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Abstract—While wearable sensor systems are now 

widely used to monitor vital signs in hospitals and at 
home, most such systems are designed for bedridden 
patients. In contrast, the use of wireless sensors to capture 
physiological data from patients for long term health 
monitoring is becoming increasingly popular although 
some previous studies recorded complaints from users 
about discomfort when wearing these. In addition, these 
systems can sometimes suffer from interference from 
existing Wi-Fi traffic. Therefore, a sensor system that is 
both comfortable to use and does not encounter 
interference with existing wireless traffic is required. This 
paper presents a system design that includes a probe, 
sensor, radio, and receiver for a long term heart rate 
monitoring in a senior center. This system has been 
deployed in a senior center since May 2012, and 63 seniors 
have used this system in this period. The senior center has 
its own wireless network, and no changes were made to 
this. The monitoring system presented in this work runs 
together with the existing network, and achieves a 97% 
packet delivery rate. 

K eywords—H eart R ate Monitoring;  Monitoring System;  
Wireless Sensor Networks;  F inger R ing Probe;  ZigB ee;  
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I. INTRODUCTION 
Vital signs are measures of various physiological signals that 
are used to assess basic bodily functions, and the four most 
common signs that are used in medical settings are the body 
temperature, heart rate, blood pressure and respiratory rate. 
The heart rate (HR) is the easiest of the four vital signs to 
measure, and can give a rough idea of a patient's cardiac 
status [17]. Many companies, like Polar and Garmin, make 
HR monitors, although these are mainly for fitness use. Most 
such devices come with a chest harness and watch, which 
receives signals wirelessly from the harness, analyzes them, 
and then shows the heart rate. Some devices come with ANT+ 
or Bluetooth wireless chips, which can then use cell-phones to 
display the heart rate. Some devices require users to put their 
fingers on a small metal plate on the watch to get the HR 
reading, with no chest harness being needed [1].  

However, heart rate monitors for fitness use are not suitable 
for long term, centralized HR monitoring in places like senior 
centers for the following reasons: 
1. The one-sender to one-receiver design is not ideal for 

group monitoring. 
2. It is not comfortable to wear a chest harness 24 hours a day  
3. The battery life of fitness-oriented HR monitors is not 

suitable for multiday usage. 
It is that if elderly people are to accept the use of 

monitoring sensors, a number of changes need to be made to 
existing systems, and this is the aim of the current work. 

II. SYSTEM STRUCTURE AND UI 
The structure of our system is shown in Fig 1. The user 

wears a ring probe which can detect the waveform of the 
user’s pulse. This waveform is then transmitted to the sensor, 
which is composed of a MCU and a wireless radio 
transmission unit. The sensor takes the waveform received 
from the ring probe and uses it as the input to calculate the 
heart rate (HR). The calculated HR then is sent to the receiver 
wirelessly using a ZigBee [2] radio every 3 seconds. After 
receiving the packet, the receiver can forward it to any 
destination over the Internet via its TCP/IP enabled Ethernet 
chip. The HR data will then be forwarded to one designated 
database server that is assigned to the receiver. Our receiver 
can operate independently, without a computer, because of the 
build-in Ethernet chip and socket programming capability. 
Managers and care givers can thus watch the real-time HR and 
access historical events and records using any computer or 
other device, e.g. smart phone,  with Internet access. The UI 
is shown in Fig 2. 

Figure 1. The heart rate monitoring system 
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III. DESIGN OF THE FINGER RING 
We use the design proposed in Sokwoo et al. (1998) [3], 

which is a sensor in the form of a finger ring, as our basic 
concept. The main purpose of this system is that the nurse 
station should be able to monitor the health condition of the 
residents in a senior center. The design goals for the sensor are 
as follows: 
 
1. It should be comfortable enough to wear 24 hours a day. 
2. It should not affect the daily activities of the wearer. 
3. The sensor should transmit the data collected wirelessly to 

a receiver. 
4. The sensor battery should last for more than 96 hours. 
5. The wireless radio spectrum should co-exist with existing 

Wi-Fi. 
6. The sensor should be light and water-resistant. 
7. The design should be user-friendly for both wearers and 

the managers, with no complicated operating procedures 
needed. 
 
To satisfy goals 1 and 2, a finger ring type sensor is 

preferred over a finger tip probe, since the former does not 
apply as much pressure to the finger as the latter, nor affect its 
movements as much. Some finger ring type probes are already 
commercially available, and we start with a version that is 
similar to one of them. 

