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Merlin Systems Corp. Ltd assumes no responsibility for any errors which may appear 
in this manual, reserves the right to alter the devices, software or specifications 
detailed herein at any time without notice, and does not make any commitment to 
update the information contained herein. Merlin Systems Corp. Ltd’s products are not 
authorized for use as critical components in life support devices or systems.  
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Introduction 
The Merlin Flow-Controlled Air Muscle is a flexible, compliant actuator for producing a 
controllable output force or movement.  
The muscle combines Merlin’s ‘air muscle’  actuator technology with the Merlin Air 
Valve and an adjustable outlet tap, providing a completely integrated actuator solution.   

Features  
- High power-to-weight for mounting on mobile structures 
- Electrical control for easy integration 
- Proportional operation for simple position or force control 
- Mechanically flexible for ease of installation 
- Position/force compliant (non-rigid) for safety and ease of integration 
 

Leaky muscles, extended and contracted 
 
The muscle is a flexible component for producing a controllable force or movement 
acting against an external tension force. 
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In use – 
1. electrical power applied to the valve produces a variable airflow 
2. the outlet constriction produces an internal pressure varying with airflow 
3. internal pressure causes the muscle to contract against the external load 

 
The muscle is always used in tension against a pull force. 
 
Adjustment of the outlet (exhaust) tap allows a tradeoff between speed of operation and 
air consumption. 
 
NOTE: The flow-controlled air muscle is often referred to as the “ leaky muscle” , because 
it uses continuous air flow in operation. 
 

Technical Summary 
Output force: up to 10Kg 

Output movement: up to 25% of length  

Air supply: 3-6bar, pressure regulated 

Electrical drive: 1A maximum, up to 5V 

Electrical connection: 2-wire connection via solderable tags 

Air inlet:  M8 screw and/or o-ring seal against flat surface  
 (converter to 4mm air hose available) 

Dimensions:  overall diameter 32mm maximum 
 Standard-size active (contracting) length is 30cm 
 (full length exceeds active length by around 8cm) 

 
The standard muscle has an “active”  length of 30cm approx 
 - output movement is around 7cm 
Custom lengths are readily available to order. 
Custom diameters (for higher forces or operation speeds) are also possible. 
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Basic Operation 
A simple test setup could look like this :– 

Air Compressor

4Kg

Bench PSU

V A

 
·  The inlet end is attached to a 4mm airline output from a small air compressor, using a 

screw-on converter (extra item, available from Merlin). 

·  A bench power-supply is wired to 5mm automotive spade connectors, which push 
onto the electrical tags on the muscle. 

·  The muscle is supported by the inlet thread passing through an 8mm diameter hole in 
a bulkhead, secured by the inlet converter. 

·  A pair of 5mm bolts links the muscle outlet end to a small metal fixture. 

·  A weight attached to this gives a constant end-force of around 4Kg. 
 
The compressor supplies a 6bar air supply. 
The power-supply is used in constant-current mode, to apply a DC drive current in the 
range 250-650mA. 
The muscle raises and lowers the weight in response to changes in the drive current. 
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A graph of output movement versus control current will look something like this :– 
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(Simulated data) 

 
Note that the response is noticeably non-linear.  This is characteristic of the muscle 
response, which slows up as it approaches full contraction. 
This curvature can be reduced by using a smaller range of output movement and/or a 
lower output loading. 
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Details of Operation 

Basic Model 
Muscle behaviour depends on the three main elements: The air muscle itself, the flow 
valve and the outlet tap. 
The simplest possible model for the muscle operation, reasonably accurate within a 
normal operating range, is as follows :– 

1) the valve produces an airflow proportional to the square of the drive current, 
above a certain threshold (cut-in) level.  This is independent of pressure across the 
valve. 

d r i ve cu r r en t  ^  2
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2) the outlet tap produces an airflow proportional to the pressure across it 

p r essu r e
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3) the muscle produces a contraction force proportional to internal pressure, and to 
length beyond the minimum contracted length 
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This simple model results in graphs of output movement / drive current similar to the one 
shown previously. 

The following sections provide some more detail of the actual behaviour of the muscle in 
practice. 
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More Realistic Behaviour 
Although the basic model outlined holds reasonably well under “normal”  operating 
conditions, it oversimplifies the behaviour of all the various muscle components. 
Practically relevant deviations from the ‘ ideal’  behaviour assumed are discussed here in 
slightly more detail. 

