
http://jbei.sciedupress.com                                                            Journal of Biomedical Engineering and Informatics, 2015, Vol. 1, No. 1 

Published by Sciedu Press                                              59

ORIGINAL ARTICLES 

Lessons learned from the development of an 
affordable fall detection system for mHealth 
Miguel Ángel Estudillo Valderrama1, Laura M Roa Romero1, Luis Javier Reina Tosina2,1, Gerardo 
Barbarov Rostan1, David Naranjo Hernández1 

1. Biomedical Engineering Group, University of Seville, CIBER-BBN, Seville, Spain. 2. Department of Signal Theory and 
Communications, University of Seville, Seville, Spain.  

Correspondence: Miguel Ángel Estudillo Valderrama. Address: Biomedical Engineering Group, Escuela Técnica Superior 
de Ingenieria, University of Seville, Seville 41092, Spain. Email: mestudillo@us.es  

Received: June 29, 2015  Accepted: August 2, 2015  Online Published: August 12, 2015 
DOI: 10.5430/jbei.v1n1p59 URL: http://dx.doi.org/10.5430/jbei.v1n1p59 

Abstract 
This paper discusses some relevant methodological and implementation experiences acquired during the design and 
development of an embedded Fall Detection System (FDS), which can be of help in order to develop efficient and safe 
biomedical software for mobile Health (mHealth). For this purpose, an analysis of concepts like portability and iterative 
design, as well as some concerns about risks and safety involved, is provided in order to address some of the current 
challenges in embedded software, regarding the state-of-art of software development standards and mHealth technologies. 
This analysis is later evaluated for a custom pre-industrial prototype of the FDS, as an example of the feasibility of the 
approach followed. The results obtained show that a convenient methodological process can help to optimize available 
resources so as to provide affordable mHealth solutions.  
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1 Introduction 
The massive use of connected devices in everyday-settings, empowered by upcoming paradigms as the Internet of Things 
(IoT), is a reality nowadays [1] and will become a key factor in the future of the digital society, as many predictions  
claim [2, 3]. This emerging ecosystem is also valid in the healthcare domain, where it is highlighted the increasing 
importance of unobtrusive sensing technologies for the monitoring of physiological and health conditions through Body 
Sensor Networks (BSN) and Medical Devices (MDs) [4]. At this point, it is necessary the participation of low-cost, 
low-power, small-sized, robust and portable devices, with processing and sending user-monitored information capabi- 
lities [5]. Thus, it is required a comprehensive envision of biomedical embedded software that addresses engineering 
challenges like iterative development, proper verification, and management of the safety and risks associated. 

Software portability is a good sample, as it encompasses many of the requirements described since the very early stages of 
Computer Science. A precise definition of the concept can be found in the standard ISO SQUARE 25010 [6], where it is 
defined as the “ease with which a system or component can be transferred in an efficient and effective way from one 
hardware, software or operation environment to another” (sic). This main feature is in turn divided in the following 
sub-characteristics: adaptability, capacity to be installed and capacity to be replaced. Ref. [7] remarks that portability is the 
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key issue for cost reduction and sustainable development, which is a vital requirement in any engineering area [8]. Among 
these areas, the upcoming paradigms of mHealth [9] have shown the importance of software portability. A common 
approach described in Ref. [10] addresses the rapidly development of Smartphone and in general the touch-pad market, 
where it must be highlighted the explosion of the Android mobile operating system. Although, for certain applications, this 
approach may demand too much resources that may not be needed [11]. In addition, current context of economic and 
environmental awareness demands that the development of technologies walks in hand with their re-use. Therefore, there 
is an inevitable tradeoff to be tackled between pursuing global embedded software portability, and dealing with 
sustainable requirements, as it may be the case for the multiple mHealth applications [12]. However, it must be noticed that 
software portability in healthcare, as well as in other industrial contexts with strict privacy rules, must address issues like 
certification that difficult its exportation into different platforms without running a separated certification project.  

