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The project goal is to design a safe, efficient mechanical battery that stores energy in a mechanical 

form. The high energy density battery is designed so that it can be recharged either electrically or by 

a hand crank. The manual recharging system will provide a back-up power source that could 

possibly be interfaced with exercise equipment. The materials used in the battery are non-toxic, light-

weight and will conform to the regulations provided by NASA. Energy will be stored in nonlinear 

fiber-reinforced elastomeric strips. These elements allow efficient energy storage, and prevent 

overcharging and battery failure. Project objectives include making the battery small in size, 

relatively light, and portable. The current dimensions of the battery are 24” x 14” x 8” and the 

weight should remain under 15 pounds. The current energy density is estimated to be .170 kJ/kg. The 

team has researched similar projects and contacted NASA engineers for feedback and design ideas. 

The team has also conducted finite element analysis of several fiber/elastomer composite 

combinations, developed a power transmission sub-system,  and a hand-crank system. Upon 

completion of the listed objectives our team will be ready to begin assembly of the battery. The 

project will begin by fabricating the storage elements, as well as a temporary housing for preliminary 

testing and data collection. Once satisfied with the final layout we will fabricate the final product 

using light weight materials to save on total weight.   

Nomenclature 

Gear Equation Variables 

a =  Addendum 

lc  =  Clearance 

D =  Pitch Diameter 

bD  =  Root Diameter 

ed  =  Dedendum 

th  = Whole Depth 

wh  = Working Depth 

N =  Number of Teeth 
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OD =  Outside Diameter 

P  =  Diametral Pitch 

cP  =  Circular Pitch 

t =  Tooth Thickness 

I. Introduction 

Astronauts in the International Space Station and future Space Explorers need lightweight, durable and 

highly efficient batteries for laptop computers, handheld devices, EVA equipment, and general power usage.  Higher 

energy densities translate into reduced weight and launch costs.  Because astronauts live in a closed environment, 

any elimination of toxic chemicals, such as found in electro-chemical batteries, is desirable.  Although it is expected 

that the mechanical batteries will typically be recharged by traditional power sources, recharging by hand-crank or 

pedaling will be designed into the system.  Astronauts typically need to exercise several hours per day to prevent 

muscle loss and bone density decay.  Integrating a recharging system into the exercise equipment could provide a 

reliable back-up power source and save overall launch weight. 

The team examined commercially available wind-up radios, flashlights, and cell-phone re-chargers which 

allowed 5 to 30 minutes of usage for each minute of “cranking” in previous semesters.  They will provide an 

inexpensive supply of needed components, and will provide a reference base for efficiency measurements.  

However, the main intent of this project is to provide energy storage, rather than energy generation. 

A. Background 

Gasoline has an energy density of about 46 MJ/kg; electro-chemical batteries can store 0.11-2.5 MJ/kg, and 

composite flywheels about 0.43 MJ/kg.  The estimated energy density for the mechanical battery is .170 kJ/kg, 

calculated by using the total weight of the battery. The storage elements will be composed of lightweight but very 

strong and stiff carbon fibers embedded in an elastomeric matrix.  Optimization of fiber angle, matrix, and geometry 

will ensure consistent and desired performance. Energy was to be stored through flexure or torsion of the elastic 

elements but now will be stored through tension to simplify the design 

B. Design Criteria 

The project goal is to design a mechanical battery that stores energy in a mechanical form for use on the 

space station. Energy will be stored into nonlinear elastic storage elements that should have a higher energy density 

than an electro-chemical battery.  The specific design criteria were: 

1) Output mechanically stored energy as electrical energy. 

2) Must be able to power a laptop on the space station. 

3) Battery must be able to be recharged by using a simple hand crank. 

4) Battery must have a higher energy density than an electrochemical battery. 

5) Roughly the size of a car battery. The components must be contained within the size restriction  

6) (24” × 14” × 8”). 

II. Results – Design Progression 

C.  Housing Structure 

Early in the design, the team’s goal was to build a battery small in size. The first set of dimensions assigned 

to the housing were 6” x 6” x 8”, which is the approximate size of a motorcycle battery. Housing would consist of a 

composite structure. The composite selected was Kevlar fiber reinforcement with a polyester resin. The original 

housing structure design fiber arrangement was selected to be a 0
o 

& 90
o
 fiber arrangement that was continuous and 

parallel. A set back for this combination between Kevlar fiber reinforcements and polyester resins is the strong 

odors polyester resins tend to have. Therefore, in order to address that problem, an epoxy resin was chosen to 

replace it.  However, it was decided that a larger battery would be easier to design and fabricate. 

The second design of the mechanical battery’s housing structure consisted of a fully composite structure 

with no mounting frame. Second design housing dimensions were 18” x 6.5” x 5.5”. Wall thickness of this design 

was .1” thick.  This design was adjusted to make mounting and fitting of components easier, as shown in Figure 1. 
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D. Composite energy storage elements 

The original design ideas of the mechanical battery’s storage components allowed for the potential energy 

to be stored in a manner similar to that of a wind-up clock.  Furthermore, the idea of storing potential energy by 

subjecting composite storage elements to an axial load as if it were a spring was also considered.  Fiber angles and 

strip lengths were optimized in order to regulate the high torque. 

