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Background: 98% of stillbirths occur in low- and middle- income countries. Obstructed labor is a common cause for both neonatal and maternal mortality, with a lack of skilled birth attendants one of the main reasons for the reduction in operative vaginal birth, especially in low- and middle- income countries. We introduce a low cost, sensorized, wearable device for digital vaginal examination to facilitate accurate assessment of fetal position and force applied to the fetal head, to aid training in safe operative vaginal birth.



Methods: The device consists of flexible pressure/force sensors mounted onto the fingertips of a surgical glove. Phantoms of the neonatal head were developed to replicate sutures. An Obstetrician tested the device on the phantoms by performing a mock vaginal examination at full dilatation. Data was recorded and signals interpreted. Software was developed so that the glove can be used with a simple smartphone app. A patient and public involvement panel was consulted on the glove design and functionality.



Results: The sensors achieved a 20 Newton force range and a 0.1 Newton sensitivity, leading to 100% accuracy in detecting fetal sutures, including when different degrees of molding or caput were present. They also detected sutures and force applied with a second sterile surgical glove on top. The software developed allowed a force threshold to be set, alerting the clinician when excessive force is applied. Patient and public involvement panels welcomed the device with great enthusiasm. Feedback indicated that women would accept, and prefer, clinicians to use the device if it could improve safety and reduce the number of vaginal examinations required.



Conclusion: Under phantom conditions to simulate the fetal head in labor, the novel sensorized glove can accurately determine fetal sutures and provide real-time force readings, to support safer clinical training and practice in operative birth. The glove is low cost (approximately 1 USD). Software is being developed so fetal position and force readings can be displayed on a mobile phone. Although substantial steps in clinical translation are required, the glove has the potential to support efforts to reduce the number of stillbirths and maternal deaths secondary to obstructed labor in low- and -middle income countries.
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Introduction

Worldwide, there are almost 2.6 million stillbirths per year, and low-and-middle-income countries (LMICs) make up a staggering 98% of these (1). 50% of stillbirths occur in labor (2). Obstructed labor is responsible for up to 70% of perinatal deaths (3), with malpresentation and malposition accounting for nearly a third of all cases. In competent hands, operative vaginal birth (OVB), such as Ventouse, forceps, or Kiellands forceps delivery, is a safe and quick procedure that can overcome obstructed labor due to malposition. It also reduces the chance of second stage cesarean section (CS). However, OVB is globally in decline, with a lack of skilled birth attendants and staff training cited as one of the main reasons for the reduction in OVB in LMICs (4). In untrained hands, OVB can be dangerous for both the mother and fetus. Instrument placement is poor in nearly 30% of cases, leading to trauma and extended hospital stays (5). Ultrasound scan can be used to ascertain fetal position in the second stage of labor (6), but is expensive and requires further staff training. There is an unmet need for a low-cost device that could help birth attendants identify malposition and obstructed labor earlier, and thus seek medical care earlier. There is also a need to facilitate training in, and safe OVB, and thus reduce the burden of stillbirths secondary to obstructed labor.

Recent advances in the work mimicking the human haptic system have gained tremendous appeal (7, 8). The way in which human beings respond to external stimuli—which is processed through the haptic sensory system—is based on personal perception. This can lead to human error and difficulties when teaching or training to carry out certain tasks, such as surgical interventions and other medical procedures in which small deviations can lead to life-threatening issues. Being able to mimic said receptor network and sensory systems with the use of sensors can lead to obtaining quantifiable data which may lead to improved outcomes in medical procedures, serving as aiding tools for clinicians. One of the strategies followed to mimic the haptic system has revolved around the design and creation of sensorised gloves which are able to monitor and track physical activity for rehabilitation purposes (9). The sensors chosen are inspired by the haptic system, and aim to incorporate both cutaneous and kinaesthetic components. The combination of both position and force sensors using the technology described leads to further information obtained by the smart gloves (10), and this, together with strain and flexural sensors (11–14), further builds towards the idea of slowly mimicking the functions and sensing abilities of the skin, moving a step at a time closer to its vast complexity (15). It is becoming increasingly recognized that another essential requirement in this field surrounds the use of thin sensors: the haptic perception of the clinician must not be altered by their inclusion in the device (16). This has led to growing interest in virtual reality gloves for the same rehabilitation purposes previously mentioned (17) using image recognition strategies, slowly advancing towards human-machine interface related work (18). This all has inevitably raised awareness regarding the importance of acquired data, its analysis, storage and display (19). Work has also been targeted towards the development of algorithms to extract relevant information from this data in a surgical environment (20).