Other important issues to tackle when developing MD software, either portable or not, are safety and risks associated 
whilst assuring the best Quality of Service (QoS) of communications. In this context, there are different standards and 
procedures that define a general iterative framework to guide the developers. In a first place, ISO 14971 [13] establishes the 
requirements for risk management in order to determine the safety of a MD by the manufacturer during the product life 
cycle. In a second place, ISO 13485 [14] includes the requirements for a comprehensive management system to design and 
manufacture MDs. Finally, due to the lack of specific standards for MDs, the IEC 62304 [15] initiative emerges as an 
integration effort so as to define requirements for the whole life cycle of medical embedded software: from the first stages 
of design to the final tests and verifications. Besides, IEC 62304 defines specific requirements to identify factors that may 
contribute to additional risks for the user derived from MD software, like the ones that may appear when porting to 
different platforms.  

Nevertheless, despite the novelty of these efforts and to the best of authors’ knowledge, there is a lack of studies in the 
scientific literature or the industry on how to take advantage of current procedures so as to address affordable mHealth 
solutions. In the meantime, vendors and manufacturers [16] are progressively paving the way to the optimization of 
software development through the adoption of these standards and the use of iterative processes and methodologies, 
although there is still room for improvement, for instance in terms of usability for software developers [17]. In fact, 
embedded mHealth systems are characterized by very strict operating conditions, which refer to runtimes that allow 
real-time responses in order to provide an advanced monitoring. Besides, the limited resources in terms of memory and 
processing of embedded systems are added, which require the optimization of applications through real-time Embedded 
Operating Systems (EOS) [7]. Hence, it is essential the knowledge for co-development at hardware (HW) and software 
(SW) levels. At this point, C programming language arises has a reference tool for the co-development, like in  
Ref. [9, 18], where code is compliant with ANSI C standard, and open-source libraries are used to minimize portability 
issues. 

Thus, the main contribution of this paper is to share with the scientific community the lessons learned from the 
development of a specific mHealth system able to detect human falls, called FDS, which involves the challenges 
described. This paper is not intended to be a comprehensive guide for embedded software developers, but instead it details 
some important and useful insights about the methodological issues that may arise when developing affordable embedded 
biomedical software, regarding current state-of-art of mHealth standards and technologies. The manuscript is organized as 
follows: Section II defines the methodological approach adopted, as well as the methods and materials employed; Section 
III analyzes the main results obtained for the embedded software performance, and its development viability considering 
sustainable technologies; Finally, Section IV provides some discussion and concluding remarks. 

2 Methods and materials 

2.1 Fall detection system 
The Fall Detection System (FDS) is defined by a BSN that consists of a single intelligent accelerometer unit (IAU), among 
other smart sensors, which is placed in the lumbar region of the monitored subject, and a personal server (PSE) [19]. The 
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Table 2. Comparative analysis of features of the fall detection algorithm embedded in different platforms  

Platform Average NoteBook Smart TV BOX Embedded Board PSE 

SoC/Core 
Intel Core2 Duo/Dell 
Precision M4400 

ALLWINER A107/ARM 
CORTEX A8 

PIC32MX440F256 / 
MIPS M4k 

TMS320 C6727 / 
C6000 

OS Windows XP Android 4.1 Custom DSP/BIOS 
Clock 2.53GHz 1.2GHz 80MHz 300MHz 
Compiler Bloodshed Dev-C++ JNI-NDK GCC 4.6 GCC 4.3 CCS4 
Deadline 31 ms 10 ms 11.2 s 92.85 ms 
Memory  69 Kb 13,1 KB 126,12 KB 67KB 
BOM  $443-$762  $65* $7** $45 

* BOM, which refers to bill of materials, does not include a graphical user interface; ** BOM includes only the SoC and the clock 

