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I.  INTRODUCTION 
 

    The reed switch has been a widely used switching 
technology since its invention 70 years ago by scientists at 
Bell Labs [1]   However, in those 70 years its design has  
scarcely changed.  Reed switches still consist of two flexible 
ferrous metal blades sealed in a glass tube, with a small gap 
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between their tips. (Figure 1) When a permanent magnet or 
a current-carrying coil of wire is brought close by, magnetic 
flux builds up in the contact gap, and once the magnetic 
force attracting the blades together exceeds the spring force 
tending to pull them apart, the contact gap closes, 
completing an electric circuit between the two blades.  
    Despite their simplicity, reed switch have advantages over 
active electronic switches for certain applications.  For 
example, they are relatively robust and can switch high 
power for their size; they are hermetically sealed so that the 
contacts are protected from contamination; and they are not 
prone to damage from electrostatic discharge. 
    However, reed switches have a couple of disadvantages.  
They are relatively expensive and labor-intensive to make, 

and because of manufacturing limitations, it is very difficult 
to make them smaller than around 5mm long.   Figure 1 
indicates the reduction in reed switch minimum size since 
their invention around 1940.  The size limitation makes it 
difficult to incorporate them into many existing miniaturized 
electronic devices such as cell phones, hearing aids, capsule 
endoscopes, and other small battery-powered medical 
devices.  
     As a result, there is a need for a magnetically operated 
reed switch that is much smaller than existing types, that can 
handle similar electrical switching power, and that can be 
attached to a circuit board by surface mounting.  

1 Abstract - This paper describes the design and 
performance characteristics of a new type of small 
magnetically operated reed switch based on high-aspect 
ratio microfabrication. The new technology combines the 
advantages of conventional reed switches – such as high 
power hot switching capability – with the economies of 
scale achievable using semiconductor fabrication 
techniques. We describe the scaling laws that govern the 
contact closure forces that are generated as the physical 
size of the switch is decreased below 2mm3, and discuss 
the optimum contact geometries for maximizing the 
magnetic flux in the contact gap. We show how the 
contact force magnitudes vary with respect to the 
applied magnetic field, and we quantify the influence of 
those forces on power switching capability and contact 
life. We also compare the performance attributes of the 
new switch with other types of MEMS switches based on 
planar rather than high aspect ratio technology. Contact 
life test data based on Weibull statistics at hot switched 
loads up to 50mW are presented. Potential applications 
for the switch include sensors, microrelays, and portable 
medical devices where a combination of zero power 
operation, very small size, and hot-switching capability is 
required. 
 

 
Fig. 1.  Reed switch size reduction from 1940 until 2013  
(approximately to scale) 
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     In this paper, we distinguish the term “reed switch” from 
“reed relay.”  A reed switch is a standalone device that can 
be operated by a magnet, a current-carrying coil, or a 
combination of both.  A reed relay combines a reed switch 
and a coil into one component. [2] 
 

II REED SWITCH MICROFABRICATION 
 
Attempts to duplicate the functionality of a conventional 
reed switch using microfabrication have been made in the 
past, and at least one example has been commercialized (See 
for example Guiessaz [3]).  These switches were made using 
conventional silicon bulk micromachining processes, 
resulting in planar blade structures with a direction of 
movement in a vertical plane relative to the base substrate. 
Figure 2 illustrates a typical planar MEMS magnetic switch. 
In this approach, the beam thickness and corresponding 
thickness tolerance is dictated by control of the blade 
material’s deposition rate. The width of the blade, which is 
its dimension normal to its motion, is lithographically 

determined.  Such thin film surface microfabricated 
topology has a magnetic closure sensitivity that depends on 
the out of plane thickness of the beam, a factor that is 
dictated by the deposition rate.  This can vary considerably 
across the substrate area and from substrate to substrate. 
Since the bending moment of the beam varies as the cube of 
its thickness, these difficult-to-control variations in 
deposition thickness cause a magnified change in the beam’s 
spring constant and hence the magnetic closure sensitivity. 
Furthermore, as Rebeiz points out [4], another unavoidable 
product of thin-film deposition is the presence of a stress 
gradient in the normal direction of cantilever beams.  In 
simpler terms, this means it is difficult to get adequate blade 
thickness before plating stresses start to build up and cause 
the growing blade to start curling up or down, changing the 
dimension of the switch gap.  That results in switches that 
are too insensitive (blade curled up), or shorted out (blade 
curled down).  These combined factors – deposition 
variances, stress gradients and difficulty in gap control, 

