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Abstract 
There is an accelerating need for ocean sensing where autonomous vehicles can play a key 
role in assisting engineers, researcher and scientists with environmental monitoring and 
colleting oceanographic data.  
 
This thesis is performed in collaboration with a research group at The Royal Institute of 
Technology that currently develops an autonomous sailboat to be used as a sensor carrying 
platform for autonomous data acquisition in the Baltic Sea. This type of vehicle has potentials 
to be a helpful and cheaper alternative to a commercial research vessel.  
 
The thesis presents the design, construction and experimental testing of a rigid free-rotating 
wing sail for this autonomous sailboat. The goal is to design a rig that can sustain under all 
occurring weather conditions in the Baltic sea while ensuring sailing performance, robustness, 
reliability and low power consumption, which are key aspects driving the design. 
 
The rig is designed through the utilization of analysis and design methods involving a Vortex 
Lattice Method combined with a Velocity Prediction Program in order to achieve best 
possible aerodynamic performance with respect to the application requirements. The rig is 
manufactured as a sandwich structure with a light core material, reinforced with fiberglass 
and laminated using advanced resin technology. The main challenges in the development 
process are structural arrangement, rigidity and weight as well as integration of subsystems 
and achieving overall robustness. 
 
Initial experimental testing, sailing under radio control, has been performed showing 
promising results. The vehicle was operated under moderate weather conditions, 8 – 10 m/s 
NE winds, at Baggensfjärden, Sweden, where expected behaviour, wing structure rigidity, 
boat speed and manoeuvrability was successfully demonstrated. Future challenges are now to 
further develop navigational control and guidance strategy, pushing the technology front 
forward in autonomous sailing.  
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1. Introduction 
The marine and water environment in the Baltic Sea are facing problems such as 
eutrophication, acidification and oxygen deficiency. The need is growing for ocean sensing 
for the benefit of marine safety, environmental monitoring and climate research. An 
unmanned autonomous vehicle that can assist surveying the Baltic sea by acquiring long-term 
placed bound measurements, reporting pollution, hydrographic and meteorological data etc. 
could be a helpful and cheap alternative to a commercial research vessel.  
 
A group of researchers at The Royal Institute of Technology are now developing an 
autonomous sailboat, which is going to be used as an experimental platform for autonomous 
data acquisition in the Baltic sea. The application drives requirements on the vehicle, where it 
needs to have robustness, reliability and be energy efficient in order to survive unassisted. The 
goal is to develop a vehicle that can survive in any occurring weather condition, all year 
around under ice free conditions. The autonomous sailboat needs a robust and reliable wind 
propulsion system. This thesis describes the design, manufacturing and testing of such a 
propulsion system, namely a free-rotating wing sail, for this autonomous sailboat.  
 
Utilization of wing sails in autonomous sailing has been an object for research in the field of 
maritime robotics for over 15 years. Several attempts to develop such systems has been done 
for instance by (Elkaim, 2001) and (Neal & Sauze, 2008). Recently, also a vehicle called 
“Sail drone” has been launched (Jenkins, Meinig, Lawrence-Slavas, & Tabisola, 2015). The 
research in the field shows that wing sails have good aerodynamic performance, good control 
capabilities and precision as well as low power consumption (Elkaim, 2001), (Neal & Sauze, 
2008). However, difficulties in designing wing sails for autonomous sailboats has been 
identified, such as the complexity of constructing a lightweight and robust wing as well as the 
high cost involved in manufacturing process.  
 
In this work, results are presented showing that it is possible to design and manufacture a 
robust and reliable wing sail at low cost using state of the art analysis methods combined with 
knowledge from a wide range of engineering fields such as aero- and hydromechanics, 
lightweight structures and robotics.  
 
1.1 Maribot Vane: Sailboat for autonomous offshore environmental monitoring 
The rig is designed as a part of a research project in autonomous sailing at KTH Maritime 
robotics laboratory where an autonomous sailboat, Maribot Vane, is being developed. The 
overall goal of the project is to develop a sailing robotic platform for cost-effective long-term 
environmental monitoring. The project has a connection to other ongoing projects at KTH 
such as development of vehicles for hydrographic survey in shallow waters and research in 
underwater robotics. An interesting application are multi-agent missions involving several 
autonomous surface vehicles that are co-operating, Maribot Vane could be a node in such a 
network. Co-operating vehicles could be used in fish tracking missions, sniffing of possible 
emissions or meteorological data acquisition. Maribot vane is being designed with space for 
various payloads, where measurement equipment such as weather sensors, sonars etc. can 
easily be mounted in the hull depending on the mission. The overall requirements suggest that 
the vehicle   
 

•! Shall be robust enough to operate and survive unassisted on the Baltic sea in any ice-
free condition. 

!! Autonomously adapts behaviour to the weather conditions 
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!! Can carry a variety of payload sensors. 
!! Can harvest energy for electronics from wave- and/or solar energy enough to be self-

sustained any time of the year in the Baltic sea. 
!! Is controllable using RF (or similar) from a tender boat of up to ≈1km distance and 

have satellite based communication (low bandwidth) from/to any location on earth at 
any time. 

!! Is around 4m long and displace about 300 kg and be transportable using a car with 
standard carriage. 

 
One of the main features of Maribot Vane is the rigid free-rotating rig system, developed in 
this thesis, which is used for propulsion of the vehicle. The rig is self-stabilizing, free to rotate 
360 degrees and can adjust the angle to the wind automatically using a single actuator where 
no sheets or halyards are needed, which differs substantially from a conventional sailboat. 
The use of a tail control surface controlling the rig, as seen in Figure 1 below, gives benefits 
when it comes to control precision, robustness and low power consumption, which is 
advantageous in long-term operations at sea. The general specifications of Maribot Vane are 
presented in Figure 1 below.  
 

 

 

 

General specifications 
length over all  
width  
depth 
height above waterline 
displacement 
material 

4.2 m 
0.8 m 
1.0 m 
4.0 m 
280 kg 
GRP 

 
Rig: free-rotating wing sail 
span 
area 
weight 
material 
control 

 
 
3.5 m 
3.0 m2 
25 kg 
GRP, PVC core 
linear actuator 

Figure 1 : Maribot Vane general specifications 
 
Future development involves a mechanical feedback of the relative angle between the rig and 
the boat rudder which can be used for self-steering, a so called passive wind rudder. In this 
system the rig is self-stabilizing and the rotation of the wing is coupled to the boat rudder to 
keep a constant course. The goal is to at some extent sail the boat without any power 
consumption, only when the boat is exposed to a disturbance, the wing actuator is activated to 
restore stability to the boat. Reefing the wing can be done by setting a zero deflection on the 
tail control surface allowing the wing to “wind vane”, which is an effective way for the 
vehicle to be position bound and sustain under rough conditions at sea. In the following 
sections, the design, manufacturing and testing of the free-rotating wing sail for Maribot vane 
is presented. As mentioned above, the work is a part of an ongoing research project and all 
solutions are not completely finalized, fine tuning and customization of some parts are up to 
this date still under development. 
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2.!Analysis and design 
!
2.1 Introduction to sailboat mechanics 
The sailboat is a mechanical system that interacts with two flow fields, air and water, where 
the relative motion of the boat to the different fluids generate aerodynamic respectively 
hydrodynamic forces. A principal view of the forces acting on a sailboat can be seen in Figure 
2. Simplified, it can be said that the aerodynamic force is used to generate thrust and the hull 
and appendages keeps the boat on the right course when sailing.  In steady motion, it is 
required that the aerodynamic and hydrodynamic forces acting on the vessel are in static 
equilibrium, which means that they are equally large and have opposite direction, at any given 
time. Figure 2 shows a sailboat without any heeling angle, thus all forces are acting in the 
horizontal plane. The rig is a rigid sail (wing) equipped with a flap. In the figure, the wing is 
angled to the apparent wind VA at an angle of attack ! which generates an aerodynamic force 
FA. For static equilibrium, this force needs to be balanced by the hydrodynamic force FH, 
equal in size but in opposite direction.  
 

   
Figure 2: Sailboat mechanics for an unhealed boat 

The aerodynamic force is acting in the aerodynamic centre of pressure, CP, and has both a 
sideway force component FAy and a forward thrust component FAx with reference to the boat-
fixed XY reference system. Moreover, these two force components need to be balanced by the 
corresponding hydrodynamic side force FHy and the resistance FHx which are acting in the 
centre of lateral resistance, CLR according to Figure 2. In order to generate the hydrodynamic 
side force, the hull needs to have velocity relative to the water and an angle of attack, the 
leeway angle " relative to the water flow field. The rudder of the boat is used to generate side 
force (to trim) with the aim of controlling the longitudinal position of CLR to match the 
longitudinal position of CP to cancel out all yaw moments and hence ensuring moment 
equilibrium around the z-axis. 
 
The rigging configuration shown in Figure 2 is somewhat unconventional in the sense that it 
is rigid, free rotating and controlled by a flap. As implied above, the aim of the rig (wing or 
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sail) is to generate a large force component in the boats direction of travel, which is typically 
close to the boats longitudinal direction. This can be regarded as the boats “motor”, the thrust. 
Typically, an effective rig is maximizing this thrust while keeping the side force component 
as low as possible. The rig proposed in this thesis, the rigid and free rotating rig, is chosen 
since it has a number of beneficial characteristics, e.g. being self-stabilizing, robust, control 
precision and allows for minimal power consumption.  
 
Now, consider the generic wing depicted in Figure 3, where the rig is affected by a steady 
state horizontal apparent wind, VA. The wing is free to rotate around the z-axis. The entire 
purpose of the wing is to generate an aerodynamic lift force perpendicular to the relative 
undisturbed flow field direction, Lw. The wing will also produce drag Dw as shown in the 
figure. 

  
 

Figure 3: A principal sketch of the forces acting on a slice in the XY-plane of the free-rotating wing, in Figure 2, mounted on 
an unhealed boat. The figure is a simplification of the reality, showing a 2D-perspective. 

