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Abstract

:

The performance of more than 60 different electromagnetic energy harvesters described in more than 100 publications is benchmarked. The benchmarking is based on earlier published parameters from literature as well as on two novel parameters introduced in this paper. The former allow to compare different harvester conversion principles as well as harvesters of different electrodynamic design principles. The latter consider the impact of ambient and boundary conditions for the most important sub-group, namely the resonant electrodynamic harvesters. The special consideration of how the mechanical damping and the energy conversion effectiveness depend on these conditions enables a fairer benchmarking of this common harvester type. High performing prototypes are identified, and the key parameters are provided for explanation. Finally, beneficial design approaches and the main challenges to maximize the output power are pointed out.
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1. Introduction


In our very recently published review paper [1] we provided an overview on electrodynamic vibration harvesters that have been published in the past 15 years. We discussed the different designs with different shapes and dimensions and pointed out the huge range of output powers across six orders of magnitude from    n W   to    m W  . They were measured at similar, but also at quite different excitation accelerations and frequencies. The diversity of prototypes and output powers raises the question of how harvesters can fairly be compared. An answer would allow to identify the best design approaches and, if existing, the optimum harvester design without adapting each harvester concept to the same boundary conditions.



As the power density does not consider the excitation of a harvester, several authors reviewed and compared electrodynamic vibration harvesters based on different benchmarking parameters. Mitcheson [2] introduced a parameter to compare the harvester power to a theoretical power limit. However, this approach did not consider the scaling of the electrodynamic principle. Arnold used the power density per squared excitation acceleration [3] to account for the increasing power at stronger excitations. Based on the linear harvester model, Stephens [4] argued that this benchmarking parameter did not correctly consider the impact of the volume. None of the benchmarking approaches, however, could satisfiably explain the huge differences in the output power of published harvesters ranging from    n W   to    m W  .



In this paper we address the challenge to consider the complex impact of ambient and boundary conditions in a single benchmarking parameter. By considering the dependencies of key parameters such as the mechanical damping, an attempt to approach a fair benchmarking is provided. First, the benchmark parameters (BPs) from literature are briefly reviewed. Second, we introduce two novel parameters derived from the linear resonant harvester model. Third, based on the different BPs, the harvesters from our review paper [1] are benchmarked. The results allow to identify high performing harvester designs and design elements and to finally point out beneficial design rules.




2. Benchmarking Parameters for Different Harvesting Mechanisms


To compare different harvesting mechanisms among each other or harvesters to energy sources such as batteries, the power density, subsequently named BP (a), is often used.


  B  P  ( a )   =   P  a v g   V   



(1)




  P  a v g    is the measured average power a harvester can generate and V is its total volume. The power density just tells within which period of time a certain harvester at a particular excitation can provide the same energy as a battery of the same volume.



Mitcheson et al. [2,5,6] introduced a bottom-up approach to benchmark vibration harvesters with different harvesting principles against a theoretical limit. The assumption they made was that the harvester volume is completely used for the linear oscillator as well as the oscillator displacement, and additional volumes, e.g., for coil, housing, air gaps etc., were neglected. Furthermore, the mechanical damping was neglected and the oscillator was only damped electrically without any energy dissipation in the mechanics or in the coil. The theoretical limit of the average power   P = ∫   m  x ¨   d  x ˙     with x sinusoidal in the frequency domain is given by


   P  l i m i t   =  1 2  m   A ^  ⊥   ω 0    X ^  ⊥    



(2)




where m is the oscillator mass and    X ^  ⊥   its displacement amplitude,    A ^  ⊥   is the excitation acceleration amplitude and   ω 0   the eigenfrequency (Equation (3) differs from [2,5,6,7] by a constant factor as a mistake in the derivation was corrected). With m expressed by the harvester volume minus the volume that is penetrated above and underneath the vibrating oscillator, one can find the optimum relation     X ^  ⊥  = h / 4   between the harvester height h and the oscillator displacement amplitude    X ^  ⊥   by differentiating with respect to h (   X ^  ⊥   points into the direction of h).


   P  l i m i t   =  1 8   ρ m  V h  ω 0    A ^  ⊥   



(3)




and dividing the measured harvester power   P  a v g    by this theoretical maximum leads to BP (b).


  B  P  ( b )   =   P  a v g     1 8   ω 0   ρ m  V h   A ^  ⊥     



(4)




BP (b) allows to compare any vibration harvesting principle at sinusoidal excitation (Note: The requirement is a sinusoidal excitation force. A harvester that converts energy nonlinearly but is harmonically excited can convert much more power due to the nonlinear forces.) with a theoretical (not approachable) limit. In fact, BP (b) is much smaller than unity, because the mechanical damping usually is at the level of the electrical damping. Additionally, the practical oscillator amplitude often is small compared with the harvester height h. Therefore, BP (b) prefers harvesters with a small height and eigenfrequency providing a realistic chance to approach   h / 4   with the oscillator amplitude.