result in a wide variance in magnetic closure sensitivity 
from device to device. Furthermore, limitations in blade 
thickness increase the magnetic reluctance of the blades, 
reducing the flux in the contact gap, which as we shall show, 
is directly related to the contact force that can be developed. 
   Our approach to microfabrication of a reed switch has 
been fundamentally different from that of previous planar 
MEMS devices.  Our high aspect ratio (HARM) approach 
constructs the reed blade so that its thickness rather than its 
width is lithographically determined, creating a blade whose 
direction of motion is parallel to the fabrication substrate. 
Since the bending stiffness of a high aspect-ratio magnetic 
reed cantilever parallel to the substrate is much less than its 
stiffness normal to the substrate, it provides for motion in a 
direction parallel to the plane of the substrate. With this 
approach, a reed switch blade is fabricated so that its 
thickness is accurately defined along its entire length, 
yielding a cantilever with a repeatable and precise spring 
constant that provides for tightly controlled magnetic 
sensitivity of switch closure.  Our work has shown that 
photolithographic based control of blade thickness 
significantly improves on the tolerances associated with 
conventionally manufactured reed switches, particularly in 
the variance in magnetic closure sensitivity within and 
between manufacturing lots.   The HARM process is 
described in detail by Christenson [5]. Briefly, a layer of a 
polymer such as polymethyl methacrylate (PMMA) is 
exposed via a mask to X-rays or ultraviolet radiation. The 
mask is patterned with the profile of the structure to be 
created – in this case, the reed switch structure.  Exposure 
changes the molecular structure of the PMMA, which can 
then be dissolved away using a selective solvent, leaving a 
mold structure. Nickel-iron alloy (typically 80-Permalloy) is 
then plated up from a plating base beneath the PMMA. The 
plated structure is then planarized and the rest of the PMMA 
is dissolved away.   The final structure is then freed.  
    The physical scaling behavior of reed switch operation is 
critically important to its miniaturized design.  Low and 
repeatable contact resistance, for example, is of prime 
importance and requires the generation of sufficiently high 
contact electromechanical force.  However, as a reed switch 
is miniaturized and its total package volume decreases, the 
contact force decreases with the area of the overlapping 
contacts for a constant excitation field.  In addition, the 
coupling of a reed switch to an external magnetic field can 
suffer with diminishing scale. Fortunately, the HARM 
approach helps to offset the detriments of the volume 
scaling of a reed switch since the width of the reed blades 
(height above the substrate) can be extended to several 
hundred micrometers, maintaining a relatively large cross-
sectional area and therefore low blade reluctance.  At the 
same time, the amount of substrate area required to 
accommodate the reed switch overlap area remains small 
and is unaffected by increased blade width and consequent 
blade overlap. Another way to maintain the sensitivity of a 
reed switch at micro-miniature scale is to provide patterned 

 
Fig. 2. Typical planar MEMS construction. Reed cantilever beam 
is plated parallel to the substrate, and moves in the vertical plane 
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blocks of ferromagnetic material that extends out from the 
reed cantilevers (Figure 3).  The blocks act as field 
concentrators, rather like the un-cropped leads of a 
conventional reed switch. 
 

III HARM Theory 
 

   Maintaining the closure force necessary for low contact 
resistance in a miniaturized reed switch also involves scaling 
dependences.  For a given switch gap the reaction difference 
between a single cantilever contacting a fixed contact and 
two cantilevers each deflecting half the gap to make contact 
can be described as follows.  For a end-clamped cantilever 
of length Lc, thickness t, width b, Young’s modulus Pa, and 
force at tip end Fc, the tip deflection δ is:  
      
 

Fig. 3. Single cantilever microfabricated HARM reed 
switch. Cantilever beam is grown upwards from 
substrate, and moves in the horizontal plane 
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where the moment of inertia, I is 

𝐼 =
𝑏𝑡3

12
 

(2) 

 
For two cantilever reeds with gap g, and length Lc = Lcm/2, a 
deflection 

𝛿 =
𝑔
2
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is needed for each cantilever and the corresponding force 
required to produce this deflection is 
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For one cantilever with gap, g and Lc=Lcm/2, a deflection, 

