~18-24 months in-vivo depending on its thickness) so, according to ASTM standard 

D-5488-94d and European norm EN 13432, it is „„capable decompose into carbon, dioxide, methane, water, 

inorganic compounds, and biomass‟‟. The backbone of the polymer is hydrolytically unstable so it is unstable in 

a water-based environment. This is the prevailing mechanism for the polymers degradation. Moreover, PCL is a 

biocompatible material, namely it is compatible with living tissue or a living system by not being toxic, injurious, 

or physiologically reactive and not causing immunological rejection. Furthermore, it is strong and flexible, 

waterproof and has good cell-culture proprieties [11]. Nowadays PCL  has been approved by the Food and Drug 

Administration (FDA) in specific biomedical applications like for drug delivery, suture (under the brand name 

“Monocryl”) or adhesion barrier. In dentistry (as composite named “Resilon”), PCL is used as a component of 

"night guards" (dental splints) and in root canal filling. 

 

The proposed printing technique allows to produce thin patterned metal films on it (200-400 nm), typically using 

gold. The printing procedure is divided into two sections: stamp production and target substrate preparation. The 

stamp is produced using photolithography and dry etch techniques [12]. A schematic depicting the novel 

transfer-printing technique developed for Polycaprolactone (top) is reported in figure 2. A 30 μm layer of AZ4562 

is exposed through a photo-mask (2.A) followed by development in AZ400k (2.B). The stamp is dry-etched in an 

STS-ICP machine using a modified Bosch process to produce a negative sidewall profile, prior to evaporation of 

400 nm Au (2.C). Polycaprolactone is spun onto a glass substrate, followed by the imprinting of the stamp at 60 

°C using moderate pressure (2.D). Upon cooling to room temperature, the stamp is removed, leaving metal 

transferred to the substrate (2.E). PCL was used as a flexible membrane on which a printed tunable capacitor was 

achieved. 

http://en.wikipedia.org/wiki/Food_and_Drug_Administration
http://en.wikipedia.org/wiki/Food_and_Drug_Administration
http://en.wikipedia.org/wiki/Food_and_Drug_Administration
http://en.wikipedia.org/wiki/Drug_delivery
http://en.wikipedia.org/wiki/Surgical_suture
http://en.wikipedia.org/wiki/Brand
http://en.wikipedia.org/wiki/Adhesion_barrier
http://en.wikipedia.org/wiki/Root_canal
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Conductive paths circuit connection was also printed on a PCL substrate. Figure 3 presents some demonstrative 

images obtained by scanning electron microscope during the manufacturing process.  

 

 

 
Fig 2. Printing in gold on PCL: technique schematic. 

 

 
Fig 3. Demonstrative pictures of the manufactures made by the printing technique. Detail of a resistor (a), an 

inductor (b) and a capacitor (c) printed in gold on PCL. Thickness of the gold paths ~ 300 µm.  

B. Pressure Sensitive System Design 

Some design requirements for biotelemetry applications have been considered:  

i. Size minimization; 

ii.  Biocompatibility and biodegradability; 

iii. High speed (Slew Rate > 100V/µs ;Gain bandwidth GBW > 1 MHz); 

iv. Low power ( Vsupply< 4.5V – Single supply desirable); 

v. C1 < 100 pF (due to technologically feasibility – the printing technique has been employed); 

vi. High frequency sensitivity to change in capacitance; 

vii. High frequency output (~MHz to increase frequency variation detectability). 

The implemented “opamp clock" configuration meets the design requirements (small in size and good frequency 

sensitivity to capacitance variations). In figure 4.a the configuration schematic: the capacitor C1 is the pressure 

sensitive device. The output of this configuration is a square wave with an oscillation frequency depending on the 

pressure sensitive capacitor by [13]: 
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where ∆d is the variation between capacitor plates due to the external pressure (which creates a variation of 

capacity ∆C), A the capacitor face area, ε the dielectric constant (see figure 5.b), fosc the output “opamp clock” 

oscillation frequency, ∆fosc the output frequency variation due to the capacitor plates variation from d1 (producing 
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a capacitance C1) to d2 (modifying the capacitance to C2). 