3. Benchmarking of Resonant Electrodynamic Harvesters


Comparing only resonant electrodynamic harvesters allows to consider the impact of ambient and boundary conditions. A first benchmarking approach was derived from the linear harvester model by Arnold et al. [3] and shall be expanded here. The discussion is based on the fundamental equation we derived in [8]


   P  a v g   =    V c   k c   B ⊥ 2     V c   k c   B ⊥ 2  +  ρ c   d m    ·     ρ m   V m   2   8  d m      A ^   ⊥  2  = ν      ρ m   V m   2   8  d m      A ^   ⊥  2    



(5)




which expresses the output power with respect to the mass density of the oscillator   ρ m  , the oscillator volume   V m  , the acceleration amplitude    A ^  ⊥  , the parasitic mechanical damping coefficient   d m  , the volume comprising the coil wire   V c  , the coil filling factor   k c  , the resistivity of the coil wire   ρ c  , the flux density perpendicular to the oscillator displacement and the coil wire   B ⊥   and the conversion effectiveness ν, respectively. The latter is a value between 0 and 1, where 1 means that maximum power is converted at the resonance frequency at a given excitation    A ^  ⊥  .



In literature, the proportionality of   P  a v g    to   A  ⊥  2   is sometimes taken as reason to benchmark harvesters with respect to the power density divided by   A  ⊥  2  . However, as Arnold already found, this approach does not correctly consider the impact of, e.g., the mechanical damping coefficient   d m   and volume of the oscillator   V m   [3]. In fact, the interdependencies and limitations result into a non-trivial impact of ambient conditions and boundary parameters on the parameters in Equation (5). To simplify the discussion, the parameters are handled independently and size is considered by a length scaling factor s.



Whereas the coil filling factor   k c  , the flux density   B ⊥  , the resistivity   ρ c   and the mass density   ρ m   are independent of size and excitation, the coil volume   V c   and the oscillator volume   V m   are proportional to   s 3  . The role of the mechanical damping coefficient   d m   depends on the dominating damping model. From the damping mechanisms in a harvester only laminar viscid damping, i.e.,

	
viscid drag



	
lateral laminar flow Couette damping



	
lateral laminar flow Stokes damping (Stokes damping here refers to the expression for small frequencies and air gaps)



	
perpendicular laminar flow squeeze film damping





each resulting in    d m  ∝ s   [9], is to be considered. The other damping types are either negligible or, in cases such as eddy current damping, turbulent drag, thermoelastic damping, material hysteresis damping and friction, can usually systematically be minimized below laminar viscid damping.



As research in the field of sensors shows, viscid damping at small scales even dominates at very low pressures [10,11,12,13,14]. What complicates the discussion is the fact that at large scale, large oscillator displacements and, if amorphous materials are used, material damping can be significant. The question under which conditions viscid or material damping is dominating has not been answered. Therefore, two benchmarking parameters should be introduced.



3.1. Viscid Damping


First, assume that laminar viscid damping dominates the system. With    d m  ∝ s   the conversion effectiveness depends on the harvester size. Let us say the effectiveness of a harvester with a volume of   1  c  m 3   , namely   ν   V = 1  c  m 3    , is known. If the harvester dimensions are related to the same volume, i.e.,    V c    s  =  s 3   V c    V = 1  c  m 3     and    d m    s  = s  d m    V = 1  c  m 3     the effectiveness would change as follows.


  ν   V  =  1  1 +    ρ c   d m     V c   k c   B ⊥ 2      =  1  1 +   1 - ν   V = 1  c  m 3     ν   V = 1  c  m 3      s  - 2       



(6)




The relation is plotted in Figure 1a for different values   ν   V = 1  c  m 3     and indicates that the conversion effectiveness drops with   ν →  s 2    for harvesters at smaller dimensions and reaches unity for large s. Clearly, besides unity there is no physically defined benchmark or limit for   ν   V = 1  c  m 3     and a value needs to be taken from realized prototypes.
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Figure 1. (a) conversion effectiveness ν with respect to scaling factor s according to Equation (6) and (b) average power   P  a v g    at the eigenfrequency according to Equations (5) and (10) for different   ν  ( V = 1  c  m 3  )  . Dashed lines denote slope of limits. 
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The corresponding output power of a harvester can be found with the help of Equation 5 and inserting the reference values including   m   s  =  s 3  m   V = 1  c  m 3    . Figure 1b shows that for large s and respectively   ν = 1   the power is    P  a v g   ∝  s 5    A ^   ⊥  2   . In contrast, for small s (and, of course, for unbeneficial designs) and   ν →  s 2    the power scales according to    P  a v g   ∝  s 7    A ^   ⊥  2   . Both limits have already been identified by Arnold [3].



To relate the output power of a harvester to its particular volume, the length scaling factor can be replaced by    s 3  = V /  c  m 3    with the harvester volume V in    c  m 3    and the following BPs can be found. For large volumes there is


  B  P  ( V → ∞ )   =   P  a v g     V  5 3     A ^   ⊥  2    ·    c  m  5 3     ( m  s  - 2   )  2     µ W    



(7)




and for small volumes


  B  P  ( V → 0 )   =   P  a v g     V  7 3     A ^   ⊥  2    ·    c  m  7 3     ( m  s  - 2   )  2     µ W    



(8)




with   P  a v g    in    µ W  , V in    c  m 3    and   A ⊥   in    m  s  - 2    . Note: the respective units are used, because SI units are not common. Interestingly, for the range of intermediate volumes one could apply the average normalization parameter


  B  P  (  V  a v g   )   =   P  a v g     V 2    A ^   ⊥  2    ·    c  m 2    ( m  s  - 2   )  2     µ W    



(9)




which directly results from Equation (5) for   d m   and ν independent of s.