Then, the real-time performance of the embedded processing module has been estimated using the Real-Time Analysis 
tools of CCS. For this purpose, the event log of CCS was used to assess the expected results from the input data. As a 
result, the software modules required for fall detection require 27854944 CPU cycles to complete its execution, which 
corresponds to 92.85 ms at the DSP clock frequency (300 MHz), as shown in Table 2. The difference in the time deadline 
of the algorithm that is executed on a Notebook compared with the PSE is mainly due to the more limited processing and 
RAM memory resources of the embedded system. Nevertheless, the development process followed has allowed ensuring 
that the deadline of the fall detection algorithm, and in particular for the PSE, is within the a-priori set goals, which 
corresponds to a soft real-time embedded system. The exception is the results obtained for the Embedded Board, due to a 
lower frequency clock from a not-floating point processor (PIC32). Finally, the 67 KB binary file obtained represents an 
occupancy rate of 6.64% of a standard 1MB flash memory, like the PSE memory, thus having a 93.36% available for other 
processing modules hosted in the PSE. 

3.4.2 Test-bed evaluation 
Once the correct performance of the algorithm was successfully evaluated in the previous sub-section, the test-bed 
validation was performed through several sets of experiments. These were developed on thin mats under control in our lab 
facilities (indoor) and the surrounding area (outdoors) by 31 young and healthy males and females with ages of 28±4 years, 
weights of 72±14 kg, and heights of 174±8 cm. The aim of these experiments was, in a first place, to confirm the feasibility 
of alarm transmission and management with robust technologies like Zigbee or GSM/GPRS (see Figure 6). 

The PSE, after discriminating impacts sent by the IAU carried by the user, reports potential fall events to the service 
provider through alarm SMS. To this end, it uses a commercial GSM/GPRS module in order to validate the 
communications in an outdoor scenario, where the majority of FDS alternatives cannot operate. However, for the final 
design of the PSE and in order to reduce to the limit the costs of its BOM, shown in the last row of Table 2, an embedded 
mobile transceiver and antenna must be used instead of the module. This way, and to the best of authors’ knowledge, the 
PSE provides the most optimal and cost-efficient solution for the case of use of human fall detection. Moreover, the costs 
of the PSE are even lower compared to other portable options to be used in an outdoor scenario, like a Nexus One 
Smartphone [30]. Finally, the latency of communications was calculated for the Zigbee data-link in order to assess system 
QoS for the saturated ISM band. For this purpose, the physical layer of the IEEE 802.15.4 standard has been evaluated 
considering the continuous transmission of data sets from the IAU grouped in frames of 500 ms. Then, the time delay for 
up to 5 (32 ms), 10 (65 ms) and 15 (77 ms) simultaneous smart sensors attached to the same PSE has been estimated, 
assuming a worst case scenario of 14% transmission error rate of frames. The results obtained are in all cases lower than 1 
second, even adding the processing time delay of the PSE (see “Deadline’” row in Table 2), and considering that just a 
single IAU is needed for fall detection. Thus, the results obtained meet the up-front design requirements defined in Section 
3.A. A deeper analysis of the communication protocol falls out from the scope of this paper [31]. 
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feasibility of the FDS and the PSE with current and low-cost technologies, for a critical operation like fall detection. QoS 
metrics have been used so as to analyze the performance of latency communications in the 2.4-GHz ISM band in a hostile 
communication channel. The results obtained fulfill by far the requirement of 1 second of latency, even considering a 14% 
of data frames lost. Consequently, the results meet the up-front design requirements for the FDS and strengthen the 
approach followed for the embedded medical software.  

This paper represents some of the challenges involved in the development of affordable mHealth solutions and how to 
tackle them with available tools and methodologies. Nevertheless, further research is needed, for instance to test the FDS 
in real-life scenarios with elderly participants, which is a current task of the authors to be detailed in future publications. 
Besides, it is needed to study how this sustainable development approach of MD may be addressed by healthcare industry 
with compliance of certification efforts. 
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