Real Valve Character istics 
The valve produces an airflow roughly linear in the electrical power applied to the valve.  
As the resistance is fairly constant in operation, this power varies as the square of the 
current. 
The following graph shows example results for a test valve, plotting flowrate against 
(current)2 for up to 600mA drive current with a constant 5bar differential pressure – 

Note that there is no flow until the power input reaches a critical ‘ threshold’  level (here, 
where ‘current^2’  » 0.07, or current »265mA).  Beyond this, flow increases nearly 
linearly. 

flow / power for basic MAV  (dP == 5bar)
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Effects of Real Valve Behaviour 
For full details on the valve behaviour, see the separate datasheet on the Merlin Air 
Valve. 
The principal complicating factors of the valve performance are – 

1) Both the slope and offset (cut-in point) of the above flow/current2 characteristic 
vary somewhat between valve units. 

2) There is a flow variation with temperature of about 3% per °C increasing. 

3) There is a slight tendency for flow to reduce as pressure across the valve increases 
(varies somewhat between units). 

NOTE: In a muscle this causes an unstable tendency:  When the valve is driven, 
internal pressure increases, so pressure across the valve decreases, tending to open the 
valve further. 

4) Valve ‘saturation’  occurs when the differential pressure across the valve is 
insufficient to maintain the normal flowrate appropriate to the valve drive current.  
In this case, the flow is less than the simple model predicts, the valve opens wide, 
and internal operating temperature increases. 

5) A hysteresis in operation is apparent when the valve is overdriven towards 
saturation: The valve stays open wider than normal, and the flow is increased 
above the normal curve.  The valve must cool to below the normal operating point 
(i.e. valve closed and power reduced well below cutoff) - to restore a ‘normal’  
operation. 

Properties (3), (4) and (5) all mean it is generally better to operate muscles with higher 
inlet pressures, and lower internal pressures:  This gives generally more predictable 
responses. 
It is best to aim for a minimum inlet-to-internal pressure difference of 1.5bar. 

Outlet Tap Character istics 
The relationship of flow to outlet pressure is a fairly smooth curve but is not very linear.  
It is more like a power-law curve, flow ~ (pressure)^k , with k»1.5 rather than 1. 
The effect of this on predicted muscle behaviour is not very great. 

Air  Muscle Character istics 
The air muscle element is a rubber tube enclosed in a braided sleeving.  As the muscle 
fills with air under pressure, the braid forces it to contract in length. 
The resulting contraction force varies from zero at full contraction to a maximum at full 
extension.  This variation is theoretically curved, but is very close to a straight line (as 
shown above). 
The force is also proportional to internal pressure and to the square of the theoretical 
“maximum internal diameter”  (controlled by the braid characteristics). 
(N.B. the theoeretical diameter is not really the same thing as the actual maximum 
diameter, but in practice they are similar.) 
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The following graph shows the relation of the maximum force (at full extension) to the 
muscle theoretical diameter and internal pressure – 

Peak Force vs. Muscle Diameter
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Standard flow-controlled muscles have an effective theoretical diameter of approximately 
22mm, and hence a peak force of around 30KgF at 4bar (from above graph). 
Other diameters can be provided to special order. 

Effects of Real Muscle Behaviour 
Because actuation force reduces as the muscle contracts, the available range of movement 
depends on the applied force:  It is reduced by roughly the ratio of the end force to the 
maximum force available (the force at theoretical full extension with maximum internal 
pressure). 

I .E. if end-loading is T, and maximum force is F0 (from above graph), then the 
operating movement is reduced by a fraction  (T/F0). 
For the standard muscle, F0 is approximately 7.5KgF per bar of pressure. 
E.G. a standard muscle operating at maximum 4bar internal pressure, with an end loading 
of 5Kg, has F0 » 30KgF, so the movement is reduced from (say) 7.5 cm to   
 
The volume and stiffness of the rubber also reduce the available contraction, and mean 
that the maximum extension depends on the applied end-force.  This leads to a specified 
‘minimum tension’  recommendation. 
All the practical effects of rubber stiffness are unpredictable and temperature-dependent.  
They are best minimised by operating the muscle at higher pressures.  
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Drive Requirements 
In normal use, the muscle requires a drive current of 250-750mA. 
The valve presents an approximately constant electrical resistance in normal use, but this 
drops dramatically when the valve is overdriven (from ~3ohm to well under 1ohm). 
This drop in resistance occurs whenever the valve approaches the fully-open state, 
described as valve ‘saturation’ :  This can occur with either increasing electrical drive 
current or decreasing applied pressure. 
(“Saturation”  means that the usual flowrate expected for the current drive-level cannot be 
delivered because the pressure across the valve is too low). 
When this resistance drop occurs, the valve current must not be allowed to exceed the 1A 
maximum current, or damage can result. 
 