These three parameters have already been pointed out by Arnold [3]. A more complicated but more accurate and continuous BP can now be found by considering the scaling of the conversion effectiveness in detail. Inserting Equations (6) into (5) one gets


   P  a v g   ∝  1  1 +   1 -  ν  r e f     ν  r e f    ·  s  - 2      s 5    A ^   ⊥  2    



(10)




With the reference values    ν  r e f   = ν   V  r e f      and    V  r e f   = 1  c  m 3    one can derive a global BP (c)


  B  P  ( c )   =  P  a v g   ·   1 +   1 -  ν  r e f     ν  r e f    ·    V  V  r e f      -  2 3         V  V  r e f      5 3     A ^   ⊥  2    ·      ( m  s  - 2   )  2     µ W    



(11)




which allows to compare harvesters based on the maximum normalized conversion effectiveness found or defined for a volume of   1  c  m 3   . Consequently, based on a reference conversion effectiveness   ν  r e f    harvesters can be compared only with the help of the single parameter BP (c) that considers the scaling discussed with Figure 1.




3.2. Material Damping


Having derived a BP for the assumption that viscid damping dominates the system, one can similarly find a parameter for the case that material damping is dominant. According to Appendix A, material damping is independent of the excitation acceleration but proportional to the frequency and volume (compare Equations (22)–(24)). Therefore, based on the arbitrarily chosen reference value    ν  r e f   = ν  (  V  r e f   = 1  c  m 3  ,  ω  r e f   = 2 π 50  Hz )    the effectiveness is


  ν   V ,  ω 0   =  1  1 +   1 -  ν  r e f     ν  r e f      ω 0   ω  r e f       



(12)




and the output power is


   P  a v g   ∝  1  1 +   1 -  ν  r e f     ν  r e f    ·   ω 0   ω  r e f      ·  s 3     ω  r e f    ω 0     A ^   ⊥  2   .  



(13)




The corresponding plots are shown in Figure 2. Consequently, the corresponding BP (d)


  B  P  ( d )   =  P  a v g   ·   1 +   1 -  ν  r e f     ν  r e f    ·   ω 0   ω  r e f       V  V  r e f       ω  r e f    ω 0     A ^   ⊥  2    ·      ( m  s  - 2   )  2     µ W    



(14)




can be derived.
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Figure 2. (a) conversion effectiveness ν with respect to scaling factor s according to Equation (12) and (b) average power   P  a v g    at the eigenfrequency according to Equation (13) for different   ν  r e f   . 
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The two BPs (c) and (d) are quite different. Generally it is not clear under which conditions viscid damping or material damping is dominating, and the question of a fair benchmark parameter cannot be conclusively answered. On the one hand, one could claim that vacuum packaging of harvesters would allow to reduce viscid damping and generally apply BP (d). On the other hand, if harvesters are not used in vacuum and viscid damping is indeed dominating, the usage of BP (d) would treat harvesters with low   ω 0   and large V preferentially; in other words, it would discriminate the other ones. Therefore, applying both parameters collectively to prototypes does not possibly allow to find an optimum design, but should help to identify promising designs.



Before applying the BPs to published prototypes some limitations should be kept in mind. Firstly, BP (c) and (d) both assume that any dimension of the harvester scales proportionally to the length scaling factor. However, according to [8] the oscillator amplitude is

	
inversely proportional to   ω 0   at a given acceleration



	
proportional to the acceleration at a given   ω 0   and



	
proportional to   s 2   when    d m  ∝ s   and constant when    d m  ∝  s 3   





A fair comparison of a harvester design principle would therefore be based on excitation levels that result in a similar ratio of the penetrated to the total harvester volume. The volume that is not penetrated and would therefore not have been considered if a harvester had been designed for low accelerations could be subtracted from V.



Secondly, the aspect ratio of the harvester defines the design freedom and might on the one hand have an impact on the mechanical damping. Additionally, it influences the ratio of the penetrated to the harvester volume. Since it is not clear how both effects can be mathematically considered, one has to take BP values of harvesters with different aspect ratio with care.



Thirdly, the “total” harvester volume reported for harvester prototypes does not always include the same components. In some cases an electronic circuit or a large, more robust housing is considered. An effective total volume that includes a minimal closed housing but excludes the electronic circuit could serve as common base for discussion.



Finally, additional aspects and limitations such as a required lifetime, temperature or shock resistance or a maximum flux density in the surroundings of a harvester can reduce the design freedom and consequently the harvester power.



Not least for the lack of data all these aspects can hardly be considered. If benchmarking results, however, are carefully interpreted, BP (c) and (d) can serve as an appropriate basis for the comparison of resonant electrodynamic harvesters.