, is needed and the corresponding force required to 
produce this deflection is 
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 or 4 times less force to deflect the single cantilever a given 
gap distance than for two cantilevers.  Thus, if there exists 
sufficient reed spring stiffness to reliably disengage the reed 
cantilever from electrical contact and provide sufficiently 
for resistance to shock and vibration, a single cantilever 
switch will not diminish the contact force for a given reed 
gap as much as a dual cantilever reed switch.  For a 
constrained maximum device volume, the use of a single 
cantilever also allows for more ferromagnetic material to 
enhance coupling to an externally applied magnetic field.   
    Referring to Figure 3, using SI units with dimensions in 
meters and the modulus in Pa, the blade spring force is 
expressed in Newtons (N). This force also represents the 
retract force of the reed switch blades when the magnetic 
driving field is relieved.  
    Clearly, for the switch to close, the magnetic force 
supplied by a permanent magnet or a coil must exceed Fc.  
The magnetic force Fm is obtained [6] from 

 
where φ is the flux in the magnetic circuit, u0 is the 
permeability of free space (4πE-07 H/m), d is the length of 
the contact overlap, and b the contact width.   If a wire coil 
supplies the magnetomotive force to close the switch, the 
flux in the circuit φ is obtained from 
   

𝜑 =  
𝑁𝐼
𝑅𝑡

 (7) 

where N is the number of turns in the driving coil and I is 
the current.  Rt  is the total reluctance of the magnetic circuit 
driving the switch, and is equivalent to resistance in an 
electric circuit.  It is the sum of all the magnetic resistance 
elements in the circuit, including the blade or blades, the 
contact gap and the air return paths surrounding the switch. 
Methods beyond the scope of this paper are used to estimate 
the reluctance of the air return paths. The interested reader is 
referred to Roters [7], Cullen [8], Peek [9], and Hinohara 
[10]. 
    Practical experience with reed switch applications shows 
that the switching reliability is highly dependent on the 
contact closure force developed by the driving coil or 

g=δ

𝐹𝑚 =
1
2
𝜑2

1
𝜇𝑜𝑑𝑏

   (6) 
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magnet and the spring retract forces that take over when the 
magnetic field is relieved.  Holm [11] suggests that the 
resistance between   a set of contacts (CR) operating in the 
elastic regime is related to the contact force Fc by the 
expression 

    
where n = 3.  In our experience measuring the contact force 
of our early prototype HARM switches, the value of n in Eq. 
8 is closer to 1 than 3, since these switches had relatively 
spongy contacts rather the elastic behavior assumed in 
Holm’s formula   In other words, the contact resistance was 
linearly proportional to the simple reciprocal of the contact 
force.  Rebeiz [4] assumes this behavior is due to surface 
contamination, quite possible for these early prototypes.   As 
a compromise between Holm’s estimate and ours for more 
recently developed switches with better contact quality, we 
have used n = 2 (in other words, an exponent of -1/2) in 
estimating the contact resistance vs. force of this newly 
developed switch in comparison to that of a typical planar 
MEMS device.   This exponent corresponds to a so-called 
plastic regime.  Figure 4 illustrates the relationship between 
the relative contact resistance and the contact force for the 

three different models. 
   Knowing the predicted contact resistance from the 
magnetic closure force allows prediction of the maximum 
carry current.  The relationship is obtained using the 
Wiedemann-Franz-Lorenz  law described by Holm [11] that 
relates the electrical and thermal conductivities of the 
contact material to the maximum current that can flow 
through the contacts before contact material melting occurs.   
An estimate of the minimum voltage drop across the 
contacts that will cause spot melting is obtained from 

  

where Vc is the voltage drop, Tc  is the melting point of the 
contact material (oK) and T0 is the bulk temperature of the 
contacts.  Lo is the Lorenz number, 2.4E-08,  with units of 
V2/oK2   For the ruthenium contacts used in the HARM 
switch (melting point 2583 oK), and assuming T0 = 293 oK,  

Vc = 0.795.  Therefore, for a contact resistance of (say) 3Ω,  
the maximum carry current before spot melting occurs is 
predicted to be Vc/3 = 265 mA.  In contrast, an example of a 
switch with weaker contact force, having rhodium contacts 
and a contact resistance of 1000 Ω is predicted to have a 
melting current of only 800 μA, over 300 times lower. 
Clearly, this is only an approximate estimate of the 
maximum carry current since other forces such as the 
contact retract force come into play, and it is not valid to 
assume that contact welding will occur as soon as the 
melting temperature is reached.  But the Wiedemann-Franz-
Lorenz  relationship does allow a useful comparison of 
different contact designs to be made. 
    Armed with Equations (1) through (9), it is possible to 
estimate from first principles the contact forces of MEMS 
switches with different mechanical designs, and estimate 
their relative contact resistances and current carrying 
capability.  In Table 1, we show the estimated contact forces 
for the new HARM switch compared to a typical planar 
MEMS switch, and their expected influence on several 
different switching parameters. 
 