!
The rig is equipped with a control surface, here denoted flap. Deflection of the flap # will 
generate a moment around the vertical axis and thus make the entire wing rotate to be angled 
to the flow field at an angle of attack !. The angle of attack is defined positive clockwise 
from the apparent wind direction. When the wing is angled to the flow field it re-directs the 
flow, which generates the lift component LW and the drag component DW acting through the 
aerodynamic centre of pressure CP. The aerodynamic centre of pressure is the point where the 
resultant vector of the lift and drag acts. Since the wing is free to rotate, the rig will do so until 
the moment equilibrium is reached around the pivot point. Thus, this will place the centre of 
pressure on the same vertical line as the rotation axis z, where the moment of the entire wing, 
MW, is zero. The function of the trim control surface is hence to generate a moment MR in 
order to rotate the rig to a certain angle of attack.  
 
Now, consider Maribot Vane propelling in a wind flow field as in Figure 4 below. The flap is 
deflected and holds it position so that the moment of the entire wing is zero. The angled wing 
generates a lift which contributes to the forward thrust. 
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Figure 4: Sketch of the lift forces acting on the rig. The picture is from the first experimental testing of Maribot Vane.  

 
The rig is self-stabilizing, meaning that it is resistant to external disturbances. When the wing 
is exposed to a disturbance, such as a change in wind angle, the flap should be able to give a 
large restoring moment to stabilize the wing so that it reaches equilibrium again. A change in 
wind direction will require deflection of the flap so that the rig can compensate for the 
disturbance. When the flap position is moved further away from the rotation axis, it will result 
in an increased lever arm providing more stability with respect to angle of attack. As 
mentioned above, a larger forward thrust is desired which drives requirements on the 
effectiveness of the lift generation. 
 
2.2 Rig requirements  
In order for the free-rotating rig to function as a wind propulsion system it has to meet a set of 
requirements. The moment around the rotation axis of the wing needs to be zero, otherwise it 
will rotate.  This state of equilibrium is defined as 
 
 $% = 0. (1) 

 
where MW is the moment of the entire wing. Furthermore, the flap (control surface) need to be 
able to provide stability to the wing. This requires that the flap is placed far back on the wing. 
A measure of stability for the wing, is the stability derivative ()*, which is the change in 
moment coefficient with respect to a change in angle of attack. As mentioned above, the 
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change in moment with respect to angle of attack needs to be less than zero to provide 
stability to the wing (opposite sign to a positive increase of angle of attack, according to 
Figure 2 above). This derivative requirement is defined as 
 
 +,-

+* < 0. (2) 

   
The wing also needs to be mass balanced, where the centre of gravity of the wing is placed in 
the centre of rotation so that pitch and roll acceleration does not affect the wing state of 
equilibrium in (1). The overall performance of the wing needs to be measured in a way that 
takes into account all phenomena involved in the interaction between the wing and its 
surroundings and how resistant the wing is to external disturbances. The objective is to 
develop a rig that can sustain under any occurring weather condition on the Baltic sea. The rig 
will be exposed to both aerodynamic loads and loads induced when the boat is propelled 
through a rough sea. A large lift coefficient CL is desired, generating lift that contributes to the 
thrust propelling the vehicle. However, maximizing the actual boat speed is not prominent in 
the application. Achieving robustness and reliability while having reasonable sailing 
performance is more significant. Therefore, all of the following requirements needs 
considered in the design process: 
 

1.! Moment: The moment around the axis of rotation needs to be zero at a desired angle 
of attack, according to (1). 
 

2.! Stability: The wing should be stable, defined in (2). A stability derivative much less 
than zero is preferred in order to have a large restoring moment. Any disturbance to 
the wing should be counteracted by the control surface and the wing should be able to 
reach equilibrium (1) again. This requires the control surface to be placed far back on 
the wing. 
 

3.! Mass balance: The wing should be mass balanced around the rotation axis. The centre 
of gravity should be on the same vertical line as the axis of rotation. The rig should 
have a mass distribution so that no roll or pitch accelerations changes the angle of 
attack.  An unbalanced rig may induce roll motion to the boat.  
 

4.! Aerodynamic centre of pressure:  The aerodynamic centre of pressure must be on the 
rotation axis. It is also desired to have the aerodynamic centre of pressure placed low, 
reducing the heeling moment of the boat. 
 

5.! Moment of inertia: A low moment of inertia Iz about the rotation axis is desired, 
contributes to reducing loads and allows for easy rotation etc. Considering weight, a 
light wing has the advantage of being easy to handle by users in terms of 
transportation, assembly and deployment. 

 
6.! Linear elasticity: The wing should have a structural rigidity so that no structural loads 

or fatigue causes plastic deformation. The wings should be able to sail on a single tack 
for a long time without reaching a deformation which will change the wing 
performance on the other tack. 

 
7.! Symmetrical wing: The wing should be symmetric over the zero lift line, providing the 

same lift on both positive and negative angle of attacks. This provide equally good 
sailing performance on both starboard and port tacks.  
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8.! Centre of Gravity: The centre of gravity should be on the same vertical line as the 

rotation axis and the centre of lateral resistance. A low positioned centre of gravity of 
the wing also contributes to a reduction of heeling moment.  

 
9.! Effective Control surface: The control surface needs to be effective in terms of lift 

generation to provide restoring moment to the wing. An actuator controlling the flap 
should be able to hold its position, keeping a constant deflection angle of the flap, 
while having a low power consumption contribution to an overall system energy 
efficiency.  

 
2.3 Analysis method 
In Appendix A, a simple sketch of the analysis strategy in the thesis is outlined. Designing a 
rig system taking into account the above requirements involves an investigation of the most 
important design parameters and their effect on the aerodynamic performance. In order to 
analyse the aerodynamics of the rig, it is first treated as an isolated model, separated from the 
rest of the sailboat. This is done through modelling using a Vortex Lattice Method (VLM). 
With the aid of VLM, a suitable shape of the rig can be determined. The rig model can then 
be analysed together with a numerical model of the hull using a Velocity Prediction Program 
(VPP). This program is used to assess the performance of the sailboat and from this, the size 
of the rig can be determined. The method for analysing and design the rig strongly involves 
iterative refinements.  
 
2.4 Vortex Lattice Method 
To assist the analysis and design of the rig, a modelling approach utilizing an in-house 
developed Vortex Lattice Method is performed, based on the work in (Helmstad & Larsson, 
2013). The VLM model is used to compute the aerodynamic loads on the wing. The rig is 
represented with vortex elements (line and ring vortices in three dimensional flow) and the 
flow field is simulated around the wing, according to (Helmstad & Larsson, 2013). The flow 
field is modelled as linear potential flow. In the model, a lift force is calculated based on the 
Kutta-Joukowskis theorem where a circulation in the velocity field will generate a force 
(multiplication of circulation, velocity and density of the fluid will give a force on the vortex). 
Parameters such as angle of attack and geometrical properties can be varied to investigate the 
aerodynamic performance of the rig. In the model, the moment equilibrium equation, is being 
solved by calculating the angle needed for the trim control surface to restore the moment of 
the wing to $% = 0. A representation of a rig configuration in VLM can be seen in Figure 5 
with the rotation axis marked as orange and the centre of aerodynamic pressure as red ball. 
Here, a lattice of 6 chordwise panels and 10 spanwise panels are used. The limitations of 
VLM is that it only considers induced drag, viscous drag is not accounted for. Furthermore, 
due to linearity, the model is limited to small angles of attack. The benefits with the VLM 
model is that geometrical parameters and flap configurations can easily be changed which 
also makes it easy to compare different rig configurations. The VLM model consist of a pre-
processor, a solver and a postprocessor. In the pre-processor, the geometry of the wing is 
defined along with environmental variables such as the speed of the flow field and air density 
etc. The geometry is then discretized into elements and a linear system of equation is set up 
for the circulation over the wing. By solving this linear system of equations, the vortex 
strengths can be determined and the flow field can be calculated which are needed to 
determine the aerodynamic forces. Then, the moment equilibrium equation for the wing is set 
up and the right flap deflection, placing the wing to Mw = 0, is found using an iterative solver. 
A fixed wake is applied according to (Helmstad & Larsson, 2013). An example of the rig 
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model geometry, built in the XZ-plane, can be seen in Figure 5 below.  

 
Figure 5: Rig model A has a main lifting surface and a tail control surface (flap). 

 
2.5 Parametrization 
Different rig configurations (or plan forms) are investigated, using VLM, through 
parametrization of the most important design parameters in order to see how they influence 
the aerodynamic performance. A presentation of the rig design parameters and their 
definitions are outlined in Appendix B. In Figure 6 below, four different rig configurations 
(A-D) with assumed different aerodynamic characteristics are introduced. The challenge is to 
determine a trade-off between design parameters such as rake, aspect ratio, taper, rotation axis 
position and the size and position flap etc. in order to achieve the best overall aerodynamic 
performance with respect to the described subjects stated in the section requirements on the 
rig above.  
 
Design parameters Effects on rig aerodynamic performance 

•! Rake 
•! Taper 
•! Aspect ratio 
•! Position of rotation axis 
•! Flap size 
•! Flap position 

•! Lift coefficient 
•! Drag coefficient 
•! Moment coefficient  
•! Stability derivative 
•! Flap deflection 
•! Position of centre of pressure  

 
In the established VLM model, rig models A-D, are scaled so that they have a span of 2 units. 
The flap is parametrized so that the size is set as a ratio to the main wing size. The height of 
the aerodynamic centre of pressure is expressed as a ratio to the wing span. The angle of 
attack of the sail is modelled in the range of 0 to 12 degrees, where the linear model is 
considered to be valid. The flow field is set to a velocity of 5 units (corresponding to 5 m/s). 
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Rig model A: “Standard aircraft” wing 

configuration 

 
Rig model B: Raked wing with integrated 

control surface 

 
Rig model C: Raked wing with translated 

integrated control surface 

 
Rig model D: Raked wing with centred 

integrated control surface  

Figure 6: Different rig configurations, A-D, analysed using VLM. The blue arrows are representing the lift on each panel. 
The red ball is the location of the aerodynamic centre of pressure.  

 
Rig A, in Figure 6 above, has a so called “standard aircraft configuration” with a main lifting 
surface and a flap separated from the wing (corresponding to an aircraft elevator). An initial 
geometrical property of the rig is set up from measuring two existing rig concepts, the 
Atlantis project (Elkaim, 2001) and the Sail Drone rig configuration (Jenkins, Meinig, 
Lawrence-Slavas, & Tabisola, 2015). These are already working concepts and can therefore 
be considered as geometrical references. Based on these two concepts, rig model A is initially 
built up with a b/c-ratio of 6 and a b’/c’-ratio of 5 in the VLM model. The distance to the 
flap’s trailing edge is set to the half the span length.  
 
