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Abstract 
Structural dynamic monitoring is a fundamental element for predictive maintenance of 
structures such as flexible risers, subject to harsh constraints during all their operating 
lifetime usually over 20 years. The curvature at the topside bend stiffener area is one of the 
main parameters to measure in order to reduce the uncertainty regarding the remaining 
service life due to fatigue of the structure. The collaboration between CEA and Technip 
resulted in a new solution with MEMS accelerometers, through a five years comprehensive 
development program, called Morphopipe and based on the pioneering works of shape 
capture developed for twelve years in CEA labs.  
The flexible riser equipped with the Morphopipe system allows the accurate estimate of the 
consumed service life that can then minimize loss of production and safety issues. This allows 
evolution from reactive or periodic to a pro-active condition based-maintenance. The 
produced data can also be used to increase the uptime of the riser and accelerate decision 
time through an effective diagnosis and support the life extension study. 
In this communication, the context, the technology, the algorithms and simulations for 
validation will be first summarized. In a second part, the industrial integration of the system 
at manufacturing stage of the flexible riser will be described. Finally, the added values of 
considering this monitoring system will be presented, including potential associated services. 

Keywords: Lifetime Management, Industrial Integration, Curvature Monitoring, Motion 
Capture, MEMS, accelerometers. 

 
1. INTRODUCTION 

Flexible risers are multi-layer structures designed to convoy oil and gas connected to offshore 
platforms. These structures are subject to harsh constraints during their whole operating 
lifetime, which is typically over 20 years. Their structural dynamic monitoring is therefore a 
fundamental issue for predictive maintenance. The curvature, principally at the bend stiffener 
area which is a critical zone (figure 1), is one of the main parameters to estimate in order to 
achieve such dynamic monitoring. The ability to detect one-time extreme events as well as to 
provide valuable data for cumulated fatigue re-assessment over time will improve safety and 
will potentially extend the lifetime of pipelines.. The collaboration between CEA and 
Technip resulted in a new solution with MEMS accelerometers, through a five years 

8th European Workshop On Structural Health Monitoring (EWSHM 2016), 5-8 July 2016, Spain, Bilbao

www.ndt.net/app.EWSHM2016
M

or
e 

in
fo

 a
bo

ut
 th

is
 a

rt
ic

le
: h

ttp
://

w
w

w
.n

dt
.n

et
/?

id
=

19
99

1



2 
 

comprehensive development program, called Morphopipe and based on the pioneering works 
of shape capture developed for twelve years in CEA labs [1,2]. A previous paper [3] detailed 
the concept via the description of the system and the associated algorithms. In this paper, we 
will focus on the integration concerns, and the potential services that will furnish to future 
consumers. 
 
This paper is organized as follows: in a first part, the system, the algorithms and the 
validation tests will be summarized. In a second stage, the integration of the nodes in an 
industrialization process issue will be described. In a last section, the added values of 
considering this monitoring system will be discussed in the field of Structural Health 
Monitoring and lifetime management. 
 

     
 
Figure 1: (Left) Representation of the Morphopipe system and concept. A critical zone of flexible risers is under 

the bend stiffener (green cone typically between 3 and 10m length). (Right) Contextualization of the 
Morphopipe system as the first MEMS-based monitoring system of flexible riser. 

 

2. GLOBAL DESCRIPTION, TECHNOLOGY AND METHODOLOGY 

Monitoring of a 3D curvature requires the deployment of a sensors network as the curvature 
is a space-time parameter, meaning that it depends on time and space. The estimation needs 
to be accurate, with a high resolution, and robust as this measurement is used for fatigue 
computation and alarms generation. In this way, a Morphopipe system is composed of chains 
of MEMS accelerometers fully embedded in a dedicated layer within the external annulus of 
flexible riser. These chains of sensors are all linked to a data acquisition unit, located at the 
control room, which centralizes data coming from the distributed sensors network. Stored 
data is then processed to provide an estimation of the three dimensional shape of the riser 
(curvature, torsion, deformed shape) continuously along the dynamic area of the riser.  
 
Due to the performances to achieve and the size limitations for an admissible integration, the 
sensors composing a Morphopipe system have been chosen by considering high performance 
1-axis MEMS accelerometers with a static resolution better than 0.3 mg, stable with respect 
to temperature, and with a time-drift sufficiently low to be acceptable for the application.  
The curvature of the flexible riser being defined as the curvature of its (virtual) central axis, 
we have to organise node sensors in rings along the flexible. Thus, several chains of sensors 
are placed on the flexible in such a way that the corresponding sensors on each chain are 
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disposed on the same section. The figure 2 is illustrating the principle. 
 