 

  

 
Fig 4. a) Opamp-clock schematic. The chosen configuration exploits a double feedback that allows the oscillation. C1 

is the pressure sensitive capacitor. b) Capacitor topology: in our design, PCL is used as substrate for the whole 

circuit. A capacitor plate is printed on the flexible membrane. The second one is overlapped and detached using a gap 

in PCL (note that the dielectric remains the air). 

Setting fosc = 4 MHz, C1 = 4pF and R3 =4.3kΩ (chosen according to the reference values previously expressed), a 

value β=0.9986 is estimated by eq. (1): selecting R1 = 7.5 kΩ and R2 = 100Ω the opamp clock is fully 

dimensioned.  

As regards the power supply, a very stable voltage reference (also with respect to the temperature) must be 

planned. The performance parameter is the normalized frequency sensitivity with respect to capacitance 

variations, defined as:   
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(3) 

The choice of the Opamp Clock configuration allows maximizing the sensitivity coefficient: the fosc shows a linear 

behavior depending on ∆d.  

C. Wireless Communication 

The information about the external relative pressure remains associated with a particular oscillation frequency, 

passed outside through an appropriate wireless communication system. For the transmission, we implemented a 

frequency modulation (FM) with a digital shift keying (DSK) at 177MHz. The choice of operating frequency is 

governed by several factors. A certain fraction of radio waves passing through the tissues is absorbed, and this 

fraction increases with the frequency; for this reason values above 2-3 GHz should be avoided. At low frequencies, 

on the other hand, the transmitter components tend to become inconveniently large. Another important factor is 

that the chosen frequency band should be quiet so that there is a minimum amount of interference from 

conventional transmitters. A Colpitts transmitter was implemented for the transmission; an envelope detector for 

the reception.    

It is important to note that the receiver is external to the overall system so it will not be part of the final 

implementation and it has not to satisfy the project specifications, but the transmitter has to.  

III. TESTING PROTOTYPES 

The prototypes implemented in the first testing phase do not meet all the specifications of the project (they are 

slower, larger and do not show biocompatibility/biodegradability) but they are extremely important to understand 

the device reliability, especially regarding the behavior of the pressure-sensitive printed capacitor. Indeed, in 

these prototypes, the sensitive element is realized according to the above-mentioned technique of printing on 

PCL, while the conditioning circuit is achieved by discrete components on a PCB. 
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A. Prototype I 

Prototype I is a first implementation in which the system is built using discrete elements while the faces (area: 4 

cm2) of the capacitor are printed in gold on two membranes of PCL and are separated by a 1 mm gap. To 

understand its response to pressure changes, we measured the output frequency in different pressure conditions: 

the pressure values measured in N·m-2 was evaluated by dividing the applied weight force (kg ‧g where g = 9.81 

m·s-2) and the contact area (m2). The weight measurements are carried out with a precision balance (Fisher 

scientific SG-202). The pressure measurements are referred to the atmospheric pressure. The pressure in Pascal 

is equal to the pressure calculated as N·m-2. The obtained graphs are shown in figure 5. When compared to 

analytical calculations, the frequency behavior slightly deviates from the linearity with respect to applied 

pressure: this is justifiable considering the presence of parasitic effects. Capacitance, on the other hand, rises 

approximately linearly with increases in pressure.  