IV.  RESULTS 
 
A. Experimental confirmation of the predicted maximum 
carry current 
To validate the predicted maximum carry current for the 
HARM switch, we soldered a test switch to solder pads at 
the center of a 2.5 cm square piece of FR4 circuit board 
material, glued a small thermocouple to the sidewall of the 
switch, and measured the equilibrium temperature rise for 
different carry currents.  The static contact resistance of the 
switch was approximately 3 ohms.  The circuit board was 
suspended in still air at an ambient temperature of 22oC.  
The results are shown graphically in Figure 5.  As we 
progressively increased the carry current up to 250mA, the 

𝐶𝑅 = 𝐾𝐹𝑐−1/𝑛 (8) 

 
Fig. 4. Relationship between contact force and relative contact 
resistance 

𝑉𝑐 =  �4𝐿𝑜(𝑇𝑐2 −  𝑇𝑜2) (9) 
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SUMMARY OF COMPARATIVE PERFORMANCE 
 

Table 1 
 HARM switch Planar MEMS 

switch 
Contact Metal Ruthenium 

(MP 2583 oK) 
 

Rhodium 
(MP 2233 oK) 

Switch Package 
Dimensions 
L*W*H (mm) 

2.2 * 1.1 * 0.9 4.8 * 2.1 *1.4   

Blade Dimensions 
(μm) 

  

Length 1500 550 
Width 200 100 
Thickness  25 6 
Contact gap 4 4 
Blade spring 
constant (N/m) 

23 
 

5.3 

Contact Forces 
(μN) 

  

Closure 
(calculated 
assuming blades 
saturate at 1 Tesla) 

400 21 

Opening 45 6 
   
Switching 
Performance 

  

Contact Resistance 
(Ω) 

3 – 5 50 - 1000 

Min. melt current 
(mA) 

250 0.7 - 14 

Breakdown 
voltage (V) 

200 75 

 
switch temperature rose about 66oC, and since we were 
measuring at an outside surface relatively remote from the 
contact area, the current seems consistent with the 
theoretical melting current of 265 mA.  Interestingly, the 
switch opened properly after the current was switched off, 
and no contact welding occurred, despite the fact that we 
were almost certainly causing spot melting of the ruthenium 
contacts. Based on these results, we have conservatively 
rated the maximum carry current for the HARM switch at 
100 mA, corresponding to a temperature rise of 14 oC. 
    It is clear from the results shown in Table 1 that the 
HARM approach to building a magnetically driven MEMS 
switch offers considerable advantages.  Despite having a 
slightly smaller footprint than the competitive planar MEMS 
switch, the HARM switch has about 20 times the closure 
force  and 7 times the retract force of the planar MEMS 
design.  This results in a much lower static contact 
resistance and the ability to switch and carry much higher 
currents before failure due to contact melting occurs.  And, 

although our life testing is not yet complete, the higher 
contact forces promise a much higher contact switching life 
at intermediate loads.  Furthermore, larger retract forces 
when the magnetic field is relieved suggest that sticking 
events (where the switch fails to open after a long period of 
closure) are much less likely with the HARM design. 
 
B.  Mechanical Contact Life 
Mechanical life can be determined by testing for correct 
contact opening and closure using a low switched power, so 
that mechanical wear dominates as the failure mechanism.  
We took a sample of 30 HARM switches and switched them 
on and off 300 million times using a 1V 1 mA electrical load, 
looking for evidence of contact sticking or failure to close 
on each switching cycle.  External solenoid coils were used 
to drive the switches.  The resulting Weibull reliability plot 
is shown in Figure 6.  Percentage failure is plotted on the y-
axis, and millions of switching cycles on the x-axis.   The 
Weibull slope was 1.66, indicating that the switches tended 
to wear out after a lengthy period of reliable switching rather 
than exhibiting “infant mortality” failures. The estimated 
mean number of cycles to failure (MCBF) was 125 million 
cycles, with upper and lower 90% confidence limits of 158 
and 100 million cycles respectively.  In all cases, the failure 
mechanism was contact wear leading to contact resistance 
greater than 100 ohms (miss events) rather than sticking 
events where the contacts stuck shut and did not retract 
when the coil drive stimulus was turned off.  This was 
encouraging, since miss failures are generally more 
acceptable than sticking as a switch failure mechanism. Also 
included in Figure 6 is similar Weibull plot for a life test run 
at a 5V 10 mA hot-switched load. In this test the results 
were more ambiguous.  The failures fall into two clearly 
defined groups, highlighted in red and blue on the plot. 
Further investigation showed that the switches that failed 
around 10,000 cycles (red points) had pre-test contact 