 
 
 
 
 
 
 
 

Figure 2: Schematization of the Morphopipe principle and architecture. (OXYZ) is a fixed reference axis system 
such that (OZ) is parallel to the gravity field g. By deploying at least two 1-axis MEMS sensors along the area 

of interest of a flexible riser, the system creates instrumented rings. The rings act as inclinometers measuring the 
tilt of the tangent with respect to the gravity field g at discrete times and at different points of the central axis. 

Regarding the methodology, the curvature estimation is based on three steps. Details are 
available in [3,4,5]. 

• The first step of the algorithm is the raw data calibration, time-filtering and auto-
detection of outliers. The time-filtering relies on applying a finite impulse response 
low pass filter with cutoff frequency 5 Hz. This reinforces the effect of the anti-
aliasing analog filter and eliminates frequencies due to potential ambient vibrations. 
Measurement calibration relies, for each node, on using parameters to convert the raw 
digital data into physical data expressed in g. The estimation of these parameters is 
computed for each node before the flexible onsite installation and this is a major step 
to be taken into account during the industrial process. Finally, our method detects 
abnormal data from sensors to automatically adapt confidence weighting and keep the 
best possible performance of the whole system. 

• The second step relies on estimating the (absolute) tilt and the (local) roll of all virtual 
rings generated by the chains of sensors. This step provides a sampling in time and 
space of the tilt function. It provides also an estimation of the associated Cramer-Rao 
lower bounds, which are related to the “confidence” of the estimated angles. The 
curvature is the space-derivative of the tilt function.  

• Thus, the last step relies on filtering in time and space, and by propagating Cramer-
Rao lower bounds, the estimated tilts. This space-time processing leads to an 
estimation of the curvature robust with respect to measurement noise, ambient 
vibrations noise and low dynamic (< 1 g). In the same way, estimated rolls provide an 
estimation of the directionality and the variation of torsion. 

The algorithm has been fully tested, both in numerical simulations and in experimental 
configurations (see Figure 3 for details of one experimental setup).  
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Figure 3: Picture of the experimental dynamic setup at Technip/Flexi-France site – The flexible is instrumented 

by 5 external rings of 2 nodes at the right end. The reconstructed flexible is superimposed with variational 
colours representing variations of curvature. Bottom Left: values of curvature along the instrumented section, 
compared to the radius of the davier (circular rigid structure on which the right hand end of flexible is laid). 

 

3. RISER DESIGN AND MANUFACTURE CHALLENGE 

3.1 Design of instrumented flexible riser 
 
Flexible riser design is very specific to each project requirements such as water depth, sea 
state, fluid chemical characteristic, pressure and temperature.  The typical core structure is 
based on a succession of unbonded layers [6] which each have their own objectives (fluid 
containment, resistance to mechanical tensile or pressure loading, protection from sea water 
ingress…) 
The instrumented layer design and industrial process have been defined in order to fit a large 
range of riser applications without interfering with the core structure of the riser. The 
Morphopipe layer is added externally during the riser manufacture and has a limited 
functionality (no leakproofness or key mechanical or chemical features), as per figure below. 
Therefore, the Morphopipe system can be implemented whatever the fluid chemical 
characteristic and pressure, typically from riser internal diameter of 4” and allowing storage 
in a reel or basket. 
The Morphopipe layer is composed of, as per figure 4: 
• moulded inserts made of polyurethane. this allows the precise positioning of sensors 

relative to the riser while the riser will behave with expected bending along its service 
life; A material already field proven in other subsea pipelines applications has been 
selected in order to optimize the qualification scope, 

• chains of wired encapsulated sensors. 
 
The relevant zone of measurement is located under the bend stiffener. It is a very dynamic 
zone, not accessible during service life, often located around the splash zone. This constraint 
led the design to an embedded solution as a dedicated layer in full compliance with riser 
design [7].  
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Figure 4: Schematization of the layout of a riser instrumented with the Morphopipe system. 

3.2 Industrial integration of the instrumented layer 
The Morphopipe layer assembly is performed manually, step by step, at the entry point for 
the manufacturing machine at Flexi-France. Then, standard processes are used to cover and 
protect it: 

• High strength tapes 
• Plastic sheathing  

 
Figures 5 to 7 describe the different steps of the process. 
 

  
Figure 5: Morphopipe layer manual assembly, during first prototype at Flexi-France. 
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Figure 6: High strength tapes and plastic sheathing on top of the Morphopipe layer. 

 

 
Figure 7: Functional test after current length manufacture. 

 

3.3 Monitoring hardware design and manufacture 
 
Studies regarding riser requirements have been done with data from different projects and 
geographical areas. One of the key results is the need for a very good resolution performance 
in order to properly measure the medium bending variation with a typical frequency of 10 Hz 
and low dynamic acceleration range (< 1g) linked to a large part of the cumulative riser 
damage. Therefore, a resolution of 10-3 m-1 should allow the monitoring of almost 100% of 
damage due to bending variation.  
 