As shown in Fig. 3, the off-the-shelf model shown on top, 
and it has a thin belt that is difficult to close. It uses an RS-232 
interface to connect with the sensor body, which makes it 
difficult to reduce the size of the sensor. The LED and 
photodiode should be perpendicular to each other, but they can 
be at different angles for different finger sizes. More 
importantly, the differences in the angle between the LED and 
the photodiode actually lead to inaccuracies in the resulting 
HR measurements. Such gaps between the finger and probe 
also create another problem - when the wearer is in strong 
sunlight, the photodiode reading reaches maximum due to the 
strong sunlight, which makes it impossible to calculate HR 
As shown in Fig. 4, fingers of different sizes create different 
spaces in the probe. We measure the Root Mean Square 
Difference (RMSD) of three different finger sizes. All of them 
are under 5 BPM (Beats Per Minute), thus meeting the criteria 
for FDA approved oximeters [4]. However, people who have 
smaller fingers will have less accurate HR measurements, as 
shown in Table 1. When wearing the sensor and probe, the 
user puts the latter on one of their fingers and the former on 
their wrist. The straight cable bends and can become a hook 
that traps things like bottles, pens, and so on during daily 

activities, and this motivated the use of a spring-type cable in 
the second-generation design. 

The revised design of the finger ring probe was made in a 
rounded shape, thus fitting the finger and meaning that there is 
no gap between it and the probe. This, in addition to the use of 
a spring type cable and micro USB plug instead of the RS-232 
interface, mean that the second design of the sensor is a lot 
better than the first. However, there were still three problems 
that remained to be solved with this system. The first was the 
direction of the micro USB plug, which was parallel to that in 
which the probe would be pulled. As a result, the probe was 
very often pulled off by the wearers. We tried to solve this 
problem by making the plug tighter, but this only lead to 
complaints from the care givers that the plugs were impossible 
to plug and unplug.  

The second problem was the color of the buckle of the 
finger ring, which was solid grey, and thus able to block the 
LED light when the wearer takes it off. We distinguish 
whether the probe is worn or not by detecting how much light 
is received by the photodiode. When most of the LED light is 
received, it is assumed that the probe is not being worn, as no 
finger is blocking the light. However, the solid color buckle 
can block most of the LED light from the photodiode if the 
wearer has taken the probe off and accidentally bent the 
buckle. This creates the illusion that the user is still wearing 
the ring probe, although no HR can be measured, because 
there are no differences in the signal received by the 
photodiode. This creates a flat line in the measured signal, 
which will be calculated as HR 0, and set off the most serious 
alarm. It does not take too many of false alarms for care givers 
and manager to conclude that the system is useless, and thus 
that it should not be used. 

In our the third- generation, design, we change the buckle 
color was made with a transparent material, which was able to 
solves the problem of false alarms problem mentioned above. 
The micro USB plug is moved to the side, so the direction of 
plugging-in direction is perpendicular to the direction of the 
pull, and thus the USB cable  never got pulled off 
accidentally by the user in this generation. The third change in 
the design was to the appearance of the device. The mature 
design makes wearers trust the system more, and thus be more 

Figure 2. The UI of the heart rate monitoring system 

Figure 3. Three generations of our finger ring sensors. 
The first is at the top, while the third at the bottom. 
 



 

 

willing to wear the ring. Making such devices looks 
professional and reliable is actually a very important step that 
can encourage people to wear them for a long period of time.  

Finger 
Size 

Circum (mm) Angle (°) RMSD (BPM) 

Small 38.9 ~100 3.29 
Medium 51.1 ~90 2.22 
Large 61.1 ~70 1.88 
Table 1. The relation between finger size and the RMSD in 
HR for three different finger sizes 

IV. DESIGN OF THE SENSOR AND THE RECEVIER 
The sensor transmits the readings of the photodiode to the 

receiver to calculate HR. Both of these are based on the 
Berkeley TelosB mote [5] hardware, and our own embedded 
software. Various adjustments were made to the sensor and 
receiver, with the former mainly adjusted for use with the ring 
probe, while in the latter the USB port changed to an Ethernet 
one. 