 
Fig 5. Prototype I working graphs: a) capacitance (nF) vs. pressure (Pa): capacitance increases approx. linearly with 

external relative pressure intensification. b) output frequency (kHz) vs. pressure (Pa): the output mean frequency 

decreases approx. linearly increasing external relative pressure  

B. Prototype II: Aqueous test 

The environment in which the sensor will be found to work may not be air, but immersed in a fluid: the prototype 

II is a variable capacitance pressure sensor (the capacitor is the same as the one implemented in prototype A) but 

implemented so that it can also be used in aquatic environment. The circuit is built inside a box, which is then 

sealed with silicone. An opening on one face of the box allows the pressure to act on the membrane of PCL. The 

aim of the experiment is to determine whether the sensor can detect the change in pressure as it is immersed in 

water. The volume of the sensor considered was 200ml.The water column is gradually increased. Denoting with 

S the section surface of the container and with h the water height, a force acts on the element surface due to the 

weight of the overlying water column with volume V = S · h. The weight is the product of V for the specific weight 

(λ = 1 g·cm3 for water). Therefore, the pressure P on the bottom of the container (transmitted in all directions for 

the Pascal principle) is: 










 h
S

hS

S

V
P     (4)

 

In this way, the external pressure was indirectly derived: the obtained graph is shown in fig. 6. The results 

confirm what previously pointed out: the frequency decreases with increasing pressure and its variations are 

absolutely detectable. 

 
Fig 6. Prototype II: frequency (Hz) vs. pressure (g/cm

3
) in aqueous environment: the mean output frequency 

decreases approx. linearly incrementing the water column (dealing to increasing of the external relative pressure).  
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IV. FINAL DEVICE 

A. Endoradiosonde Final Implementation  

A final design idea is proposed in the fig. 7. The overall system is built on a PCL substrate. The system can be 

considered as made up by four blocks. On the bottom PCL substrate there are the opamp clock circuit, the power 

supply and a face of the pressure sensitive capacitor. The power supply, in turn, is composed  by  batteries (such 

as those used in applications like the peace maker), a voltage reference and a filter. On the top PCL substrate, 

instead, there are the transmitter and the second face of the pressure sensitive capacitor. The two PCL substrates 

are connected together, using waterproof glue: the overall system is waterproof (the PCL is waterproof). A gap 

between the capacitor faces is made using a thin PCL square ( ̴  10 nm).  

 
 

Fig 7. Overall Final ERS schematic: on the bottom layer one capacitor plate and the condition circuit are 

implemented. On the upper layer the transmitter and the second capacitor plate are achieved. Layers are joined 

together in so that remain just PCL externally (the upper layer is flipped). 

 

The faces of the capacitor and all the connections between the components are printed in gold on the PCL 

substrate (see fig. 8). In particular, the size of the manufactured capacitor plates are 2mm x 2mm. Due to the low 

melting temperature of the PCL ( ̴60°C)  it was impossible to sold the components so the surface mounted devices 

(SMD) were pasted on the PCL using a silver-based conductive adhesive. The chosen components show precision 

skills in order to reduce the noise contributions, in favor of the accuracy of the measurement:  

i. Resistors by “Vishay Beyschlag” with 1% tolerance (1215904, 1215984, 1215956RL – SMD 0804) 

ii. Opamp by “Texas Instrument” (OPA 357) characterized by low noise (6.5nV/√Hz), rail to rail, small 

(2.7mmx0.9mmx2.2), high speed (GBW = 250MHz, slew rate = 150V/μs), low input bias current 

(3pA).  

iii. Voltage reference by “Intersil” (ISL21010CFH333 ZTX) with small size 

(2.92mmx0.91mmx2.37mm – SOT23-3) performing 2% tolerance.  

iv. Batteries by “Energizer”(603263) insulated using PCL.  