4. Benchmarking of Published Prototypes


Figure 3 contains the BPs (a)–(c) applied to the reviewed electrodynamic harvesters in [1]. As several prototypes feature a similar design but different performance, volume, etc., the harvesters are referenced by two numbers: “(?)” denotes the design number introduced in our review paper [1] and a single number “?” the benchmark value in the benchmark plots. Important values of these harvesters are collected in Table 1 and Table 2. Note: The harvester volumes are the total volumes including the volume that was penetrated by the oscillator, the housing and possibly an electronic circuit. If the output power was only published after rectification, a factor of   1 . 3   was added.



The BP values in Figure 3 are proportional to the areas of the circles. If multiple measurements at different excitations have been published for a prototype, the diagrams contain the largest value with respect to the particular BP.



As discussed in the previous sections, a low performance value must not necessarily be due to a disadvantageous harvester design but could also result from

	
measurements taken only at excitations where the BPs result in low values



	
an unfavorable aspect ratio, housing or included electronic circuit



	
restricting boundary conditions



	
a non-resonant harvester concept with different physics and, finally



	
the fact, that the harvester was not effectively optimized
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Figure 3. Benchmark plots for electrodynamic harvesters. Plots show the maximum performance of each harvester according to the respective BP as well as available measurement data and with respect to the corresponding acceleration and frequency. Values are proportional to the area of circle and according to Table 1. 
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In many publications the geometry is not completely given and the harvester is not fully characterized. The lack of data complicates the interpretation of the results, making it impossible to identify a single beneficial design approach.



In all benchmark plots one recognizes the trend that smaller harvesters have been designed for higher frequencies. The reason is probably the difficulty to design harvesters with fragile springs of low stiffness. The decreasing oscillator amplitude at higher frequencies as well as smaller volumes additionally helps to prevent fatigue and to reduce the mechanical damping. As the discussion of the other BP (a) and (b) refers to BP (c) and (d), the comparison of published harvesters starts with the latter parameters.
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Table 1. Harvester parameters corresponding to Figure 3 estimated / cited from published values. Multiple values are provided if maximum performance at different BPs is based on different measurements. If measured power was rectified, a compensation factor of   1 . 3   was added.







Table 1. Harvester parameters corresponding to Figure 3 estimated / cited from published values. Multiple values are provided if maximum performance at different BPs is based on different measurements. If measured power was rectified, a compensation factor of   1 . 3   was added.







	
#

	
Reference

	
  V [   cm 3  ]  

	
  h [  mm ]  

	
  ω / 2 π [  Hz ]  

	
    A ^  ⊥   [   ms  - 2   ]   

	
   P avg   [  µ  W avg  ]   






	
1

	
[15] MKI

	
0.24

	
9

	
322

	
102

	
530




	
2

	
[16] MKII

	
0.3

	
6.2

	
51.6

	
0.83

	
45




	
3

	
[17]

	
0.6

	
6

	
54

	
7.9

	
115




	
4

	
[18]

	
1.2

	
3

	
143

	
1

	
12




	
5

	
[19]

	
1.50

	
15

	
80

	
28

	
3000




	
6

	
[20]

	
2.0

	
11

	
66

	
34.4

	
830




	
7

	
[21]

	
3.0

	
12

	
10

	
11.8

	
545




	
8

	
[8 ] (updated)

	
10.0

	
36.5

	
45.3

	
3

	
4200




	
44.6

	
0.4

	
138




	
9

	
[22]

	
13.3

	
32

	
55.9

	
2.0

	
2050




	
2.5

	
3100




	
10

	
[23]

	
27

	
-

	
57

	
0.98

	
1200




	
11

	
[24] PMG7

	
41.3

	
-

	
50

	
0.71

	
3000




	
12

	
[25]

	
52

	
40

	
13.1

	
1.1

	
2000




	
13

	
[26,27]

	
80.0

	
-

	
17

	
7

	
33, 800




	
3

	
26, 000




	
14

	
[28]

	
117

	
53

	
17.2

	
0.35

	
2850




	
15

	
[29]

	
130.7

	
55

	
50

	
13.9

	
58, 500




	
16

	
[30]

	
200

	
160

	
5.4

	
10

	
200, 000




	
17

	
[31]

	
229

	
63

	
50

	
0.35

	
2280




	
18

	
[32]

	
500

	
100

	
6

	
0.71

	
15, 000
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Table 2. Key parameters of selected harvesters in SI units estimated/simulated/cited/computed* from published values. The column “Reference” denotes the particular publication, column “#” was introduced to refer to the corresponding benchmarking value in Figure 3 and the column “Design” refers to our review paper [1] to provide the design principle of the harvester. Note: the key parameters are according to measurement data that provide maximum performance according to BP (c) in Section 3.   B ⊥   had to be adapted if wire was not perpendicular to direction of motion.
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#

	
Design

	
Reference

	
   V c  / V  

	
  k c  

	
  B ⊥  

	
    V c   k c   B ⊥ 2   V  

	
  d m  

	
ν

	
  m / V  

	
    X ^  ⊥  /  h 1   






	
1

	
harvester (1)

	
[15] MKI

	
  0 . 8 %  

	
  0 . 50  

	
0.15

	
  8 . 5  ×   10  - 5    *

	
  0 . 027  

	
  0 . 04  *

	
2100

	
  5 %  




	
2

	
harvester (1)