    

 
Fig. 5.   Effect of carry current on temperature of HARM switch 
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resistances over one ohm.  In contrast, the switches that 
failed at one million cycles and above (blue points) had  
contact resistances under one ohm.  At the time of writing, 
we are still investigating this curious dichotomy. 
 

C.  Magnetic Field Sensitivity Pattern 
The magnetic field strength needed to close the HARM 
switch depends on the angle of the magnet relative to the 
long axis of the switch.   In this regard, HARM switches 
behave in a similar fashion to conventional reed switches, 
though the sensitivity pattern is somewhat different.  Figure 
7 shows the sensitivity pattern for a sample of 40 HARM 
switches having  a nominal closure field of 10 mT.  The 
peak sensitivity occurs when the angle of the magnet’s 
principle N-S axis is located at 120 degrees relative to the 
long axis of the switch.  When the switches are rotated, the 
sensitivity drops to about 60 mT at 45 degrees, according to 
the sinusoidal response pattern shown in the curve fit of 
Figure 7.  For certain applications, the non-isotropic nature 
of the closure response pattern is advantageous, since the 
magnet and switch can be oriented to minimize the chance 
of stray external magnetic fields spuriously triggering switch 
closure. 

 
D. Characteristics of the new switch 
 Some typical characteristics of the HARM switch are listed 
in Table 2.

 
Fig. 6. Weibull plots of life test results for hot-switched loads of 
1 V 1 mA and 5 V 10 mA 

 
 Fig. 7.  Magnetic field strength needed to close the switch as 
a function of magnet angle. (Refer to the inset diagram for 
the definition of the angle between the N-S axis of the 
magnet and the long axis of the switch) 
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Table 2 
Parameter Value Unit 
Size and Form Factor Volume ~2.9 mm3, 

SMT 
 

Contact Type Ruthenium  
Operate Range 5 – 25 (selectable) mT 

Release Range 3 - 15 mT 
Max. switched power 0.3 W 

Max. switched 
voltage DC, AC  

100, 70 V 

Max. switched 
current DC 

50 mA 

Max. carry Current 
DC 

100 mA 

Breakdown Voltage 200 VDC 

Contact Resistance 3 (typ), 7 (max) Ω 

RoHS compliant  Yes  
 

V.  APPLICATIONS 
 

Applications for the HARM switch will focus on devices 
that require a combination of zero power operation, very 
small size and relatively high current switching capability. 
Such applications include small medical devices such as 
ingestible capsule endoscopes, hearing aids and insulin 
pumps.  Other industrial  applications such as high precision 
fluid level sensing and piston position sensing in robotic 
applications are being pursued. 
 
Figure 8 shows exploded and integrated views of the 
commercially available switch that has resulted from this 
work. 
 

 

  

Fig. 8. HARM reed switch   

 
VI. CONCLUSIONS 

 
We have developed a new type of reed switch based on high 
aspect ratio microfabrication.  The switch maintains the 
desirable properties of conventional reed switches – high 
current carrying capability, hermetically sealed contacts, 
high resistance to ESD and zero power operation,  in a 
package about one-tenth the size of the smallest available 
reed switches. The switch is commercially available under 
the trademark “RedRock”.  Extension of the technology to 
integrated reed relays incorporating lithographically 
produced coils is  being investigated.   
 
A. Microrelay Development 
Microrelay development using the same HARM technology 
would be a logical and desirable follow-up to this program, 
but would need to take into consideration the inverse linear 
scaling dependence of the flux density generated an 
electromagnetic coil, a scaling effect that is brought about 
by current density constraints due to thermal and 
electromigration limitations.  See Halbach [13] or 
Christenson  [14] for further details. 
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IX  GENERAL INFORMATION 

The HARM switch is covered by US Patent 8,327,527 
with other patents pending, and is a joint development 
between Coto Technology Inc. and HT MicroAnalytical 
Inc.  The trademark “RedRock” has been applied to this 
technology, and an application for federal trademark 
registration has been made. 