 

 
Fig 8. Final manufacture obtained through the printing technique on PCL: on the left hand side the achieved printed 

devices, on the right hand side the relative photo masks used during the manufacture. 
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B. Results  

Figure 9 reports some demonstrative pictures of the implemented opamp clock configuration.  The size of the 

implemented device is decidedly limited: 9.5mm x 4.5mm. The oscillation frequency in steady state is 4.87 MHz 

with 40.20% duty cycle. The capacitance in steady state is 3.69 pF (no external relative pressure) and its 

maximum excursion is ∆C = 0.93 pF (maximum capacitance indirectly measured: 4.62 pF applying and external 

relative pressure of 1860 Pa). In correspondence with the maximum capacitance excursion, the measured 

oscillation frequency was 3.87MHz: the maximum oscillation frequency variation was ∆fosc = -1.02 MHz. Thus, 

a +25% capacitance increment results in -20% variation of the output frequency: the calculated value of frequency 

sensitivity with respect to capacitance variations is ≈ -0.548 MHz/KPa. Table 1 summarizes the main 

characteristics of the implemented device. 

 

 

 

Fig 9.  Final implementation demonstrative pictures:  pressure sensitive system (a, d) compared to a penny ruler (b) 

and to a penny coin (c). 

Table 1. Biodegradable Barometric Endoradiosonde characteristics. 

Dimensions 9.5mm x 4.5mm 

Power Supply (V) 3.3 

Relative P range (Pa) 0 – 1860 

F range (MHz) 4.89 (@ 0 Pa) - 3.87 (@1860 Pa) (-20%) 

C range (pF) 3.69 (@0 Pa) – 4.62 (@1860 Pa) (+25%) 

Sensitivity (MHz/kPa) ≈ -0.548 

Transmission Wireless @ 177 MHz, FM DSK 

 

C. Possible Improvements  

The dimensions of the device can be further reduced by printing also the resistors and the antenna on PCL 

resulting, also, in a higher degree of biodegradability and biocompatibility. One of the most limiting factors with 

regard to biodegradability and biocompatibility is the presence of batteries, even if miniaturized. These batteries 

are not degradable and, in addition, they are toxic in case of breakage. Nowadays, RF techniques for power supply 

have already been developed and successfully tested and would be an effective solution to this issue [14].  

V. CONCLUSION 

A biodegradable and biocompatible capacitive barometric endoradiosonde for biotelemetry applications has been 

implemented.  The achieved device is a hysteresis comparator in which a pressure sensitive capacitor determines 

the oscillation frequency: the faces of the capacitor are flexible membranes so their distance is sensitive to the 

external pressure. The information about the external relative pressure remains associated with a particular 

oscillation frequency, passed outside through an appropriate wireless communication system (FM DSK 
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@177MHz). The biodegradable polymer used (Polycaprolactone, PCL) and the technique of printing in gold on 

PCL (200-400 nm thick) have played a key role throughout the project: PCL was used as substrate on which all 

connections for discrete surface mount devices were printed; also the flexible membrane and the faces of the 

capacitor were manufactured with this technique. The final device meets the design specifications: the size of the 

opamp clock system is 9.5mm x 4.5mm, while the biodegradability and biocompatibility are met through the use 

of PCL. To increase the degree of biodegradability some improvements are needed (printing resistors, antenna 

etc.). Furthermore, the use of a RF wireless power supply would benefit both the biodegradability both the 

biocompatibility. The device, due to its versatility and simplicity, can be employed in a wide variety of fields and 

applications in health care. In the field of gastroenterology [15], for example, it would suitable for 

Gastro-esophageal reflux (GERD) diagnosis. GERD is a disease characterized by histo-pathological lesions of the 

esophagus caused by reflux of acid from the stomach. In healthy subjects, the lower esophageal sphincter (LES) 

prevent the reflux. The normal pressure value in the LES is about 10-30 mmHg while a pressure less than 6 

mmHg (799.9 Pa) is indicative of the GERD occurrence [16]. Usually, this diagnosis is performed through 

invasive tests such as barometric colonoscopy or proctoscopy. Implanting the device produced, the measurement 

of these values would be simpler. Clearly using the implemented sensor would result in a diagnostic tool equally 

effective but certainly more comfortable for the patient.  
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