	
[16] MKII1

	
  0 . 7 %  *

	
  0 . 67  

	
0.23

	
  2 . 4  ×   10  ‒ 4    *

	
0.00075*

	
0.86*

	
2000*

	
18%




	
3

	
harvester (27)

	
[17]

	
-

	
-

	
-

	
-

	
0.0001

	
-

	
81

	
-




	
4

	
harvester (30)

	
[18]

	
7.7%

	
1.00

	
0.33

	
8.4×10‒3

	
0.077

	
0.89

	
2900

	
0.8%




	
5

	
harvester (8)

	
[19]

	
-

	
-

	
-

	
-

	
-

	
-

	
1000

	
37%




	
6

	
harvester (14)

	
[20]

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
7

	
harvester (10)

	
[21]2

	
0.5%

	
0.13

	
0.02

	
3.7×10‒6

	
-

	
0.006 *

	
1100

	
-




	
8

	
harvester (28)

	
[8]

	
4.5%

	
0.38

	
0.67

	
7.7×10‒3

	
0.18

	
0.96

	
3500

	
1.5%




	
9

	
similar to (23)

	
[22]

	
2.6%

	
0.60

	
0.18

	
5.05×10‒4

	
0.85

	
0.82

	
1000

	
1.4%




	
10

	

	
[23]

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
11

	

	
[24] PMG7

	
-

	
-

	
-

	
-

	
-

	
-

	
2050

	
-




	
12

	
harvester (1)

	
[25]

	
- 

	
-

	
-

	
-

	
-

	
-

	
820

	
-




	
13

	

	
[26,27]

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
14

	

	
[28]

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
15

	
harvester (26)

	
[29]

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
16

	
harvester (5)

	
[30]

	
-

	
-

	
-

	
-

	
-

	
-

	
177

	
-




	
17

	

	
[31]

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
18

	
NOT equal to (7)

	
[32]

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-








1     X ^  ⊥    is maximum value appearing at high acceleration.







4.1. BP (c): Resonant Electrodynamic Harvesters with Viscid Damping


For BP (c) and Equation (10) a reference conversion effectiveness    ν  r e f   = ν   V  r e f   = 1  c  m 3    ,    ν  r e f   = 0 . 93   is assumed. This value was reversely computed from Equation (6) for harvester number 2 [16] and is the largest reported reference effectiveness, followed by 8 with the normalized value   ν   V  r e f   = 1  c  m 3   = 0 . 84  . In fact, the estimated effectiveness of 4 with   ν   V  r e f   = 1  c  m 3   = 0 . 95   slightly exceeds the value of harvester 2. However, the value was not taken because the damping could only be estimated.



As expected for viscidly damped harvesters, no correlation can be noted in the plot of BP (c) versus volume and the frequency of maximum power (which, for all resonant harvesters, is the eigenfrequency). The diagram versus volume and acceleration indicates that a higher performance can be realized at smaller acceleration. In fact, harvesters of low performance often seem to be deliberately measured at high accelerations to reach a considerable absolute power level. Additionally, since which harvester was limited by which damping type is not reported, a dominating impact of material damping could be a second reason.



As already stated, the best performing harvester is number 2 [16]. Its design corresponds to the one labelled (1) in our review paper [1]. With a very low   d m   the largest ν related to a volume of   1  c  m 3    and the largest    (  m 2  /  d m  )  /  V  5 / 3     were reached, although the harvester neither features the maximum   m / V   nor    V c   k c   B ⊥ 2  / V  . The performance could even be increased, because measurements have only been provided for a single excitation acceleration, which resulted in a large amplitude and penetrated volume. At a very small acceleration the total volume could be up to   35 %   smaller.



However, to interpret the high performance, two aspects have to be considered. Firstly, the harvester volume does not include a housing. Secondly and more important, this harvester is nonlinear due to a stiffening effect of the spring. Due to the stiffening, the output power increases when the harvester is measured at a frequency upsweep until it suddenly drops. The frequency of power break down is random and if the harvester is measured at a downsweep this point cannot be reached [16,33]. To our knowledge, by now the maximum upsweep power has not been reached at practical conditions.



The comparison of publications [16,34] provides even another confusing result. Both report measurements of exactly the same harvester at the same excitation but only   40 %   output power in [34]. The authors explained the higher performance by a better alignment of the beam in [16] that was supposed to reduce mechanical damping. Due to the lack of a mechanical characterization, this explanation has not been verified. (Damping was investigated by measuring the induced voltage which, due to a varying   B ⊥  , cannot provide reliable values. Consequently, the authors’ observation of an increasing Q-factor for stronger acceleration was rather due to a decreasing electrodynamic coupling than a decreasing damping. The order of magnitude of the damping value in Table 2 that was derived from the published Q-factor, however, should be correct.)



In fact, even if the stiffening effect is not considered, the performance of number 2 is high, for which three reasons can be identified. Firstly, a low mechanical damping was realized due to a long clamped-free beryllium copper beam spring. Secondly, despite a small oscillator volume, the oscillator mass was increased by attaching a tungsten mass with a mass density of   16 , 000  k g  /   m 3   . Thirdly, the magnetic circuit consisted of multiple magnets combined with back iron to realize a comparably high flux density. The effective flux density was only reduced by the fact that the wire of the circular coil was not perpendicular to the direction of motion. Finally, considering that the harvester was not comprehensively optimized, it seems even possible to increase the output power.