The position of the flap can be varied to see the effect on the wing stability derivative, lift 
coefficient and flap deflection, where the results are presented in Figure 7 and Figure 8, 
below. The rotation axis is placed on 1/4 of the chord, the flap size is set to 12 % of the main 
wing, the taper ratio is set 1 (no taper) and the aspect ratio is set to 5. The moment equation is 
solved for a desired angle of attack of 10 degrees. The value of the stability derivative is, at a 
flap distance d equal to half the wing span (b/2), normalized to the dimensionless quantity 1.0 
(normalized dCm/d! = 1.0). In this modelling approach, this quantity is used as a reference 
value when comparing different rig configurations. A value larger than 1.0 (normalized 
dCm/d! > 1.0), corresponds to a large measure of stability compared to rig A (with a flap 
positioned at b/2). A stability derivative with a value less then 1.0 (normalized dCm/d! < 1.0) 
corresponds to a lower measure of stability.  
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Figure 7: Left: lift coefficient as a function of flap position (flap lever arm d). Right: Normalized stability derivative as a 
function of flap position. The stability derivative is increasing with an increased flap lever arm d, which provides more 
stability to the rig. 
 

 
Figure 8: Flap deflection as function of flap lever arm (flap 

position).  
  

From this model, with results presented in Figure 7 and Figure 8, the following can be 
concluded: 
 

•! Placing the flap further away from the wing (increasing the flap lever arm d) increases 
the stability of the wing.  

•! The position of the flap has a large effect on the overall lift generation close to the 
main wing. A flap closer than half of the wing span gives a reduction in lift while a 
flap positioned further away has a lower impact on the overall lift generation. A 
largely deflected flap have an effect on the overall flow field around the rig resulting 
in a reduction in the lift produced by the rig. 

•! The flap deflection is decreased with an increased distance.  
 

Now, the aspect ratio is varied from 1 to 12, the flap size from 5 % to 30 % of the main wing 
and the taper ratio is varied from 0.2 to 1.0 in other to see their effect on the lift coefficient, 
induced drag coefficient and height of centre of pressure, in Figure 9 - 11 below.  
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Figure 9: Left: Normalized stability derivative as a function of flap size. Right: Lift coefficient as a function of flap size. 

 

 
 

Figure 10: Lift and (induced) drag coefficient as a function of aspect ratio. 
 

  
Figure 11: Left: Height of aerodynamic centre of pressure in percentage of wing span as a function of aspect ratio. Right: 
Lift coefficient as a function of taper ratio. 
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Considering Figure 9, increasing the flap size has an effect on the lift coefficient and stability 
derivative. Increasing the flap size will result in reduced overall lift but an increased wing 
stability. The aspect ratio is one of the governing parameters related to the planform of the 
wing. It effects the aerodynamic centre of pressure, lift and induced drag coefficient: 
 

•! An increased aspect ratio result in increased lift. 
•! An increased aspect ratio increases the height of the centre of pressure. In Figure 11, it 

can be seen that the height is increased from 44 % to 48 % of the height of the wing 
span.   

•! An increased aspect ratio result in decreased induced drag 
 
The taper ratio is also a parameter related to the planform. In Figure 11, the aspect ratio is 
kept constant at 5 while taper is varied in the range from 0.2 – 1.0. In this model, the taper 
ratio has a low effect on the lift coefficient where a variation of approximately 2 % is present. 
Results also show that tapering the rig to /=0.5 will retain almost similar aerodynamic 
performance in terms of lift, induced drag and stability. This can be beneficial when it comes 
to structural design where a tapered rig could possibly lower the bending loads at the root of 
the wing, lowering centre of gravity and decrease tip deflection. Furthermore, it can be 
concluded that the taper ratio and aspect ratio has low effect on the stability derivative. 
 

  
Figure 12: Flap deflection as a function of rotation axis position as a percentage of the root chord. Right: Normalized 
stability derivative as a function of rotation axis position. 
 

  
Figure 13: Lift coefficient as a function of rotational axis 
position. Lift coefficient is increasing as the wing is 
approaching instability. 

Figure 14: The flap is kept at a constant distance when the 
position of rotational axis is varied on the wing. 
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The position of the rotation axis is another important design parameter. In Figure 12, the 
rotation axis position is varied from 0 – 100 % of the root chord. Placing the rotation axis far 
back on the chord will result in instability where the normalized stability derivative is 
changing sign in figure (rotational axis position of 50 %) and the flap deflection becomes 
large. The lift coefficient of the wing is increasing as the wing approaching instability. Here, 
the linearized model gives indications that a maximized stability derivative is achieved with a 
rotation axis placed at the leading edge. This is may be a consequence of the linear model and 
appears to be unreasonable comparing to previous work such as (Newman & Fekete, 1983). A 
more realistic position is somewhere between 20 % and 40 % of the chord in Figure 12, where 
the flap deflection is within the limit of the linear model.  

Another possible rig configuration/plan form is rig model B in Figure 15, which is equipped 
with a flap integrated to the wing. Rig B has potential of being robust, free from a flap 
separated from the wing, allowing for increased structural rigidity and clean design which is 
the main reason for investigating the aerodynamic performance here. Stability with respect to 
angle of attack is achieved by sweeping the wing, introducing a rake angle, which places the 
flap away from the rotation axis. The rake angle, 0, is defined as the positive clockwise 
sweep of the quarter of the mean aerodynamic chord in Figure 13 below.  

 

 

 

 
Figure 15: Left: Rig model B parameter definitions. Right: VLM model of rig B. 

The rig is set up in VLM with the same span and aspect ratio as rig model A (b = 2, AR = 5). 
A flap size ratio corresponding to 12 % of the main wing, as in rig model A will not be able to 
provide stability to the rig model B. The flap size is therefore increased to 20 %. An important 
aspect for this rig configuration is that when the rig is angled to the flow field, the deflection 
of the flap will result in a negative lift at the tip of the wing. The wing is also less effective 
generating lift when raked due to the fact that the local flow on the wing panels are different 
when they are sheared (translated) compared to a straight panel wing, which is shown in 
(Helmstad & Larsson, 2013). Increasing the rake angle will affect the lift coefficient and the 
stability derivative according to Figure 16 below.  
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Figure 16: Left: Lift coefficient as a function of rake angle. Right: Normalized stability derivative as a function rake angle. 
!
!

!
Figure 17: Rig B being raked in the VLM model. Aerodynamic centre of pressure is decreased. 

  
 Figure 18: Left: Normalized stability derivative as a function of rotation axis position. Right: Lift coefficient as a function of 
the rotation axis position.  

!
In Figure 16 it can be seen that the normalized stability derivative is much lower compared to 
rig model A.!Notably is also that rake affects the lift coefficient by decreasing it and when the 
wing is raked it affects the stability derivative by increasing it. According to this model set up, 
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a rake angle less than 22 degrees will result in an unstable wing. Moreover, it can also be 
concluded that moving the rotational axis further back on the wing reduces the stability 
derivative, as seen in Figure 18. Achieving the same stability derivative as rig model A 
requires a rake angle of over 35 degrees. The drawback of this is that the lift generation is 
largely decreased. In Figure 19 and Figure 20 below, the normalized stability derivative is 
equal to 1.0 when rig B is raked at an angle of 35 degrees. The lift coefficient and flap 
deflection is plotted as functions of angle of attack for comparison with rig model A. It can be 
concluded that the lift slope is significantly steeper for rig model A and the flap deflection 
solving the equilibrium equation is lower (rig A has a more effective flap).  
 

  
Figure 19: Lift slope comparison between rig A and rig B. 
Aspect ratio (AR=5), span (b=2) and normalized stability 
derivative (1.0) are equal for the models. 
 

Figure 20: The flap deflection solving the wing equilibrium is 
plotted against desired angle of attack. 
 

Two additional rig configurations (rig C and D in Figure 5) are modifications of rig B and 
their aerodynamic characteristics are analysed in VLM. Through trial and error configurations 
with optimal aerodynamic characterizes based on their planform are set up in VLM. In table 1 
below rig A-D design parameters are set up so that the different rig configurations are 
compared, where they have the equivalent aspect ratio and wing span.  
 

Table 1: Comparison of rig design parameter set up 
 Rig A  Rig B Rig C Rig D 
Span 2 2 2 2 
Rake angle 0 24 24 24 
Aspect ratio 5 5 5 5 
Taper ratio 1 0.4 0.4 1 
Flap size 12 % 20 % 20 % 20 % 
Rotation axis position 20 % 50 % 50 % 50 % 
Flap position b/2 integrated integrated integrated 

 
In Figure 21 below, lift and induced drag slopes and flap deflections are plotted as a function 
of angle of attack together with the corresponding normalized stability derivative for 
comparison.  
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a) 

 
b) 

 
c) 

 
 
d) 

Figure 21: Comparison between rig model A-D, a) lift coefficient as a function of angle of attack, b) drag coefficient as a 
function of angle of attack, c) flap deflection as a function of angle of attack, d) normalized stability derivative for rig A-D. 
 
From comparing the results, it can be concluded that no other rig configuration can reach the 
same measure of stability as rig model A. Rig model A also has the steepest lift slope and the 
lowest flap deflection needed to solve the moment equilibrium equation, although a steeper 
induced drag slope is present. Considering these results, it can be concluded that rig A has the 
overall better aerodynamic characteristics compared to the other rig configurations in this 
modelling approach.  
 