With the above in mind, the aims of the study were to develop a low-cost, sensorized surgical glove to aid in ascertaining fetal position and force applied during digital vaginal examination, with particular focus on ensuring that the sensors were thin enough to avoid disruption to the clinician's own haptic feedback. The glove was designed so that it could detect fetal sutures and force applied while also maintaining sterility by having a second sterile surgical glove covering it. Further aims were to design a user-friendly interface that could display data and alert clinicians effectively, as well as developing a wireless node and smartphone app for ease of use and universalization. The above features lend to a device that can be used in low resource settings to aid training and practice in safe OVB.



Materials and methods


Glove fabrication, calibration, and app setup

The device consists of flexible pressure and force sensors mounted onto the fingertips of a surgical glove, and flexible interconnects which were directly printed on the glove (Figure 1A). The sensors were integrated by simply spray coating a metal-oxide nanocomposite onto the fingertip of the glove. The sensors work on the principle of triboelectricity (21), which is a type of contact electrification which occurs when two materials come into contact or are rubbed against each other. This contact electrification coupled with electrostatic induction is what enables the sensors to produce a current when making contact/rubbing against a material. The sensors and interconnects were tested on surgical gloves of the following typical materials: latex, nitrile, polyisoprene and vinyl. The total cost of materials used to fabricate the sensors and interconnects is less than US$1 per glove. For sterility purposes, the glove was covered by a standard sterile surgical glove routinely used in practice (Figure 1B).


[image: Figure 1]
FIGURE 1
Sensorised device for digital vaginal examination. (A) Photograph of sensorised glove with sensor on the fingertip and flexible interconnect printed on the glove. (B) Photograph of sensorised glove covered by a sterile surgical glove for sterility purposes. (C) Photograph of customized wireless sensor node (front). (D) Photograph of customized wireless sensor node (back). (E) Designed wireless system for real-time data display.


A customized wireless sensor node (WSN) was also designed to extract real-time data from the sensorized glove (Figures 1C, D). This WSN is based on a 4-layer printed circuit board (PCB) that includes an nRF51 Bluetooth module (BLE4.0), with an analog signal-conditioning front-end circuitry (for triboelectric sensors) to deal with the signal dynamic range during wireless data transmission. The WSN connects to a phone app developed for real-time data display on the mobile phone screen. The app was developed using the MIT App Inventor platform. This platform has the functionality to create a gateway between the two hardware devices (mobile phone and WSN) and to create a mobile app. This mobile app shows the data converted and transmitted by the customized WSN. The real-time data is displayed on a mobile phone screen through the app. The app also saves this real-time data for further analysis (Figure 1E).

The sensors were calibrated using a setup (Figure 2A) that combines a motorized translation stage (PT1-Z8, Thorlabs), a force gauge (M5-5 Mark-10) and an electrometer (Keithley 6517B) connected to a laptop and working simultaneously by means of a virtual interface (VI) developed with custom software (LabView). The setup achieves a 10 micrometer step size (the minimum distance between two points that can be recorded) and a 0.0088 Newton (N) sensitivity, which enables detection of different stiffnesses (resistance to elastic deformation) through concomitant force and displacement readings on materials of known elastic moduli. Through this setup, calibration curves for each sensor can also be obtained in order to relate current measurements with force values (Supplementary Information S1). The sensors were mounted underneath the force probe and connected to the electrometer to obtain the current values and (Figure 2A).


[image: Figure 2]
FIGURE 2
Test set up in the lab. (A) Schematic representation of the force calibration setup. (B) Mold created to fabricate phantom models of the fetal head (C) Schematic representation of the fetal head phantom model created. (D) Test set up used to validate the sensors.