A second well performing harvester with a volume more than an order of magnitude above is the cylindrical prototype 8 with design (28). Here, the maximum   m / V   and a good    V c   k c   B ⊥ 2  / V   have been realized even with the housing included by compact packaging of membrane springs, coils, oscillator and housing and respectively an effective magnetic circuit design with nearly closed back iron.



However, compared with harvester 2 and the assumption    d m  ∝ s   the mechanical damping is a factor of 75 higher. The reason is a significant material damping due to high stress values in the springs. The large   d m   strongly decreased    (  m 2  /  d m  )  /  V  5 / 3    . Note: Due to the high    V c   k c   B ⊥ 2  / V   the effectiveness still was   ν = 0 . 96   and respectively    ν  r e f   = 0 . 84   related to   1  c  m 3   .



Other well performing harvesters are the commercial Perpetuum devices 14 and 15 [24,28] with a design probably according to [35,36,37]. Unfortunately, detailed data besides the output power is missing.



A very similar performance was also realized with the harvester 4 according to design (30). It features the largest    V c   k c   B ⊥ 2  / V   and the second largest   m / V  . However, a comparably high damping reduced especially    (  m 2  /  d m  )  /  V  5 / 3    .



All these harvesters contain a magnetic circuit with flux conducting components. In fact, two harvesters based on a simple magnet without flux guidance provided a good output power as well. The harvester 9 in [22] contained a magnet fixed to a CuSn6 membrane spring to vibrate towards a circular coil. Unfortunately, the harvester was not mechanically characterized. Based on the given oscillator mass as well as the tabled dimensions and drawings,   m / V   must have been approximately 1000. Estimating the mechanical damping coefficient from Equation (5) with subsequently simulated magnetic circuit results in    d m  ≈ 0 . 085   and a   ν ≈ 0 . 85  . This low damping coefficient allowed to compensate the low flux density.



The harvester 3 [17] with design (27) contained a very small magnet that was fixed to a silicon coil and penetrated a coil at vibration. Due to the magnetic circuit with a    V c   k c   B ⊥ 2  / V   of about    10  - 5   . .  10  - 4     T 2    and a   m / V   of only   80  k g   /   m 3   , the damping value must have been in the range of    d m  ≈ 0 . 0001  , which would even be far below the value of harvester 2 at twice the volume. Provided that the measured values are correct, the key to the low damping was the wet etched silicon membrane spring with long beams.



Finally, it is worth mentioning the harvester in [38] according to design (13). Although it was fabricated by DRIE from bulk silicon for a minimum mechanical damping, the damping coefficient is large and the performance is low. As new results for a device with chemically polished sidewalls [39] have not been published, the damping value might be due to the rough surface after DRIE.



Since all these well performing harvesters have not been comprehensively optimized, the question whether a certain design is beneficial cannot be satisfiably answered. Nevertheless, beneficial design aspects can be identified and will be summarized in Section 5.




4.2. BP (d): Resonant Electrodynamic Harvesters with Material Damping


Benchmarking with BP (d) is based on a reference conversion effectiveness of    ν  r e f   =  (  V  r e f   = 1  c  m 3  ,  ω  r e f   = 2 π 50  Hz )  = 0 . 965  , which was the maximum value found and reached by 8.



Compared with BP (c), the plot of BP (d) suggests increasing performance values for lower accelerations and (less significant) higher frequencies. This observation corresponds to the assumption that stress and material damping are reduced at the lower oscillator amplitudes.



As for BP (c) also at BP (d) harvester 2 is the best performing prototype. The reasons are the same, low   d m  , high   m / V   and a good    V c   k c   B ⊥ 2  / V  . According to these parameters, the oscillator amplitude at the measured acceleration must have been ca.   1  m m  , which is comparably large and, in fact, an indication for significant material damping. Consequently, measurements at a lower excitation could decrease   d m   and result in an even better performance.



A very similar performance was reached by harvesters 11, 15, 8 and 14. Whereas the design of 11, 15 and 14 is not exactly known, the good performance of harvester 8 was due to maximum value of   m / V   and the second largest    V c   k c   B ⊥ 2  / V  . The mechanical damping was identified as material damping and when compared with the damping value of harvester 2 was a factor of 9 larger (Note: The factor differs from what was found in the previous section, because damping scales differently).



Similar to what was explained for BP (d), as the harvesters have not been comprehensively optimized, the results only allow to identify beneficial design aspects, which are summarized in Section 5.




4.3. BP (a): Power Density


The power density BP (a) versus volume and acceleration does not show a clear correlation. However, a comparison with BP (c) indicates the tendency that, despite a comparably unbeneficial harvester design, simply a large harvester volume or strong acceleration can result in a high power density.



For example, prototype 1 [15] designed equal to (1) reached the maximum reported value of   2 . 2  m  W  avg     /   c  m 3    . Since that prototype featured a comparably high damping, an acceleration of     A ^  ⊥  = 102  m  s  - 2     was necessary.