2.6 Conclusions 
Investigation on aerodynamic performance of a self-stabilizing rig has been performed using a 
VLM model. The analysis suggests that rig model A has the best aerodynamic characteristics 
with effective stabilizing capabilities and lift generation. The analysis show that the flap 
should be positioned far back on the wing in order to have low impact on the overall lift 
coefficient and provide a large restoring moment. The aspect ratio and taper ratio effects the 
lift and drag coefficient but has no significant effect on the stability derivative in the model. 
Aspect ratio and taper ratio can be used to increase or decrease the height of aerodynamic 
pressure. According to the analysis, all rig models could potentially work as wind propulsion 
in the application. Rig A is chosen as the concept to proceed on based on the following 
motivations:  
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•! most effective in generating lift e.g. steep lift slope, large overall lift coefficient 
•! stability  
•! low flap deflection 
•! large possibilities for adjustments such as: change position of flap, extend or shorten 

the wing, simpler flap actuation (no integrated flap in the wing structure) 
•! low risk for a first rig in a new generation of ASVs at KTH Maritime Robotics 

Laboratory (aircraft configuration that has been proven to work before)  
 
2.7 Rig plan form 
A plan form with good aerodynamic characteristics (large CL, stability derivative and low 
induced drag) for rig model A is developed through trial and error and considerations 
regarding the requirements on the rig and structural design. A moderate aspect ratio is chosen, 
although a larger aspect ratio will increase the aerodynamic performance, a slender wing is 
expected to have higher bending stresses for a given load and therefore requires tougher 
structural specifications. Hence, considering the application where robustness is the target, a 
moderate aspect ratio is to prefer. Instead of using a completely straight wing, a taper ratio is 
used, with an aim to improve overall structural rigidity, lowering the centre of gravity and 
bending loads at the root while still have acceptable aerodynamic performance. The aspect 
ratio is set to 5 and a taper ratio to 0.5. The most effective position of the rotational axis from 
solely studying the VLM model is not possible. However, some indications on the position is 
given where an axis placed in front of 50 % of the chord is required for stability and flap 
deflection within the limitation of the linear model. A symmetrical aerodynamic profile has 
according to the rule of thumb the aerodynamic centre of pressure placed at ¼ of the chord 
and the rotation axis is therefore placed there. The flap size is set to 10 % of the main wing 
size and placed at a distance d=b/2. In Figure 22 below, the lift and induce drag slopes are 
plotted as a function of angle of attack. The range of the angle of attack is set to a maximum 
of 12 degrees, where the linear model is considered valid. An angle of attack above this value 
will most likely start to stall the wing. 
 

  
Figure 22:Aerodynamic characteristics of the final rig model. 
Lift and induced drag coefficient as a function of angle of 
attack. 

Figure 23: Plan form of the rig in VLM. 
 

 
The aerodynamic centre of pressure marked with a red ball in Figure 23 is located at a height 
of 42 % of the wing span. The established rig model can now be scaled so that it can generate 
the required lift force, thrust to propel Maribot Vane. The rig model attained from VLM 
consists of the aerodynamic characteristics: CL, CD and CP as a function of angle of attack 
and the wing area, which can be loaded to the velocity prediction program. 
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2.8 Hull model 
An aerodynamic model is established and the next step is to analyse Maribot Vane as a 
complete mechanical system, consisting of rig and hull, which requires that a numerical 
model of the hull is created and introduced to the analysis. The hull used in the project is a 
mono hull from a 2.4mR sailboat, Appendix C.1. The main particulars of the hull are outlined 
in Appendix C.2. In order to create a computer model of the boat, the hull particulars, centre 
of gravity and weight is determined according to the procedure in Appendix C.1. Combining 
this with the hull lines drawing in Appendix C.3 a model of the hull is established. The hull 
model, together with the rig model is then loaded to the velocity prediction program for 
performance analysis, described in the section Velocity Prediction Program below. A CAD-
model of the hull is also created based on the hull lines drawing, Appendix C.4.  
 
2.9 Velocity Prediction Program 
A MATLAB based velocity prediction program developed at KTH is used to predict the 
sailing performance of Maribot Vane. A short introduction to the theory behind VPP can for 
example be acquired from (ORC world leader in rating technology, 2013). The VPP results 
are presented as performance diagrams that states the optimal velocity as function of 
designated environmental parameters (true wind speed etc.) at best possible trimming. The 
VPP handles constant sailing conditions where the state variables are boat speed and leeway 
angle.  In this application, maximizing boat speed is not desired, the challenge here is to 
determine the size of the rig so that the vehicle will have an acceptable sailing performance 
while ensuring robustness. The VPP is an effective design tool here since it can generate rapid 
and precise results on how the vehicle will perform with different rig sizes/configurations.   

Firstly, a rig model of the standard rig for the 2.4mR is created, which is used as a reference 
for comparing performance with the free-rotation wing sail. The 2.4mR rig model has a main 
sail and a jib with a total sail area of 7.5 m2. The results from a velocity prediction simulation 
for true wind speeds, TWS, in the range of 2 to 6 m/s, with an increment of 1 m/s can be seen 
in Figure 25 below.   

 

 

Figure 24: 2.4mR rig model with main sail and jib, total sail 
area of 7.5 m2 

Figure 25: VPP result modelling the “classic” 2.4mR. Here, 
the maximum speed Vs = 5.6, at TWS = 6 m/s and H = 10 
degrees can be achieved 70 degrees off the wind. 
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From the VLM simulations in the section above, the rig model of the free-rotating wing sail is 
acquired. This model basically consists of the lift and drag coefficients as a function of angle 
of attack, height of centre of pressure and the area of the wing. This is imported to the VPP 
along with the hull model. The VLM model only give the aerodynamic characteristics based 
on the shape of rig (aspect ratio, taper, “span-to-chord ratio” etc.) and is independent of the 
size of the rig. The rig is therefore scaled by increasing the span of the wing in order to see 
what kind of performance can be achieved. 
 

 
 

Figure 26: Alternative 1 suggest a wing span of b = 4.5 and 
AR = 5. Comparison between the 2.4mR rig configuration and 
the free rotation wing sail.  

Figure 27: Alternative 2 suggest a wing span of b = 3.5 
and AR = 5. Comparison between the 2.4mR rig 
configuration and the free rotation wing sail.  

It can be concluded that a rig with a wing span of over 6 meter is required to generate similar 
sailing performance as 2.4mR rig model. Achieving that kind of performance is not desired in 
this application. A rig with a wing span over 6 meter has several drawbacks such as 
difficulties to handle in terms of transportation and launching, weight, rigidity, manufacturing 
etc. Reducing the size is necessary to guarantee overall robustness.  
 
In Figure 26 and Figure 27 above, performance diagrams (polar charts) of the free rotating 
wing sail with wing span b varied from 3.5 – 4.5 m (all other geometrical parameters kept 
constant) are compared to the performance of the 2.4mR rig. The performance characteristics 
in Figure 26-27 for the free-rotating wing sail is interesting since the wing will always be 
trimmed at the largest angle of attack, 12 degrees to the apparent wind to generate maximum 
lift. The speed of the Maribot vane will be largely reduced when going deep off the wind as 
seen in the figures. Knowledge regarding the performance is of great importance when design 
the guidance and control strategy for the vehicle.  
 
!
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Figure 28: Rig model with span 4.5 m and total area of 4 m. 
 

Figure 29: Comparison between wing span 4.5 m (green) 
and wing span 3.5 m (blue). True wind speed is in the 
range of 2 - 6 m/s with an increment of 2 m/s. 
 

In Figure 26-27 it can be seen that the velocity generated with the free-rotating wing is largely 
reduced compared to the 2.4mR rig model. This is however acceptable in this application. 
Considering the performance diagram in Figure 29, it can be concluded that the overall 
performance between a wing span of 4.5 and 3.5 m is reduced by approximately 18 % which 
is corresponding to a size reduction of approximately 22 %. The benefits with a smaller rig is 
that it is easier to manufacture (space in the laboratory), reduced weight and easier handling, 
lower centre of gravity and reduced heeling angle which can contribute to increased 
robustness of the system. The drawback is reduced sailing speed, especially in low wind 
speeds where it is likely that the boat gets stuck. At large wind speeds, such as a violent storm 
in the Baltic sea, one can expect that a larger wing would be more sensitive. The trade-off 
here, regarding the size of the wing, is definitely an interesting design challenge. Also 
understanding what the rig needs to be optimized for: waves, resistance to high wind speeds, 
sailing capabilities in low wind speeds etc. is hard to model with a computer and needs to be 
experimentally tested in field and evaluated.  
 
2.10 Rig size and performance diagram 
As a first experimental platform, a rig with a span of 3.5 meter is chosen because of the 
acceptable sailing performance, possibility to lower weight and centre of gravity, robustness, 
available space in the laboratory (easier handling), easier transportation and deployment. The 
chosen rig configuration, will have the possibility of extending (or reducing) the span length 
at a later stage, depending on the results from experimental testing in field.  A wing span of 
3.5 meter (with AR=5 and taper= 0.5) give a total wing area of 3.0 m2 and sets the root chord 
to 0.9 m and tip chord to 0.45 m. 
!
In Figure 30 below, the performance diagram for a suggested rig with a span of 3.5 m is 
displayed together with table data for true wind speed of 5 m/s. One of the most characteristic 
features for the free-rotating wing sail is the negative heeling angle that occurs at angles over 
120 degrees off the wind. The modelling is done up to 10 m/s where the autonomous sailboat 
is assumed to be able to sail with maximum angle of attack to the apparent wind (12 degrees) 
above this wind speed, the system might not want to take out full angle of attack because of 
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increased heeling angle and aerodynamic loads. The maximum sailable wind speed will have 
to be determined experimentally. Data regarding the final dimensions and geometry of the rig 
can be found under rig data further below. 
!

  
Figure 30: Polar chart for the wing with b= 3.5 m , Stot = 3.0 
m2, cr =0.9 m and ct = 0.45 m.  

Figure 31: Maribot vane performance prediction at a true 
wind speed of  5 m/s. 

 
When testing the system one can expect to achieve similar performance as presented in Figure 
30 and 31. The evaluation of the performance diagram corresponding to real measured data is 
beyond the scope of this thesis but will be performed later in the Maribot Vane project.  
!
2.11 Flap design 
The flap is used to control the angle of attack of the rig. When the flap is deflected it should a) 
effectively generate a moment so that the rig is rotated to a desired angle of attack and b) hold 
its position without any power consumption. Only when a disturbance is present (a change in 
angle of attack), the flap should be deflected again to compensate. In ideal conditions where 
no disturbances are effecting the rig, the flap should hold a constant deflection. The force 
needed to deflect the flap drives requirements on the actuator that shall control the flap. The 
general requirements on the flap are 
 
•! Capability to control the angle of attack of the rig (Provide enough lift so that the wing 

is rotated to the desired angle of attack) 
•! Actuator attachment/connection 
•! Attachment to the main wing 
•! Low weight (low impact on the overall mass balance/stability) 
•! Variable flap lever arm d (adjustment capabilities for experimental testing of optimal 

flap position) 
 
According to the VLM model, using a flap with an area of 10 % of the main wing and a flap 
lever arm (b/2), the required flap deflection needed to solve the equilibrium equation in order 
to achieve an angle of attack of 12 degrees, is ~3.0 degrees. In Figure 32 the lift force on the 
flap is plotted as a function of the wind speed. Placing the flap closer to the wing increases the 
flap deflection needed to rotate the wing to desired angle of attack, requiring more actuation 
force and the opposite occurs placing the flap further back. Initially a flap with an aspect ratio 
of 5 is chosen (without taper), dimensions c’=0.25 and b’=1.2 m (area = 0.33 m2). The chosen 
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rig configuration allows for a possibility to change the size of the flap at a later stage if 
necessary, but according to the model the chosen flap size and geometry will work.    
 