See “Merlin Analogue Valve”  datasheet for a fuller discussion. 
 
The current can be controlled either by driving the valve with a constant current or, for 
voltage drive, by fitting a series power resistor. 
In most cases, current-control is the most stable way to energise the valve:  Part of the 
total resistance is a contact resistance, which may vary over time and between devices. 
 
For driving several valves or muscles at a time, the Merlin “Multivalve Control Board”  
(MVB or MDB) is ideal.  This provides – 

·  current-controlled, overload-protected outputs tuned for use with Merlin valves 

·  an analogue input per control output 

·  scalability from 8 up to 128 inputs-and-outputs 

·  control via an ASCII command set 

·  TCP/IP or serial communications 
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Mechanical and Installation Details 

Inlet End 
The following shows the dimensions of the inlet end : – 

Air  supply 
The air supply can be connected in one of two ways : – 

1) by screwing into a manifold drilled with an M8 internal thread. 
2) by a hose adapter (available from Merlin) that screws onto the M8 thread 

When using the manifold, sealing is achieved by the O-ring (provided) sealing against a 
flat face on the manifold. 
When using a hose adapter, sealing is achieved on the threads.  This can be done with 
PTFE tape, or liquid sealants if preferred. 

Mounting 
When mounted on a manifold, the threads will take the mounting loads. 
When air supply is via a hose adapter, the M8 thread can be threaded through a hole in a 
sheet or bulkhead (min. 4mm thickness available). 
It is also possible, with care, to use a bracket that catches on the 2-eared ‘crimp’  that 
secures the muscle rubber. 

Electr ical 
The two tags can be soldered to, or will accept automotive-type 5mm push-on connectors. 

18

19 max

M8*1.0 thread

~15 (active length)

10 min

24

O-ring  (in machined recess)

13

4.5
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Outlet End 
The following shows the dimensions of the outlet end : – 

 
Mounting is most easily achieved via two M5 bolts through the mounting holes in the 
outlet washer.  The washer can be freely rotated for the convenience of the mounting 
arrangements. 
It is also possible to use a bracket that catches on the washer.  In this case, care must be 
taken that the end cannot jump out, as it will not stay parallel to the axis by itself. 

N.B. No mounting loads can be taken on the outlet tap itself. 
 
The outlet tap is adjusted by turning the knurled wheel.  This should be accessible during 
operation – at least during installation, and ideally at any time. 

Active Dimensions 
The active portion of the muscle is between the end ‘crimps’ , as shown in the above 
diagrams. 
The width of the active portion of the muscle varies from around 13mm to 30mm in use. 
Muscle active length is measured in the extended state.  When contracted, the length can 
reduce by as much as 35% unloaded. 
In practical use, minimum length depends critically on the loading (see above). 
 
 

5mm dia
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Specifications and Limits 

Absolute Limits 

Environmental 
Temperature 0 to +50 °C 
Humidity 0-90%RH, non-condensing. 

Pneumatic 
Maximum withstand pressure 6bar, or up to 4bar with a 10Kg applied end-force. 
No more than 5bar for extended periods. 

Electr ical 
Maximum drive level 1.0A (not continuous) 

Physical 
Maximum end-loading is 10Kg at 4bar pressure.  The muscle can produce forces greater 
than this, and therefore must not be prevented from contracting. 

 

Normal Operating Conditions 

Electr ical  
Nominal resistance is 3 ohms (±1 ohm) 
Operating current is in the range 250-750mA. 
Power should be from a current-stabilised source. 

Pneumatic 
Air supply should be 3-5 bar (normally 4 bar) at up to 20l/min. 
Air must be pressure-regulated for proportional operation. 
Air must be moisture- and oil-free. 

Connections 
Air supply is via a push-fit adapter that accepts 4mm plastic air-line, or screw-in fitting to 
manifold with M8 internal thread. 
Electrical connection via two 4.5mm solder tags / blade connectors. 

Mechanical 
Minimum tension load is 2KgF  (required to reach full extension). 

Endurance 
  > 100k cycles 
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Performance 

Flow rate 
Up to 20splm 

Force Level 
Theoretical maximum force is about 30KgF at 4bar internal pressure (~7.5KgF / bar).  
(In practice, always limited by muscle strength) 
NOTE:  in normal (proportional) use, internal pressure is always substantially less than 
inlet pressure to avoid valve saturation. 

Movement Range 
Full (no load) compression is around 30% of active length at 4bar. 
Because force is roughly proportional to extension, movement range depends on the 
applied load:  If load is T and max-force is F0, then a fraction approximately L/F0 of full 
movement is lost. 
 