The non-resonant pendulum harvester 5 [19] (design (8)) provided similar   2  m  W  avg     /   c  m 3     at     A ^  ⊥  = 28  m  s  - 2     and   80  H z   in the state of continuous rotation.



For comparison, the energy of lithium ion or alkaline batteries with an energy density of approximately   400  m W h   /   c  m 3     [40] can be harvested within less than 9 days (time span increases when rectifying and voltage control circuit are considered) when   B  P  ( a )   = 2  m  W  avg     /   c  m 3    . With harvesters showing a high performance according to BP (c), the cited power density values are already possible at lower accelerations and respectively smaller volume. Moreover, higher values are possible if the following correlation is considered: The output power is limited by the squared total change of flux and the squared oscillation frequency.




4.4. BP (b): Vibration Power Limit


BP (b) requires the assumption of a mass density value. Since BP (b) is supposed to be a physical limit, the highest mass density of an element of the periodic table, the density of Osmium with    ρ m  = 22 . 6 g  /   c  m  - 3     , is taken. If compared with BP (c), the plots of BP (b) versus volume and frequency and respectively volume and acceleration show a trend of higher performance towards larger volumes, higher accelerations and lower frequencies.



The maximum value of   3 %   according to BP (b) is reached by harvester 2 [16] with the design (1). Here, the oscillator displacement amplitude approaches the theoretical optimum of     X ^  ⊥  / h = 0 . 25  . Additionally, due to the small mechanical damping and an additional tungsten mass increasing the effective mass density of the oscillator, the necessary acceleration is low.



A performance of   0 . 7 %   was realized by harvester 7 [21] with design (10), and is due to the high excitation acceleration and the low frequency that allows to approach high displacement amplitudes (values have not been reported).



The performance of   0 . 43 %   of harvester 16 [30] (design (5)) results from its even larger volume, lower frequency and a similar strong acceleration.



The fourth best result of   0 . 42 %   is provided by 8, although its frequency is comparably high and the acceleration (measurement at   3  m  s  - 2    ) comparably low. The reason, similar as mentioned in the discussion of BP (a), is its good performance according to BP (c).



The performance values realized according to BP (b) are small, because neither was the mass density of Osmium used, nor the power loss due to the mechanical damping and the coil resistance (which account for more than   50 %  ) could be avoided. Comparing the values with BP (c) and (d), however, shows that BP (b) often is a good indicator for a well designed resonant electrodynamic harvester.





5. Implications on Design


The question which harvester design should be preferred is discussed based on the high performing harvesters according to BP (c) and (d). The best performing harvesters at BP (d) are also performing well at BP (c), and vice versa. This aspect shows that these designs stand out from the other published harvesters and feature beneficial design aspects.



A high    V c   k c   B ⊥ 2  / V   can be realized with the help of magnetic circuit designs effectively guiding the flux. In combination with these magnetic circuits solenoidal coils have been found optimal.



High values of   m / V   were realized by a compact (especially cylindrical) design or a supplementary mass with high mass density. The latter increases the effective mass density of the oscillator such that the oscillator volume can be decreased for a smaller viscid damping. Due to its large volume, the magnetic circuit was usually used as oscillator. For example, for harvester 2, the ratio of the coil to magnetic circuit volume is approximately   20 %   and for 8 approximately   7 %  . In fact, the risk of eddy currents and an impact of surrounding parts on the harvester behavior is reduced when the coil is used as oscillator.



As long as the oscillator amplitude is small compared with the dimensions of the harvester, a low   d m   can compensate for low values of    V c   k c   B ⊥ 2  / V   and   m / V  . Detailed studies of the mechanical damping have not been found in literature, and the impact and suitability of different designs cannot be compared. The comparison of the harvester designs suggests that the dominant damping phenomena are material damping, in special cases friction [41] and possibly laminar viscid damping.



Low damping was provided by a single fixed-free beam [16,34]. Due to the low fatigue strength of silicon, the beam was out of an amorphous material. It is not clear whether material, viscid or even another damping type was dominating. As the authors reported, the quality factor of the oscillation strongly depended on the accuracy of the clamping of the beam. Our own investigations suggested that the critical point is to avoid momentums from an angle between the beam axis and the fixation line as well as an excentrical mass. A solution is the usage of stress compensated approaches [10,42,43].



Another opportunity is membrane springs, because the closed boundary can reduce the impact of the clamping. Spring designs with long meandered or spiral beams can effectively distribute the stress that appears at the oscillator deflection. However, as our own measurements with harvester 8 suggested, membrane springs need to be designed carefully to prevent high stress from nonlinear geometrical effects. Additionally, for the spring design one has to consider the trade-off between long beams providing low stress and a high stiffness ratio that ensures a defined oscillation at perpendicular forces.



Lowest damping was possibly realized with a single crystalline silicon membrane spring of comparably long beams [17]. However, also amorphous materials may provide low damping (compare the harvesters with beryllium copper, silicon and steel 304 beam in [16] and the CuSn6 membrane spring in [22], the latter under consideration of the short beams). Due to the lack of data a detailed analysis of the materials is still necessary.