Development of fetal head phantoms

In order to test and validate the sensors, a test setup was created in-lab. A model of the fetal head was developed to replicate skull sutures in term pregnancy (Figures 2B, C). Molds were developed using Altair Inspire software and PLA 3D printed using the Ultimaker 3D printer. Ecoflex, a type of silicone elastomer, was poured inside the molds and cured for 2 h at 80 °C.



Testing of the sensor glove

An obstetrician with 6 years' experience tested the glove on the fetal models by performing a mock vaginal examination at full dilatation, to demonstrate repeatability and accurate detection of fetal sutures. The obstetrician wore the sensor glove and covered it with a sterile surgical glove and simply rubbed through a given suture on the fetal head phantom mounted onto a tripod (to mimic the angle of a fetal head during vaginal examination) 100 times. The sensors were connected to an electrometer (Keithley 6517B) which was connected in turn to the laptop and data was displayed in real-time and recorded by means of a virtual interface created with custom software (LabView) (Figure 2D). Signals from the sensorized glove were recorded and analyzed.



Patient and public involvement

Throughout the design of the device, the team ran five patient and public involvement (PPI) groups over the course of 18 months, where women and birthing people from minority backgrounds, and those with previous experience of operative birth, were invited to hear about, and give feedback regarding, the sensorized glove.




Results


Detection of sutures

Due to the 0.1 N sensitivity achieved, the sensors produce distinctive current peaks when crossing a suture, as shown in Figures 3A, B. The anterior fontanelle (highlighted in red in Figure 3C) is diamond shaped and associated with four sutures (frontal, coronal on either side, and sagittal), hence why four current peaks are created as the sensor passes over the four sutures (Figure 3A). The posterior fontanelle (highlighted in green in Figure 3C) is triangle shaped and associated with three sutures (lambdoid on either side and sagittal), hence why three current peaks are created when passing over the three skull sutures (Figure 3B).


[image: Figure 3]
FIGURE 3
Current signal results using the glove to examine skull sutures, and the anterior and posterior fontanelle on the phantom (each peak corresponds to a crossed suture and peaks are counted to distinguish fontanelles – 4 peaks/sutures for the anterior fontanelle and 3 peaks/sutures for the posterior fontanelle). (A) Anterior fontanelle results. (B) Posterior fontanelle results. (C) Schematic representation of the fontanelles and sutures of a fetal head. (D) Boxplot showing the amplitude of the current peaks produced when crossing a suture (100 repetitions).


The boxplot in Figure 3D shows the amplitude of the current peaks produced when crossing a skull suture throughout the 100 repetitions as part of our test protocol to ensure accuracy and repeatability. The magnitude of the peaks only surpassed a threshold of 1.7 nA when crossing a suture and at no other time, thus showing 100% sensitivity and 100% specificity in detecting sutures. By counting the skull sutures (number of peaks above the threshold value), a user-friendly interface was developed using custom software (LabView) to display either a green triangle (when encountering the posterior fontanelle) or a red diamond (when encountering the anterior fontanelle) to visually represent fetal position (Figure 3C and Supplementary Video S1).

Furthermore, the sensors worked with multiple glove materials, namely: latex, nitrile, polyisoprene and vinyl surgical gloves, and therefore are safe to use in those with particular allergies. They can accurately detect fetal skull sutures and objectively detect fetal position, even when a sterile surgical glove is placed on top of the device.



Quantification of contact force

The calibrated sensors achieved a 20 N force range (Supplementary Figure S1). The user-friendly interface described above allowed a force threshold to be set manually, alerting the clinician when excessive force has been applied to the fetal head by means of a traffic-light colour system which changes colour when the manually set thresholds are surpassed (Supplementary Video S2).



Smartphone app

The sensors have successfully interfaced with a WSN and data has been effectively displayed in real-time on the developed mobile phone app. The wireless node allows ease of manipulation, robustness and continued use to test the different set of data signals obtained from the sensorized glove (SupplementaryVideo S3).



Patient and public involvement

Patient and public involvement panels have welcomed the device with great enthusiasm. Group numbers ranged from six to 30, and feedback was gained on the design and functionality of the glove. Over 90% of women indicated they would want to be examined with the glove in labor if it could improve safety outcomes for their babies, and aid in decision making regarding mode of birth (Video links in Supporting Information 3).