The accelerometer MEMS sensor has been chosen and tested considering the following 
features performance: 

• Measurement (including resolution and long term drift) 
• Reliability 
• Track record in harsh environment 

 
In addition to the above constraints regarding integration within the riser annulus and 
measurement performance, it should be noted that the monitoring system shall allow the riser 
to operate subsea during 25 years (down to 50m water depth) at relatively high temperature 
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(up to 85°C peak) and storage at -2500m for a short period (corresponding to the pre-
installation of the riser laid on the seabed). 
Moreover, the system will be deployed in a potential explosive atmosphere on platforms of 
several world areas. So, there is a need for a European and international certifications ATEX 
and IECEx zone1.   
 
Therefore, electronic architecture and encapsulation have been specifically designed and 
delivered by Cybernetix, (Marseille, FRANCE) to fulfil these requirements. 
  

 
Figure 8: Simplified view of electronic prototype embedded within riser. 

 
Figure 9 is a qualitative comparison of the electronic components loading for different 
industries. It should be noted that two of the main challenges are the potential deep water 
immersion (for storage and short term only) and the relatively high temperature (85°C max 
peak). The temperature impact on ageing will be reduced somehow as the system will be 
continuously operating (no “on”/”off” phases) and environment temperature will be steady 
(riser is largely operating with high thermal inertia). 
 

 
 

Figure 9: Simplified diagram of loading challenge for electronic for different industries 

 



8 
 

As the embedded part of the monitoring system cannot be maintained or replaced, a strong 
focus has been set on reliability from the very beginning of the development project. The 
individual electronic cards have been designed to have a small failure probability rate. 
Furthermore a strong redundancy in the system has been introduced. As a consequence, the 
accurate prediction of the curvature can be obtained with only part of the sensors.  Thus a 
standard configuration for a 3 meters stiffener is equipped with 45 measurement points for a 
minimum of 12 measurement points. 
The Mean Time Before Failure (MTBF) of the embedded electronic card has been assessed 
by Third Party through FIDES 2009 [8] Guide methodology.  This is used as input for a 
default tree methodology, as recommended by the DNV RP A203 [9]. Then, an acceptable 
failure rate of 1% after 25 years has been shown considering the minimum acceptable 
measurement point configuration. 
 
The calibration process has been defined to require only few modification of riser 
manufacture process and handling at factory. The physical measured parameter is the angle 
versus gravity (vertical) and the main algorithm assumption is to know the as-built relative 
angle between each measurement point. 
Three main steps have been defined to get the calibration parameters: 

• Simulated calibration, via the theoretical and as-built geometrical information 
• Calibration of the instrumented layer (inserts with sensors) on a rigid pipe sample at 

Cybernetix factory, through different angle and rotation loadings 
• Verification of the proper mounting of the system at riser factory, through functional 

tests, relative angle check and curvature measurements when the riser is bent on its 
reel. 

 
Finally, sensitivity studies have been performed considering the impact of the loss of sensors 
and long term drift on measurement to bring confidence and avoid very complex periodic 
calibrations on-site.  
 

3.4 Monitoring software development 
The data acquisition unit and supervision software has been specifically developed based on 
CyXense® from Cybernetix. It allows: 

• The supervision of the electronic cards (power supply, communication) for up to ten 
risers at the same time 

• Administration and logs (user accounts, health check, historical logs) 
• Display of data (maximum, direction, profile, localisation) and alerts 
• Possibility for standard communication protocol to other system (Modbus) 
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Figure 10: Screenshots of the monitoring software 

 

4. ASSIOCIATED SERVICES 

 
Riser integrity management using the data provided by the monitoring system can be 
performed at different levels. As a first indicator, the system will compare the actual 
curvature and angle versus the expected envelop. This will validate the expected and safe 
riser behaviour and alert the operator if required. 
The data from Morphopipe can be combined with other data from monitoring systems or 
inspections to give more refined indication on the status of the flexible riser. Specifically, 
Morphopipe has been designed to allow accurate re-assessment of the fatigue of the flexible 
pipe. The calculated life span of the riser can thus be updated thanks to the data gathered. 
Through FORSYS Subsea, the integrated and exclusive alliance between FMC Technologies 
and TECHNIP, Morphopipe data will act as an additional enabler of pro-active condition-
based maintenance so as to increase uptime and accelerate decision time. 
 
5. CONCLUSIONS 
 
This development has emphasized the extremely high level of quality of data collected and 
integration challenge needed to produce valuable integrity information regarding dynamic 
area. High-end sensors and algorithm combined to flexible expertise in design, manufacture 
and behaviour knowledge offer new path to riser surveillance and possibility to extend their 
lifetime with confidence. 
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