 

 
 

Figure 32: Flap lift as a function of wind speed required to rotate 
the rig to the desired angle of attack (12 degrees to the apparent 
wind) 
 

Figure 33: Final VLM mode of the rig with a span of 
3.5 m. 
 

2.12 Wing profile  
In the VLM model the wing is modelled as a panel without thickness. However, aerodynamic 
performance can further be improved by designing a wing with an aerodynamic profile. The 
profile should be symmetric, have good aerodynamic capabilities at low Reynold numbers 
and have a thick shape so that it allows for smooth movements when the wing is rotated. A 
thick profile will add on to the weight but will also contribute with a larger area moment of 
inertia improving the structural rigidity of the rig. A thick profile also allows for housing of 
cables, attachment points, sensor compartments etc. Numerous of research regarding 
aerodynamic profiles has been carried out over the years, which is why this thesis not 
involves such investigation. A NACA0018 profile, Figure 34 below, is chosen because of its 
distinguished functionality, good aerodynamic performance at low Reynold numbers (Airfoil 
Tools, 2017) and will allow for space for the rotational axis, cable routes, attachment points 
etc. A root chord of 900 mm and tip chord of 450 mm gives a maximum thickness of the 
profile (18 % of the chord length) of 162 mm at the root and 81 mm at the tip. The flap is also 
designed with the same NACA-profile.  
 

 
Figure 34: Plot of the symmetrical aerodynamic profile NACA0018 used in the project. 
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3.!Structural design considerations 
!
3.1 Structural design requirement specification 
The structural design and arrangement is crucial for the performance in terms of structural 
rigidity, long-term sustainment in rough conditions at sea, control capabilities, low frictional 
rotation, payload housing, load transfer, attachment points etc. The recognition of the 
structural requirements on the wing is important when choosing the materials, manufacturing 
technique and components. Below, the governing structural design requirements outlined.  
 
 
The rig shall 
 

•! have the aerodynamic characteristics developed in section (1) and fulfil the 
requirements stated in section (1) 
 

•! be buoyant (unsinkable) 
 

•! house power and signal cables for flap actuator, radio frequency antenna, lantern and 
sensors such as inertial measurement units, anemometers etc. The system shall also 
allow for communication between a hull mounted computer and wing mounted 
computer, even though the rig is rotating.  

 
•! attachment point the flap and a flap lever arm length that is adjustable 

 
•! have no water absorption 

 
•! be shaped to a suitable aerodynamic profile (NACA-profile). 

 
•! have structural rigidity and strength to withstand loads from rough conditions at sea. 

The rig shall also have impact stability so that no point loads, for instance when 
transporting/handling the rig, damage or causes permanent deformation of the 
structure. 

 
•! have adjustment capabilities. As an experimental platform, adjustments to the rig 

configuration is necessary such as changing flap position, rig position, mass balance 
etc. 

 
•! be as light as possible. Low mass moment of inertia is desired as well as easy 

handling, transportation and deploy of the rig.  
 

•! be able to rotate freely (low friction) 360 degrees.  
 

•! have loads transferred and distributed from the rig to the hull efficiently for increased 
performance and robustness of the system 
 

•! have a smooth and plane surface finish 
 

•! be resistant to UV  
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•! have a visual design that allows for other vessels to spot the rig/boat from a far 
distance. Bright and reflective colours are preferred for large visibility. Graphical 
design can be used for marketing purposes and hype the project for other students, 
researchers etc. 

 
Analysing and modelling loads, their magnitude and where they will occur on the rig is a 
difficult job. The aerodynamic loads can be considered small compared to impact loads that 
could occur when for instance waves slamming on to the rig or improper handling (such as by 
mistake dropping it on the ground). Impact loads, such as these, are often the most dangerous 
for the components life span. To handle this, advanced structural materials, widely used in the 
marine industry, are selected for the construction of the wing.    
 
The modern way of constructing a robust and lightweight wing is using composite materials. 
A rig constructed as sandwich structure with a foam core reinforced with a face material can 
give excellent mechanical properties and low weight. Using a foam core also gives freedom 
of design, shaping the rig to the adequate shape. Advanced PVC foam cores have very low 
water absorption, are lightweight, have excellent mechanical properties and are widely used in 
the marine industry (Diab group, 2017).  
 
The lightest structural core materials with the best mechanical properties are manufactured by 
the Swedish company DIAB. The Divinycell® core material is a structural polymer foam 
(PVC) that is widely used within the marine, car and aeronautical industry. The divinycell can 
be processed using standard wood working machines and tools. The core material chosen is 
Divinycell H35, which is one of the lightest core materials in the world (Diab group, 2017). 
The Divinycell H35 has good mechanical properties and the nominal density of the foam is 38 
kg/m3 which contributes to a low weight of the entire structure, Appendix E.1.  
 
The choice for face material is Saertex fiberglass (Saertex, 2017) since it is widely used in 
industry and at KTH. The author has also experience working with the material. Laminating 
the fiberglass is done with the strongest resin on the market, epoxy resin, which have 
considerably better mechanical properties compared to polyester or vinyl ester. The only 
drawback is expensive material costs.  The resin technology chosen is RenLam® which is an 
advanced resin technology that can be used for different kinds of manufacturing techniques 
such as hand lay-up, vacuum infusion etc, Appendix E.2, (Huntsman Advanced Materials, 
2017). The epoxy resin has also some measure of UV resistance/stability. 
 
!  
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3.2 Internal structure 
In order to satisfy the above stated requirements, the internal structure of the rig need to be 
rather complex. First of all, the rig needs to be able to freely rotate 360 degrees. This is solved 
by introducing a mast (rotational axis), fitted inside the wing structure, that can be mounted 
on ball bearings allowing the entire rig to rotate freely in the hull. A mast made of carbon 
fibre is chosen because of its low weight, strength and the fact that it can be laminated to the 
PVC core. The carbon fibre tube with largest bending stiffness available at the manufacturer 
is chosen (m=2,2 kg, d=70 mm, t=3 mm and L=2000 mm). The layup is a core of 
unidirectional fibres and a shell of woven fabric to provide compression strength and torsional 
stiffness (Carbix, 2017). The length of 2 meter is chosen since it gives a large contact area to 
the foam core allowing for effective load transfer, strong bonding and overall wing rigidity. 
Furthermore, the wing is fitted with attachment points for the flap and weights for balancing 
the rig about the rotation axis as seen in Figure 35 below. The flap is mounted on two tubes 
made of carbon fibre, which can slide into the wing in order to adjust the flap lever arm. At 
the top and bottom of the structure as well as at attachment points, Divinycell H100 is used as 
horizontal ribs in order to improve structural rigidity. The structure also has internal piping 
for cable routing, which allows for powering and communication with electrical components 
such as a flap actuator, sensors, RF-antenna etc. Electronics can be placed in the foam core 
(where a cut out needs to be made for a watertight compartment), inside the carbon fibre mast 
and on top of the rig.  
 

 
 

Figure 35: Rig internal arrangement 
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3.3 Rig support structure 
The structure supporting the rig and its position in the hull is crucial. The supporting structure 
for the rig needs to effectively transfer aerodynamic loads to the hull, allow for low friction 
rotation and be vigorous. The aerodynamic centre of pressure is designed to be positioned on 
the rotation axis (the mast). Ideally the rotation axis is placed on the same vertical line as the 
boats centre of lateral resistance. If this point is in front or behind the centre of lateral 
resistance (on the boats longitudinal axis) it will generate a moment, which will try to rotate 
the boat. If so, in order for the boat to sail straight (hold its course) the boat rudder will have 
to compensate for this moment by introducing a rudder deflection. The exact position of the 
centre of lateral resistance, and thereby achieving yaw balance, requires experimental testing 
to be determined. The structure supporting the rig is therefore designed so that its position can 
be adjusted. In Figure 36 below, the rig is mounted in two ball bearings (taking radial and 
axial forces) and can slide on aluminium profiles fixed inside the hull, allowing for 
longitudinal adjustments. The aluminium profiles are standard 45x45mm Bosch Rexroth 
profiles, chosen because of their recognized strength and lightweight.  
 
 

 
 
 

Figure 36: Rig support in the hull. 
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3.4 Adjustment capabilities 
One of the most important feature of the rig is the ability to be developable in order to test out 
different capabilities and aerodynamic characteristics. VLM and VPP modelling is the first 
step in the development process, the next step is testing in field where adjustment capabilities 
are central considering the Maribot Vane as an experimental platform.  
 
 

 
Figure 37: Rig adjustment capabilities. 

 
The rig is designed so that the flap lever arm can be adjusted by the sliding mechanism built 
into the wing. It is also possible to place the flap at an upper position as seen in Figure 37 
above. Additional mass to balance the rig about the rotation axis can be adjusted depending 
on the flap position. In summary the possible rig design adjustments for experimental testing 
are:  

•! The flap can be positioned at two different attachment points/vertical levels.   
•! The length of the flap lever arm can be adjusted.  
•! The weights to balance the rig about the rotation axis can be adjusted horizontally 

depending on the flap position. There are also two different attachment points for 
weights. 

•! The flap can be swapped to another size  
•! Flap actuator can be changed easily  
•! The longitudinal and transverse position of the rig can be adjusted (described under rig 

support structure above). 
•! Space for electronics, sensors etc. is extensive allowing for a large amount of 

payloads.  
 

 
!  
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4.!Manufacturing 
!
4.1 Core assembly 
A printout and assembly plan for the entire wing and templates for the aerodynamic profiles is 
established based on the final design Appendix D.1. The core of the wing is constructed by 
cutting and shaping sections of Divinycell using a band saw with aggressive tooth angle 
according to instructions from the manufacturer DIAB. The profiles are carefully cut into the 
right aerodynamic shapes (NACA0018) and placed onto the wing printout for alignment as 
seen in Figure 38 below.  
 