Discussion

Under phantom conditions to simulate the fetal head in labor, the novel sensorized glove can accurately determine fetal sutures and provide real-time force readings, even with a second layer of sterile surgical glove on top, ensuring sterility and safety. It is low cost—it is estimated that the materials to create the sensorized glove costs less than $1 and it may be lower when scaled to larger (production) volumes. Building on the phone app developed can lead to the creation of an app-based user-friendly interface such as the one developed for the laptop, which may lead to universalization. It would thus lead to the replacement of expensive equipment, and it would allow anyone to simply view the displayed data (in the form of visual indications such as the traffic-light system mentioned above) on a mobile phone. The measured results show that the operating voltage of this designed WSN is 3 V, the total power consumption is approximately ∼24 mW, and the Bluetooth data transmission distance is 10 meters.

To our knowledge, this is the first study involving the development and use of a sensorized glove to detect fetal head position and force exerted on the fetal head during vaginal examination. The strengths in this study lie in the calibration of the sensors and multiple examinations to demonstrate 100% accuracy. The main limitation is that phantoms of the fetal head were used rather than testing the glove in vivo, but these were the first steps in clinical translation. Other studies in obstetrics have focused solely on glove-mounted pressure sensors. A few studies with sensorised gloves have also followed the patterns and directions previously described, although remain widely unexplored. Sensors have been incorporated into gloves to measure forces applied to turn a fetus during external cephalic version (22, 23), to compare forces imposed on the fetus in vaginal vs. caesarean delivery (24), and forces exerted in the context of shoulder dystocia (25). These studies demonstrated clinical utility and an insight into the forces applied in the obstetrics context. Nevertheless, the approach we have chosen, and which appears to be a gap in the relevant surgical literature, is to build on the work done on surgical smart gloves but purposely targeting its use as assistive technology for clinicians in addition to monitoring or assessment of forces applied. There is currently no data on what constitutes a “safe” force to apply during vaginal examination, as no such device to measure force applied has existed up to now. However, study data from fetal trauma during impacted cesarean section suggests that undue force can result in skull fractures in 1% of deliveries (26), highlighting that such a device could be used to collect such force data and aid in training to reduce fetal trauma.

Our study is unique as we have developed a smartphone app which provides information that the birth attendant can act upon, and therefore has the potential to change clinical outcomes as a direct result of the data displayed. Furthermore, we also aim to expand on the “cutaneous” capabilities of these previous studies not only to provide force measurements, but to also give further information such as changes in stiffness. This way we aim to progress and contribute towards more comprehensive mimicking of the human tactile system by progressively adding capabilities (not just force feedback).

It is hoped that the glove will have a similar potential and impact to the CRADLE (Community blood pressure monitoring in Rural Africa & Asia: Detection of underLying pre-Eclampsia and shock) Vital Signs Alert device, which is a low cost, accurate device to measure vital signs in low-resource settings. It has been developed for use in pregnancy and instances of pre-eclampsia and shock, and measures blood pressure, heart rate, and calculates the shock index in women with postpartum haemorrhage, The device allows earlier recognition of shock and identifies those that require transfer to a tertiary setting (27). Similarly, we envisage that the glove will help the wearer identify obstructed labor and malposition earlier, and thus allow earlier transfer for medical care. This is particularly pertinent when a woman can be in obstructed labour for days, and also be left with the devastating consequences of obstetric fistula formation; in a study of over 4,000 women presenting with obstetric fistula in East and Central Africa, 84% had suffered from a stillbirth (28). The glove would be a welcome intervention in potentially recognising obstructed labor earlier to reduce both neonatal and maternal morbidity and mortality.

The next steps include clinical translation of the glove via a study on laboring women and neonates to ensure it can detect fetal head position in vivo. It is aimed that the glove will tackle several challenges faced by LMICs with regards to stillbirth secondary to obstructed labor—by supporting safer clinical training, practice in OVB, and decision-making regarding mode of birth. With the advent of telemedicine and development of the smartphone app, in time, it is anticipated that clinicians from around the world will be able to access real-time data regarding fetal position and other examination findings remotely, and be able to provide senior clinical input and expertise to those in need and in remote areas.
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