A. Design of the sensor 
The most important modules for the sensor are shown in 

Fig 5. The probe first detects the strength of the pulse signal, 
sends it to the sensor through an interface that is either RS-232 
or USB. The signal goes through an amplifier before being 
converted to digital signals by ADC. Notice that the dynamic 
range of the amplifier has to be very large. When used in real 
applications, the range of light will vary in different 
environments, from pitch darkness to very strong sunlight. In 
addition, the skin condition of the wearer also varies a lot, 
from very thick and coarse to thin and smooth. The 
photodiode in the probe will thus send signals to the amplifier 
in a wide range, which then adjusts the signal to one that is 
suitable for the ADC before sending it on. The ADC converts 

the received analog signal to digital data at 64Hz, and sends it 
to the MCU. The MCU does not calculate the HR, but instead 
is used to collect 64 samples from the ADC every second, 
packaging them into packets and then sending these to the 
wireless module every 3 seconds.  

With regard to the choice of wireless module, the options 
are Bluetooth 4.0 [6], Wi-Fi and ZigBee, and several research 
studies have discussed the pros and cons of each of these [7]. 
All three technologies can achieve our design goal 3, but Wi-
Fi cannot achieve goal 4. The reason for the 96 hours battery 
life is so that the care givers will only have to change batteries 
twice a week, and both Bluetooth 4.0 and ZigBee can achieve 
this. With regard to goal 5, co-existing with Wi-Fi, if channel 
26 of ZigBee or a Wi-Fi channel under 11th is used, then no 
interference will occur. Bluetooth 4.0 with frequency hopping 
will do as well. However, one decisive feature led to the 
selection of ZigBee over Bluetooth - roaming ability. ZigBee 
is more open in the protocol handshaking and negotiation 
process than Bluetooth. We thus chose ZigBee because it can 
roam smoothly.  

An accelerometer is put on the circuit board to monitor the 
motions of the wearer as the second vital sign we collect. The 
healthy group in the senior center usually does not like 
wearing the ring probes, but is fine wearing our sensors with 
no probe as badges. With the sensor worn as a badge, we can 
collect motion data that can be used to calculate respiratory 
rate [18]. It will be our next goal to make use of this data.  

Normally, the sensor is worn like a watch on the user’s 
wrist, as shown in Fig. 6, or as a badge for those who do not 
like wearing the ring probe.  

B. The receiver with an E thernet port and PoE  
Receiver receives packets from sensors wirelessly and then 

forwards them to the data sink, e.g., a PC. Though it is 
possible to run multi-hop routing protocols to route packets 
between receivers, the ad-hoc nature of the ZigBee network 
makes it less stable than mature technologies, such as Ethernet.  

We first adopted the TelosB design and used USB as the 
interface to the data sink. There are several commercially 
available USB to Ethernet converters [8] to extend the cable 

Figure 4. Different finger sizes create different angles in 
the perpendicular probe 
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Figure 5.The modules in the sensor 
 

Figure 6. The heart rate motoring sensor in action. The 
green LED on the left blinks every 3 seconds to indicate the 
power is on and a packet is transmitted. The orange LED is 
turned on when the battery is low. The red cross button is 
for emergency calls by the wearer. 
 



 

 

range to 100 meters. These cables need to be deployed, and 
there is a upper limit to the number of USB receivers attached 
to a PC. Based on the results of numerous experiments, USB 
receivers will not remain stable when the receiver number 
exceeds 10. 

For testbeds deployed outdoors, it might be necessary to 
use wireless links between receivers [9],[10], but not 
deploying in a senior center. In our test site, there is an 
Ethernet port in every room and nurse station. Since the 
network infrastructure is already there, and is reliable, we 
believe that it is more reasonable to leverage the existing 
Ethernet network than use the ZigBee network to establish 
long wireless links to the sink. As a result, we change the USB 
part of the TelosB node to an Ethernet port.  

To make the system as transparent as possible, we want to 
make everything plug-and-play, with nothing dangling. A 
Power over Ethernet (POE) chip is needed to achieve this goal, 
and we chose WIZnet W5100[11]. This chip has physical, 
MAC, and TCP/IP layers built-in, which makes it quick and 
convenient for us to build the connection with the server from 
the ground up. A connected socket is created between the 
receiver and the server. The Power over Ethernet module is 
TPS23750, from Texas Instruments[12].  

V. TESTING AND VALIDATION 
Our HR calculating algorithm is based on Pan-Tompkins 

algorithm for QRS detection [13]. To achieve more accurate 
results, we collected waveforms generated by the finger ring 
probe in a hospital for three months. Several adjustments were 
made to the algorithm so that it could detect the HR correctly. 
Waveforms from the high end ECG were collected from the 
same patient, at the same time, as the ground truth. 
Throughout the collection process, we found that the most 
important part was actually the hardware design of the sensor, 
and within this the amplifier plays the most important role. 
When the amplifier amplifies the signal to the correct 
magnitude, it is easy to filter the noises and detect peaks.  