  
Figure 38: Aerodynamic profiles placed on print out 
for alignment. 
 

Figure 39: Line laser equipment used to ensure wing global 
straightness 
 

The wing is constructed one half at the time using a flat lamination table as a reference. The 
Divinycell parts are joined together using Hempel® epoxy adhesive for a strong bonding at 
low weight. The entire structure is build up by 50 divinycell sections. The carbon fibre mast 
and tubing is fitted in the core by creating cut outs using a hand held high-speed miller. The 
mast is bonded to the core with epoxy adhesive, seen in the figures below. 
 

  
Figure 40: The mast and internal piping are mounted inside 
wing after milling 70 mm respectively 30 mm lanes. Hours of 
sanding is required for good fitting. 
 

Figure 41: Example of joint between foam and carbon fibre 
tube. Thin lines are placed in order to easy pull cables 
through the tubes. 
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When the first half is done, it is turned around and placed straight using a line laser to ensure 
accuracy (straight wing globally), Figure 39. The second half of the wing is placed with an 
overlap (2 cm) to the first half for improved overall structural rigidity as seen in Figure 42 
below. 
 

 
Figure 42: The complete core assembled. Overlap between the parts are used to improve overall structural rigidity 

 
The wing is shaped roughly using a handheld planer. The final shaping of the wing is made 
using belt sanders and sandpaper attached to long wood boards. Additional layers of epoxy 
matrix are applied over the core to smoothen the surfaces. After shaping the wing, it is 
carefully cleaned from dust and prepared for lamination, Figure 43 below. At this point, the 
weight of the core structure is 17 kg.  
 

 
Figure 43: Wing shaped and ready for lamination. 

 
4.2 Lamination 
The core is reinforced with a face material (fiberglass reinforced plastic). The core material 
takes only shear forces and its job is to keep the distance constant between the face material in 
the rig. One layer of advanced fiberglass from Saertex® is used with a lay-up of [0 90] and 
weight of 421g/m2. Datasheet of the fiberglass used in the project can be found in Appendix 
E.3. The rig will mostly take bending loads, having fibres in the vertical direction of rig is 
therefore prominent (0-direction in the rig span direction). The 0-directional fibres are placed 
closest to the core so that they not get damaged during the final grinding of the wing (final 
surface finishing).  
 
Different manufacturing techniques are practised and tested such as vacuum infusion, vacuum 
bagging and hand lay-up in order to determine the most effective technique and acceptable 
end result. All techniques work well with the resin technology used (Appendix E.2), however, 
the best end result at lowest risk is achieved by using hand lay-up and this technique is 
therefore chosen.  
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Figure 44: Layer of wetted fiberglass placed over the core. Figure 45: An additional layer of resin mixed with Aerosil® 

is used to improve surface finish. 
 
The lamination is done by laminating one side of the wing at the time. The core is wetted and 
the fiberglass is placed onto the core and then wetted again, Figure 45. At the leading edge the 
fiberglass mats are overlapping. At the trailing edge, fibres are laid over the edge with an 
angle of approximately 45 degrees (Figure 44 above) so that the fibre edges from both sides 
of the wing are joined, creating a sharp trailing edge. The fiberglass is laminated using 
advanced resin technology with a curing time of 24 hours, Appendix E.2. A layer of resin 
mixed with Aerosil® is applied to smoothen the surface and have some extra margin so that 
the fibres not get damaged when grinding the wing to the final surface finish, Figure 45. 
Approximately 2.5 kg of fibres is used for the 3 m2 wing and approximately 5.5 kg resin, 
giving the lamina a ratio of 30 % fibre and 70 % resin in weight. The total weight of the main 
wing structure is 25.5 kg. The wing is heated in a “homemade” oven made of foam at about 
60 degrees for post-curing, Appendix D.3. The last touch is a yellow foil attached to the wing, 
for visual design and glossy surface finish, Figure 46 and Figure 47.  
 

  
Figure 46: The final design involves visual design 
(ambulance yellow). The visual design is a help for other 
vessels to spot the rig/boat from a distance.!

Figure 47: Final wing assembly. A vertical stop for the wing 
is added, preventing it from touching the deck when rotated. 

 
The flap is manufactured in the same procedure as the main wing. The flap core is reinforced 
with one layer of thin fiberglass, 144 g/m2, with a lay-up of [0 90]. The flap will not take any 
significant loads, most important is low weight (the 0.3 m3 flap weighs 1.5 kg). The final flap 
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design can be seen in Figure 47 above. The total weight of the rig structure and the flap is 27 
kg (when not mass balanced) additional weights needs to be added in order to balance the rig. 
The weight needed to balance the rig is 4.5 kg. The total construction time for the rig is over 2 
months, where grinding and sanding is an extensive part of the production time.   
 
4.3 Flap actuation and experimental set up 
One of the key features of the free-rotating wing sail is that the angle of attack can be 
controlled using one single actuator. There are several solutions on how the flap can be 
actuated. The important design requirements on the actuator is that it should be able to hold 
its position so that the flap can remain at a constant deflection without the actuator drawing 
power. A type of actuator with these capabilities are the linear actuators manufactured by the 
company Actuonix®. Actuonix linear actuators are used in robotics, automotive and 
industrial applications etc. and have different capabilities in terms of speed, power, stroke 
lengths etc. The actuators are able to hold its position when power is removed and has 
potentiometer position feedback which makes it suitable for the free-rotating wing sail 
application (Actuonix, 2017). 
 
The linear actuator initially used to deflect the flap is a L16-P with a 10 mm stroke length, 
Appendix E.4. Through experimental testing, different actuators will be tried out to see which 
suits best in the application. The linear actuator is mounted with 3D-printed parts to the flap, 
displayed in Figure 48 below. The control and power cables are routed through the internal 
structure (Figure 27 above) to a watertight compartment placed in the hull, containing a 
control board, batteries and RC–receiver. At the first experimental testing, the boat is 
controlled using a simple RC set up for steering the boat rudder and flap linear actuator. This 
set up will later be changed to an automatic control system with control algorithms handling 
flap actuation, navigational control, guidance etc. The rig supporting structure is mounted 
inside the hull, which can be seen in the additional pictures from the manufacturing in 
Appendix D.3. The rig is then finally mounted on the boat, in Figure 49 below. 
 

 

  
Figure 48: Flap actuator mounting. 

 
Figure 49: Rig mounted on Maribot Vane. 

! !
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4.4 Rig data 
The final rig configuration, dimensions, weight and material are outlined in Table 2 below. 

Table 2: Rig datasheet 
 

 

Dimensions and geometry 
Wing span 3500 mm 
Wing aerodynamic 
profile 

NACA0018 (max thickness 
at tip = 81 mm, max 
thickness at root = 162 mm) 

Flap aerodynamic 
profile 

NACA0018 (max 
thickness 45 mm) 

Rotational axis 
position (mast 
position) 

25 % of the chord 
length (at root chord, 
225 mm from leading 
edge) 

Wing tip chord  450 mm 
Wing root chord  900 mm 
Wing taper ratio  0.5 
Wing aspect ratio  5 
Wing area  2.7 m2 
Flap taper ratio  1 
Flap aspect ratio  5 
Flap span 1200 mm 
Flap chord 250 mm 
Flap area   0.3 m2 

Total rig area 3.0 m2 

Flap position Adjustable 0.1-2.5 m 
Balance weight 
position 

Adjustable depending on 
flap position 0.3 – 1.2 m 
from rotation axis 

Weight 
Wing weight 25.5 kg 
Flap weight 1.5 kg 
Balance weight 4.5 kg 
Total rig weight 27 kg + (4.5 kg) 
Material  
Core Divinycell H35 and H100  
Face material Saertex fiberglass, one 

layer 421g/m2, [0 90] lay-
up  

Resin technology Epoxy resin, Huntsman 
RenLam® LY113 

Mast 
 

Carbon fibre, (m=2,2 kg, 
d=70 mm, t=3 mm and 
L=2000 mm) 

Internal piping Carbon fibre tubes (d =29.5 
mm)  

 

Polar diagram 
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5.!Experimental Testing  
!
5.1 Radio controlled test system 
In June 2017, the free-rotating wing sail on Maribot Vane was demonstrated successfully in 
field. The goal of the test was to try out functionality and initial performance as well as record 
video of the behaviour when sailing on different courses and performing manoeuvres (tacks 
and jibs). There were several uncertainties discussed before the test such as the position of the 
mast, the size of the flap and overall robustness etc. The testing was carried out using a simple 
radio control setup to control the flap actuator and boat rudder. The test was located at the 
southern part of Baggensfjärden, Stockholm, Sweden. The occurring weather condition was 
clear sky, NE winds of 8 m/s with gusts up to 10 m/s. Some footage from the test can be seen 
in Figure 50 – Figure 52 below. A short video from the initial test can be seen on Youtube: 
https://www.youtube.com/watch?v=qP7PzoLLrh0  
 
 

 
Figure 50: Test location: Baggensfjärden, Sweden. Flat water, clear sky, NE winds between 7-10 m/s 
!

 
Figure 51: Sailing beam reach, flap at large deflection angle relative to the rig. 
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Figure 52: Upwind sailing at approximately 4-5 knots. 

 
The following configuration for the rig and hull was used: 
 

•! The flap was placed in the mid position of the flap attachments points. 
•! The flap leading edge was placed 2 meters from the rotational axis.  
•! The rotational axis (mast position) was placed approximately 10 cm behind the 

original mast position. 
•! Balancing weights in the rig was totally 2 kg placed in both upper and lower mast 

balance attachments 
•! No additional ballast was put in the keel 
•! 300 litre of buoyancy were added to the hull for security (foam and inflatable blocks) 

 
The conclusions from the test were several, most important was regarding the mass balance of 
the rig. The wing was initially unstable (oscillating) and it was quickly realized that more 
weights were needed to balance the rig. Additional weights of 2.5 kilos where added at a 
distance of 1.5 meter from the rotation axis (total of 4.5 kg). This resulted in a more stabilized 
wing. Different headings where tried out from up wind (Figure 51), beam reach (Figure 52) to 
running. It can also be concluded that the yaw balance of the boat using the mast position was 
good, almost no effort had to be put to control the boat rudder, the vehicle was basically 
controlled by the flap actuator. It could also be seen that the boat was quite weak in the wind, 
some more ballast should be added to the keel to improve stiffness, over 50 kilos might be 
needed. At large wind gusts the boat sailed at a large heeling angle. Furthermore, when 
comparing the tender boat speed to the speed of Maribot vane by driving alongside, Maribot 
Vane held speeds between 4-5 knots going 90 degrees off the wind. Comparing this speed to 
the polar diagram at wind speeds similar to the experimental testing show promising results.   
 