Finally, as the example of the beam harvester 3 [16] shows, low damping values can possibly even at fair excitation levels result in an oscillator amplitude that reaches its geometrical or fatigue limit. The answer to that problem: It is not a bug, it is a feature! Such a low damping could be used either to reduce the oscillator mass or to increase the harvester volume to harvest more power. Alternatively, for a certain range of excitations one could limit the oscillator amplitude by decreasing the load resistance down to    R l  =  R c   , which increases the harvester power due to an increased electrical damping. For excitations beyond, spring-like end stops seem to be a promising solution (compare design (18)). On the one hand, the oscillator velocity at zero crossing and consequently the power are increased. On the other hand a wideband plateau of maximum power is realized. Right now, however, the challenge is rather to identify possibilities to reduce the damping and not the oscillator amplitude.



Therefore, to maximize the performance of electrodynamic harvesters, the harvesters should systematically be optimized under consideration of the mechanical damping phenomena.




6. Conclusions


The benchmarking parameters can serve as starting point to evaluate harvesters and to identify a good harvester design. Indeed, a completely fair benchmarking is practically not possible. First, the complex impact of all ambient and boundary conditions cannot be comprehensively considered. Second, the various different requirements on harvesters cannot be all quantified. Third, important data of prototypes, which are needed for benchmarking, are often not published. Due to the complex impact of the boundary conditions and different practical requirements that possibly limit the design freedom, multiple benchmarking parameters are necessary. Consequently, there cannot be the best design approach. Detailed data of a harvester, such as the oscillator mass and volume, the coil wire volume and resistivity, the flux density and the mechanical damping, all related to the total volume and the excitation acceleration and frequency, have to be considered to truly evaluate the capabilities of a harvester design.



The novel benchmarking parameters BP (c) and (d), which were introduced in this paper, can nevertheless serve as a starting point for benchmarking. They allow to compare resonant-type electrodynamic harvesters based on the practical impact of the most important parameters: the excitation and the harvester volume. For the first time they consider the important dependencies of the mechanical damping and the conversion effectiveness.








A. Derivation of Material Damping


The dependency of the material damping on the dimensions and excitation should be explained with the help of a single membrane spring, which can be modeled as a setup of multiple fixed-guided Bernoulli beams assuming pure bending stress. For the given oscillator mass and eigenfrequency, the total spring stiffness k for a membrane spring containing j beams is defined by


  k = j   E b  h 3    l 3    



(15)




with E being the Young’s modulus, b the width, h the height and l the length of a single beam. According to [44] the material damping coefficient is proportional to the damping energy per cycle


   d  m h   =   J     σ ^   σ L    n  α j  V  b e a m     π  ω 0    X ^   ⊥  2     



(16)




where   V  b e a m    is the total volume of a single beam, and J, n as well as   σ L   are the specific material parameters with   2 < n < 3   at peak stress levels in the material    σ ^  <  σ L    [44]. The eigenform of a resonating tip loaded beam with a tip mass much larger than the mass of the beam equals the static bending line and a linear bending moment can be assumed. For that case Goodman [44] provided the geometry factor   α =   ( n + 1 )   - 2    , which was in slightly different form originally derived by Lazan in [45].



For a linear bending moment, the bending stress at the root of the fixed-guided beams depends on the deflection    X ^  ⊥  


   σ ^  =   X ^  ⊥    3 E h   l 2    ,  



(17)




whereas the deflection at the eigenfrequency is according to


    X ^  ⊥  =    ω 0  m    d  m h   +  d e    ·    A ^  ⊥   ω 0 2   =   m   A ^  ⊥     ω 0   d  m h    2  2 - ν      



(18)




and m is the relevant tip mass. Solving Equations (16) and (18) for   d  m h    and equating gives


    X ^  ⊥  =   i j  V  b e a m   α J    σ  σ L    n     π 2   2 - ν  m   A ^  ⊥      



(19)




Note: this equation might be confusing as the oscillator displacement   X ⊥   increases with the damping energy. The correct interpretation is that a higher damping energy can only be realized at a higher oscillator displacement. The following equations clarify that. By inserting into Equations (17) and (16) one can find


     σ ^     =      π 2   2 - ν  m   A ^  ⊥    i j  V  b e a m   α J  σ  L   - n     ·   l 2   3 E h     1  n - 1           =      π 6   2 - ν  m   A ^  ⊥    α J  σ  L   - n   E   ·  l  i j b  h 2      1  n - 1        



(20)




and


     d  m h      =     π 2   2 - ν  m   A ^  ⊥   2   π  ω 0   i j  V  b e a m   α J    σ  σ L    n           =  π  4   ω 0           2 - ν  m  A ⊥    n - 2   i j b  h  n + 1   α J  E n     l  2 n - 1    σ L n      1  n - 1         



(21)







Now, whereas   A ⊥   has no impact on other parameters, it is important to remember that a changing ω requires to adapt the spring stiffness k, which is according to Equation (15). Assume that the dimensions generally correlate with the harvester dimensions but the spring height is adapted to provide the correct spring stiffness. Since advantageous amorphous materials with low damping have nearly   n = 2   [44], the following correlations can be found.




      d m     A ⊥   A  ⊥ r e f         ∝ 1     



(22)






      d m     ω 0   ω  r e f         ∝    ω 0   ω  r e f         



(23)






      d m   s      ∝  s 3      



(24)
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