In order to validate the accuracy of the HR results, we first 
compared the readings from our device with those from a 
Nellcor NPB-40 [14] used by the same person, although on 
different fingers. We tested the two HR calculating devices on 

10 different users with different ages and pulse strengths, and 
the HR from the Nellcor NPB-40 and our device are within +/- 
3 BPM of each other, showing good agreement. 

We then tested our device using a pulse simulator, which 
generates stable pulses between 30~240 BPM, and it was able 
to correctly calculate the simulated HR within this range. As 
shown In Fig. 7, the blue dots (STD) are the pulses generated 
by the simulator, while the red ones (PKT) are the results 
computed by our sensor device. The green dots (PNT) are the 
adjusted results, which are shown to the user on the UI of the 
device. This step is necessary, because an actual HR is 
generally not like the random pulses generated by the 
simulator. Most existing HR oximeters also adopt similar 
adjusting algorithms to prevent noises that trigger false alarms. 

VI. RESULTS AND DISCUSSION 

 In spite of the benefits of the system developed in this 
work, putting the probe on the patients caused extra work for 
the care givers. They also needed to regularly move it to 
another finger to prevent pressure sores. Thus the care givers 
did not like this system very much when they started using it. 

At this study’s senior center, 32 residents are currently 
wearing the sensors, 24 of whom have had strokes, or are 
suffering from Parkinson’s syndrome. Written consent to wear 
the sensors was obtained from the wearers or from their 
relatives. Among the other eight relatively healthy residents, 
six of them did not like to wear the ring probe for the first two 
days, after which they became used to it. Three of them 
eventually seemed to enjoy wearing it, and even asked for the 
probe when the care giver forgot to put it back on. However, it 
was noted that the healthy individuals living in the senior 
center did not volunteer to wear the HR monitoring device, 
although willingness was greater among those suffering from 
heart disease.  

Unfortunately, during the year-long deployment of this 
system, one resident passed away while wearing the ring 
probe, in January, 2013. Although our system did catch the 
irregular HR activity and set off the alarm, this occurred in the 
middle of the night, and so the nurse station only discovered 
this and tried to help 10 minutes after the alarm was set off.  

The system has run smoothly since its initial deployment, 
and 17 residents have now worn the sensors since May 2012. 
We spent 27 days in the senior center, two hours per day, to 
verify whether or not the system was able to detect the right 
events. During the 54 hours we spent there, 10 alarms were set 
off. Seven of these were true alarms, indicating irregular HR 
activity, two were due to the looseness of the ring probe, and 
one was because a care giver had turned the resident over in 
bed. In general, the care givers changed their attitudes toward 
the system after the death of the resident noted above, and 
became convinced that it was able to provide important 
information. However, this was not universal, as while 20 of 
the 25 care givers stated that they liked the system, the 
remaining five did not. 

In contrast, all the nurses and managers liked using this 
system from the start, because they felt that it was very user-
friendly. It has no complicated settings or wiring, and only 

Figure 7. The verification process of simulating cardiac 
arrhythmias. Blue dots are the signal HR, while the green 
dots are the HR shown in our UI. 



 

 

two things are required, to enter/delete the names of new/left 
residents, and click on the alarm dialog box to confirm that it 
has been taken care of. This system thus meets design goal 7, 
transparent to wearers, nurses and the managers. The wearer 
does not need to do anything except wear it, while nurses and 
managers just need to make a few extra mouse clicks each day. 

VII . CONCLUSION 

Through our year-long deployment, we prove that the 
wireless group-monitoring system in a designated area is 
viable. Compare with the former research studies and 
deployments[15][16], our deployment has longer time length 
and is of larger scale. The usage pattern is closer to the 
patients’ daily life, thus the lesson learned here are more 
valuable. Our system is still up and running now, and achieves 
an average of 97% package delivery rate. The communication 
protocol and statistics are not discussed here due to the limit of 
paper length. 

This project demonstrates that the key to success in such 
contexts is avoiding the use of expensive, multi-purpose 
pieces of equipment, and instead using simple, light and cheap 
devices that are easy to operate. Like any other technology, 
mobile medical devices should adopt user-centered designs. 
Users will only accept such devices if they are comfortable to 
wear, convenient to walk around with, and do present any 
significant problems with regard to uploading data or 
changing the battery. We have learned a lot from the 
development and deployment of this system, and are happy to 
share our experience with the community, in the hope that 
further improvements to such monitoring systems can be made 
in the future.  
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