 
 
 



! 44 

6.!Discussion and conclusions 
A free-rotating wing sail for an autonomous sailboat has been developed and successfully 
demonstrated. The system has been designed using in-house developed tools: a vortex lattice 
method combined with a velocity prediction program. The initial test results are promising 
considering the performance prediction acquired form the computer model. However, this 
need to be further analysed. The designed system is advantageous considering the adjustment 
capabilities integrated to the system. The aerodynamics can be changed by for example 
changing the flap position or flap size, improving stability or the overall lift and drag. For 
future experimental testing some recommendations for system adjustment to attempt are 
stated below: 
 

•! Investigate the effect of different flap lever arm lengths.  
•! Investigate the effect of different flap sizes. 
•! Try the upper flap position. 
•! Adjust the longitudinal mast position. 
•! Experimentally determine the centre of lateral resistance. 
•! Fine tune the mass balance of the rig.  
•! Practice and record manoeuvres (tack and jib). 
•! Integrate attitude and heading reference systems in the rig and the hull in order to log 

orientation data. 
•! Record speed and heeling angles at different true wind directions and wind speeds and 

compare with the polar plots developed in the section: Velocity Prediction Program 
above. 

•! Add mass in the keel to achieve a more transverse stability (stiffness to the hull) 
 

Additional experimental test procedures are planned with Maribot Vane during the summer of 
2017. In the coming year, autonomy, guidance and control strategy, battery management, 
payload integration and communication will be further developed in order to reach the goal of 
a fully capable autonomous sailboat that can assist with environmental monitoring in the 
Baltic sea.  
 
The thesis show that a rig can be manufactured by hand with good end results: global 
straightness, low wing twist and good surface finish. Regarding the structural design and 
construction of the wing some recommendations and suggestions are outlined for future 
projects in the field: 
 

•! Cutting, milling and sanding core material by hand to an acceptable aerodynamic 
profile is time consuming. This can perhaps be done with aid of a machine that cuts 
large Divinycell pieces at a time with good accuracy, but setting up such tool is also 
time consuming and adds on to the complexity of the project.   

 
•! The 27 kg wing is heavy, increases the centre of gravity of the boat and requires at 

least 2 persons to mount it on the boat. Suggestions for manufacturing of next rig 
generation, in order to reduce weight could for example be: 

 
-! Use the current wing as a mould and construct a hollow wing out of carbon fibre. 

Such design approach could reduce the weight significantly while still ensuring 
structural rigidity. 
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-! Design an inflatable wing mounted on a carbon fibre mast. Usage of similar 
material as an inflatable stand-up paddle board could be an option.  

 
-! A solution that could be interesting to investigate in the future, is a canard solution 

(a flap placed in front of wing). This has not been discussed in the thesis, but 
potential benefits could be reduced amount of poles/tubes sticking out of the rig 
and reduced overall weight. However, the stability problem and overall 
aerodynamic performance needs to be analysed.  
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Appendix A: Analysis method  
A sketch of the analysis method used in the thesis, can be seen in Figure 53 below. The 
method is iterative where trial and error is a large part of the process. The strategy is to 
develop a computer model of the rig and the hull that can be loaded into a velocity prediction 
program in order to generate a performance diagram for the vehicle. The rig is first analysed 
in a vortex lattice method program in order to determine the shape of the rig. The velocity 
prediction program can then be used to assess the performance of the vehicle and from this, 
the size of the rig can be determined.  

 
Figure 53: Sketch of analysis procedure in the thesis 

! !
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Appendix B: Rig parameter definitions 
This type of rig involves a main lifting surface and a tail control surface that controls the 
angle of attack of wing. The tail is similar to the elevator controlling the “pitch” stability on a 
conventional aircraft. In Figure 54 below, the rig configuration is outlined and the governing 
design parameters are introduced. 
 

 
Figure 54: Free rotating wing sail: “Aircraft wing set up” design parameter definition. The aerodynamic centre of pressure 
is marked with a red ball. 
 
The main wing surface has the span b, a tip chord ct and a root chord cr. The wing is said to be 
rotated around the rotation axis, z, which is the origin of the wing fixed coordinate system. 
The rig is equipped with a vertical control surface, a flap, at a distance d from the rotation 
axis. The flap has the span b’ and the chord c’ which is set as a ratio to the main wing. 
Considering standard aircraft configurations, the elevator (including the horizontal stabilizer) 
is often about 10-20 % of the size of the wing span. The relation between the root chord and 
the tip chord is defined as the taper ratio / according to 
 

/ = 23
24

. 
 

The slenderness of the wing can be assessed as the aspect ratio AR, defined as 
 

56 = 78
9 = :

7
;<,, 

 
where S is the wing surface area and MAC is the mean aerodynamic chord defined as 
 
 

$5( =: 24=23> . 
 
In the VLM model, a lift coefficient is defined as 
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(? =
@

0.5CD>E 

 
where L is the total aerodynamic force orthogonal to the flow field, C is flow field fluid 
density, V is velocity of the flow field. A drag coefficient is defined as 
 

(F =
G

0.5CD>E 

 
where D is the total aerodynamic force parallel to the flow field. A moment coefficient is 
defined as 

(; = $
0.5CD>E 

 
where M is the moment on the wing defined as the total aerodynamic force in the y-direction 
times the positon (distance to) of the aerodynamic centre of pressure (M=FY*CEA). 
 
!  
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Appendix C: Hull  
!
Appendix C.1 Hull weight and centre of gravity determination  
The hull used in the project is a mono hull of type 2.4mR. It is a one-man keel boat widely 
used in sail racing around the world and recognized as an Olympic class in Paralympics  
(Svenska 2.4mR Förbundet, 2017). Since it is widely used, it is relatively cheap and easy to 
acquire. It suits well in this application because of its robustness, quality and size. In order to 
build up a computer model of the hull, the weight is determined together with measurements 
on length, width, depth, centre of gravity etc. It was lifted with a scale and the weight 
including the ballast in the keel. The weight of the hull 216 kg. This weight is only the actual 
hull weight (with the led in the keel) all original ropes, schakels, sheets etc. were removed. 
The centre of gravity of the hull is determined from lifting the hull at two different points. 
Vertical lines are drawn on the hull corresponding to each extended vertical line from the 
lifting points using standard line laser equipment. The intersection of the two lines gives the 
position of the centre of gravity, as seen in Figure 55 -57.  
 
  

   
Figure 55:The weight of the plain hull 
is 216 kg 

Figure 56: Hull lifted at single point.  Figure 57:Vertical lines drawn with aid 
of lazer scale equipment 
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Appendix C.2 Hull particulars 
 

 
 
 
 
 
 
 
 
 

Table 3: Hull main particulars 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Parameter Value 
Weight 216 kg 
LOA (length overall) 4200 mm 
LCG (longitudinal centre of gravity) 1980 mm 
VCG (vertical centre of gravity) 420 mm 
DWL (design waterline) 1000 mm 
BD (baseline to deck) 550 mm 
KS (keel span) 750 mm 
KC (keel chord) 650 mm 
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Appendix C.3 Hull digitalization 
The hull sections, visualized in Figure 58 below, are acquired from the lines drawing of the 
2.4 mR below. A britfair-file is created and loaded to MSY hydrostatics. 
 

 
Figure 58: The digitalized hull in MSY hydrostatics. 
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Appendix C.4 Based on the lines drawing below, a CAD-model is established.  
The model, in Figure 59, is set up in Rhino where direct control point manipulation based on 
the lines drawing is used to create the hull.  
 
 
!

!
Figure 59: Hull CAD-geometry and hull fixed coordinate system 
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Appendix C.5 Hull lines drawing 

 

 
!  
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Appendix D: Manufacturing  
Appendix D.1 Wing printout 
The print out includes the full dimensions of the wing and the distributed wing profile over 
the wing span (NACA0018). 
 
 
 
 
 

! !
!
!
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Appendix D.2 Divinycell assembly plan 
Each 20 cm section is a pre-cut and shaped H35 piece and each 6 cm section is a pre-cut and 
shaped H100 piece. 
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Appendix D.3 Additional pictures from the manufacturing process 
!

 
 

  
Figure 60:Weights are placed on the wing sections for bonding the 
two half sides of the core. 

Figure 61: Tubes made of carbon fibre are laminated 
into the wing using epoxy adhesive. Tubes with 30 
mm is used as attachment points where rods holding 
the flap and weights can slide in.  

  
Figure 62: The cable tube is routed over the mid mass attachment point. 

 
 
 
 

  
Figure 63: Different lamination techniques are tried out in order 
to develop an effective manufacturing technique. Here the resin in 
infused over the full chord length under vacuum pressure. 

Figure 64: A locking mechanism made of plastic and 
aluminium is used to hold the tubes for the flap and 
balancing weights with large friction.   
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Figure 65: The initial solution for the rig structure support. The 
mast is slided into a aluminum tube on ball bearings, allowing the 
rig to freely rotate 360 degrees. 
!

Figure 66: At the the leading edge, fibres are placed 
with an overlap. 

 
 

Figure 67: The wing is heated using fans to about 60 degrees in 
an oven built in the lab from foam for post curing. 

Figure 68: Yellow foil is attached onto the wing as a 
final surface finish. 
  

 
Figure 69: The dimensions of the rig and hull is kept within the size requirements. A standard car trailer and roof rails can 
be used for transportation of the system to the test site. 
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Appendix E:  Datasheets 
Appendix E.1 Core material datasheet 
http://www.diabgroup.com/en-GB/Products-and-services/Core-Material/Divinycell-H  

 

 

Divinycell H provides excellent mechanical properties to low weight. 
The unique IPN chemical structure, yields impressive mechanical 
performance to a low weight. Divinycell H has been widely used and 
has a proven track record in virtually every application area where 
sandwich composites are employed including the marine (leisure, 
military and commercial), land transportation, wind energy, civil 
engineering/infrastructure and general industrial markets. 

Divinycell H is ideal for applications subject to fatigue, slamming or 
impact loads. Other key features of Divinycell H include consistent 
high quality, excellent adhesion/peel strength, excellent chemical 
resistance, low water absorption and good thermal/acoustic 
insulation. Divinycell H is compatible with virtually all commonly 
used resin and manufacturing systems.

The high performance sandwich core
•     Low water absorption
•     Superior damage tolerance
•     Fast and easy to process
•     Good chemical resistance
•     Excellent fatigue properties
•     Low resin uptake
•     Wide range of properties
•     Provides excellent mechanical 
     properties to a low weight

Product Characteristics

Technical Data

diabgroup.com

Mechanical properties Divinycell® H

Property Test Procedure Unit H35 H45 H60 H80 H100 H130 H200 H250

 Compressive Strength1 ASTM D 1621 MPa
Nominal 0.5 0.6 0.9 1.4 2.0 3.0 5.4 7.2
Minimum 0.3 0.5 0.7 1.15 1.65 2.4 4.5 6.1

Compressive Modulus1 ASTM D1621-B-73 MPa
Nominal 40 50 70 90 135 170 310 400
Minimum 29 45 60 80 115 145 265 350

Tensile Strength1 ASTM D 1623 MPa
Nominal 1.0 1.4 1.8 2.5 3.5 4.8 7.1 9.2
Minimum 0.8 1.1 1.5 2.2 2.5 3.5 6.3 8.0

Tensile Modulus1 ASTM D 1623 MPa
Nominal 49 55 75 95 130 175 250 320
Minimum 37 45 57 85 105 135 210 260

Shear Strength ASTM C 273 MPa
Nominal 0.4 0.56 0.76 1.15 1.6 2.2 3.5 4.5
Minimum 0.3 0.46 0.63 0.95 1.4 1.9 3.2 3.9

Shear Modulus ASTM C 273 MPa
Nominal 12 15 20 27 35 50 73 97
Minimum 9 12 16 23 28 40 65 81

Shear Strain ASTM C 273 % Nominal 9 12 20 30 40 40 45 45
Density ISO 845 kg/m3 Nominal 38 48 60 80 100 130 200 250

      All values measured at +23°C
1.   Properties measured perpendicular to the plane

Nominal value is an average value of a mechanical property at a nominal density
Minimum value is a minimum guaranteed mechanical property a material has independently of density

1 (2)

CERTIFIED BY

MARITIME

Divinycell H is type approved by:

Continuous operating temperature is typically -200ºC to +70ºC. The foam can be used in sandwich structures, for outdoor exposure, with external skin temperatures 
up to +85ºC. For optimal design of applications used in high operating temperatures in combination with continuous load, please contact Diab Technical Services for 
detailed design instructions. 

Maximum processing temperature is dependent on time, pressure and process conditions. Therefore users are advised to contact Diab Technical Services to confirm 
that Divinycell H is compatible with their particular processing parameters.

Disclaimer:
This data sheet may be subject to revision and changes due 
to development and changes of the material. The data is 
derived from tests and experience. If not stated as minimum 
values, the data is average data and should be treated as 
such. Calculations should be verified by actual tests. The 
data is furnished without liability for the company and does 
not constitute a warranty or representation in respect of the 
material or its use. The company reserves the right to re-
lease new data sheets in replacement.

All content in this publication is protected by international 
copyright laws. Copyright © Diab February 2016.

Diab Group
 Box 201

312 22  Laholm, Sweden
Phone:  +46 (0)430 163 00

E-mail:  info@se.diabgroup.com

Issued: Feb 2016   Doc No: H Feb 2016 rev16 SI

diabgroup.com

Technical Characteristics Divinycell® H

Physical characteristics

 Characteristics1 Unit H35 H45 H60 H80 H100 H130 H200 H250 Test method
Density variation % -10% to +20% ± 10 ± 10 ± 10 ± 10 ± 10 ± 10 ± 10 -
Thermal conductivity2 W/(m-K) 0.028 0.028 0.029 0.031 0.033 0.036 0.044 0.049 EN 12667
Coeff, linear heat expansion x10-6/°C 40 40 40 40 40 40 40 40 ISO 4897
Heat Distortion Temperature °C +125 +125 +125 +125 +125 +125 +125 +125 DIN 53424
Continous temp range °C -200 to +70 -200 to +70 -200 to +70 -200 to +70 -200 to +70 -200 to +70 -200 to +70 -200 to +70 -
Max process temp °C +90 +90 +90 +90 +110 +110 +110 +110 -
Dissipation factor - 0.0001 0.0002 0.0003 0.0005 0.0006 0.0009 0.0015 0.0019 ASTM D 2520
Dielectric constant - 1.04 1.05 1.06 1.09 1.11 1.15 1.23 1.29 ASTM D 2520
Poissons ratio3 - 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 D638-08

Format Unit H35 H45 H60 H80 H100 H130 H200 H250

Plain sheets
Length mm 2650 2440 2440 2440 2160 1960 1730 1640
Width mm 1250 1220 1220 1220 1070 970 850 800

GS sheet
Length mm 1250 1220 1220 1220 1080 980 865 -
Width mm 883 813 813 813 1070 970 850 -

GS sheet
Length mm 1250 1220 1220 1220 - - - -
Width mm 1250 1220 1220 1220 - - - -

1.   Typical values
2.   Thermal conductivity at +20°C
3.   Standard deviation is 0.045

2 (2)

Technical Characteristics
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Appendix E.2 Resin technology datasheet 
http://www.obo-werke.de/fileadmin/templates/downloads/technische_datenblaetter/en/renlam-ly-5138-2-hy-5138.pdf!
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Appendix E.3 Saertex fiberglass technical datasheet 
https://www.saertex.com/en/products/datasheet-glass  
!

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TECHNICAL DATASHEET
SAP No. 30000189 Article Description B-E-421g/m²-1300mm

Textile Structure 7000093 SAERTEX®

ARTICLE CONSTRUCTION (in accordance with EN 13473-1)
Layer Construction Areal weight Tolerance Material
2 0 ° 189 g/m² +/- 5 % E-glass 600 TEX
1 90 ° 220 g/m² +/- 5 % E-glass 300 TEX

Stitching 12 g/m² +/- 3 g/m² PES [Polyester] 110 dtex
Fiber input can be determined individually

FURTHER CHARACTERISTICS
Gauge 7,0 Stitching pattern tricot-warp Width (nominal) 1.300 mm
Stitch length 3,50 mm Total tolerance 5,6 % Total areal weight 421 g/m²

Labelling (Standard) Every roll is equipped with a label in the core. A further label is located outside on
the foil or on the box.

Packaging (Standard) Every roll is wound on a cardboard core and wrapped in foil. Further packaging
options can be determined individually.

Storage With original packaging: Temperature 15-35°C and 20-80% humidity. No moisture
recommendation and direct sunlight. To avoid problems with humidity and electrostatic charge,

fabrics to be conditioned 24 hours prior to processing, independent of storage
conditions.

SAERTEX GmbH & Co. KG has been certified in accordance with ISO 9001:2002008 and has been awarded the 2016 Eco-Profit Award. The
SAERTEX GmbH & Co. KG has its own DNV GL certified laboratory.

REINFORCING YOUR IDEAS
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Appendix E.4 Actuonix mini linear actuator datasheet 
https://www.actuonix.com/L16-Linear-Actuators-p/l16-p.htm  
 

 
 

 

 
            Rev C. 

 
100mm L16 – Actual Size 
 
Applications 
o Robotics 
o Consumer appliances 
o Toys 
o RC vehicles 
o Automotive 
o Industrial Automation 

 
 
 

Miniature Linear Motion Series ·  L16 
Actuonix Motion Devices’ unique line of Miniature Linear Actuators enables a new 
generation of motion-enabled product designs, with capabilities that have never 
before been combined in a device of this size.  These linear actuators are a 
superior alternative to designing your own push/pull mechanisms.    

The L16 actuators are complete, self contained linear motion devices with position 
feedback for sophisticated position control capabilities, end of stroke limit 
switches for simple two position automation, or RC servo.  Several gear ratios are 
available to give you varied speed/force configurations.   

L16 Specifications 

Gearing Option 35:1 63:1 150:1 
Peak Power Point 50N @16mm/s 75N @10mm/s 175N @4mm/s 
Peak Efficiency Point 24N @24mm/s 38N @15mm/s 75N @7mm/s 
Max Speed (no load) 32mm/s 20mm/s 8mm/s 
Max Force (lifted) 50N 100N 200N 
Back Drive Force 31N 46N 102N 
Stroke Option 50mm 100mm 140mm 
Mass 56g 74g 84g 
Repeatability (-P & LAC) 0.3mm 0.4mm 0.5mm 
Max Side Load (extended) 40N 30N 20N 
Closed Length (hole to hole) 118mm 168mm 208mm 
Feedback Potentiometer 6kΩr50%  11kΩr50% 16kΩr50% 
Feedback Linearity Less than 2.00% 
Input Voltage 0-15 VDC.  Rated at 12VDC. 
Stall Current 650mA @ 12V 
Operating Temperature -10qC to +50qC 
Audible Noise 60dB @ 45cm 
Ingress Protection IP-54 
Mechanical Backlash 0.25mm 
Limit Switches Max. Current Leakage: 8uA 
Maximum Static Force 250N 
Maximum Duty Cycle 20% 

Basis of Operation 
The L16 is designed to push or pull a load along its full stroke length.  The speed of 
travel is determined by the load applied.  (See the Load Curves).  Actuator speed 
can be reduced by lowering the drive voltage.  When power is removed the 
actuator will hold its position, unless the applied load exceeds the back drive force.  
Repeated stalling or stalling for more than a few seconds will shorten the life of 
the actuator significantly. Stalling is when an actuator is pushing a load that it 
cannot move.  Actuators should be tested in each specific application to determine 
their effective life under those loading conditions and environment.  
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All data on this sheet is provided for information purposes only and is subject to change.  
Purchase and use of Actuonix actuators is subject to our terms and condition as posted here: 
http://www.actuonix.com/terms.asp 
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All data on this sheet is provided for information purposes only and is subject to change.  
Purchase and use of Actuonix actuators is subject to our terms and condition as posted here: 
http://www.actuonix.com/terms.asp 
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