The second design of the composite elements consisted of a composite strip with dimensions .4” x .8” x 

13”.  The overall goal of this design was to harness the potential energy stored within the strips and slowly release 

the energy in hopes of attaining an energy storage capacity of the summation of all composite strips equivalent to 

that of a car battery (approximately 2.1-8.5 MJ).  A system of ply angles were selected for the composite strip design 

which consisted of finding the optimal fiber orientation by analyzing the extreme fiber angles of 0
o
/90

o
, +/- 45

o
 and 

intermediate fiber angles of +/- 10
o
 and +/- 15

o
.  This was done in order to find the ply angle which would give the 

best combination of strength against shear load, elasticity and stiffness.  A full analysis using Excel was developed 

in order to compare the data from the different specimen configurations this was used for evaluations of the 

composite strips.  

C. Gear system 

The preliminary AutoCAD drawings were of a general gearing system rather that particular gears and sizes. 

Design 1 was based on a planetary gear train and may also be referred to as the parallel design.  The sun gear was a 

central input gear that would turn smaller planet gears which had composite strips mounted on each of them. Given 

a diameter of approximately 3 inches, this gearing system would turn 6 to 8 composite strips at a given depth and 

width of .25 x .5.  All the strips would be controlled by the input sun. Therefore each strip would output its energy at 

the same time and rate as the others. All energy will be utilized at once. 

The team was asked to maximize a dictated structure size and geometric space by incorporating as many 

composite strips as would be possible.  The later designs would therefore allow for a possible higher energy density 

for the battery but, at the same time, lead to an increase in complexity.  The design evolved to a single input gear 

driving a multi-layer arrangement of strips and gears. Setting all the gears in series was considered, but the 

possibility of a full system failure due to a single gear made it unfeasible.  The series motion and output gearing 

 
Figure 1. Initial battery layout, using torsion 
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system would allow for a slower release of power over a longer period of time, but a partial series combination 

seemed more attractive to the group.    

Design 2 is a combination between parallel design and series design. It consists of two driving gears which 

mesh with 4 strip gears. These four strip gears initiate a series motion within their respective gear row to encompass 

the 8 strip gears in each row. This design allows one row of gears fail while the other three will continue to work.  

This design is shown below in figure 2. 

 
A third gear design was also considered. Design 3 is composed of a main input gear with an outer diameter 

3.0 inches attached to a 1.5 inch diameter crank shaft.  The input gear drives two 1.5 OD driving gears. The two 

driving gears turn 2 strip twisting gears of 1.28 inch OD. It is similar to design 2, in that it is also a parallel/ series 

combination, but it has one constant strip gear size.  It alternates the mounting plate side usage and incorporates a 

strip size, .4 x .8 inches with 12 composite strips.  Figures 3 and 4 illustrate these designs 

 

 

 

                               
Figure 3. Series gearing system design, including a front view (a), right side view 

(b) and left side view (c). 

 
Figure 2. Design two with elements in torsion 
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The four originally driven strip gears will twist a composite strip as they rotate, the strip will then turn the 

gear attached to its opposite end.  When the gear at the opposite end is rotated, it turns the adjacent meshing gear 

which twists the corresponding attached composite strip and translates the series movement back to the input side. 

This motion will go on in series down each driven column in 4 parallel columns.  The last strip in each 

column at the bottom will output the power to 2 output reducing gears of 2.0 inch OD on a 1 inch shaft which drive 

the main output gear of .9 inch OD on a .5 inch OD shaft. 

 

 
Design 3 is similar to design 2 in that it is also a parallel/ series combination and makes the same use of 

mounting plates, but it has one constant strip gear size.  It alternates the mounting plate side usage and incorporates 

the latest strip size, .1 x .6 inches with 12 composite strips. Due to strength requirements, steel will be used for the 

gears.  Each shaft of the one piece gear will be mounted into its respective plate bore by way of a composite liner or 

possibly a carbon treated bore.  Considering the data given by the structures group of an 11 thousand torque 

requirement of the gears, a 0.4 carbon steel (heat treated) is used in Design 3 for its 30 thousand material safe static 

stress capacity [9]. 

 
Figure 5. Design 3 of Twisted strip parallel /series combination.  Plate end (a), Crank 

end (b), and gear output (c). 

 

 
Figure 4. Side view of twisted strip energy storage design. 
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D. Torsional energy storage dynamics discussion 

Twelve composite strips may be mounted on the current gear train of the portable battery’s 5 x 6 inch 

preliminary housing design. The 24 of the same .4 x .8 strips requested by the composites group can fit on a 

comparable gear train but only using an 8.5 x 6.4 inch housing or 24 strips can fit into the preliminary housing 

special specifications given a composite strip size that could be placed within a .7 inch diameter base circle. 

Approximately 32 strips could fit into 5” x 6” housing if the strip size is .3” x .3”, such as in design 2. 

 

III. Analysis 

The analysis process started by determining what type of relationships that were known and what were 

unknown.  The information known to the team was many of the material properties such as in the case of 

composites.  The team also analyzed the gears for maximum efficiency and design purposes. 

E. Energy storing elements - Computer analysis 

We then determined the material property A66 from the composites modeling program PCLAM which was 

developed by Dr. Steven Folkman and Dr. Larry Peel.  Knowing the values for the material property A66 for the 

given system of angles, and using an equation provided by Dr. Larry Peel we are able to use the composite property 

of A66 and determine the shear modules for the different ply angles(

total

xy
t

A
G 66

).  

According to the work energy theorem the total work energy transmitted into the elastic composite strip is 

equal to the change in potential energy stored within the strip, assuming that the elastic force is the only force that 

does the work on the body, shown in the following equation: 21 UUWW eltot .  Elastic potential energy is 

stored within the deformable body of the composite strip.  Power can also be defined as work with respect to 

time, W
dt

dW
P  .   

After gathering material property information from the Laminate Analysis software, the information was 

added to the Excel Analysis Model in an effort to compare data from composite specimens in cylindrical torsion, 

rectangular torsion and rectangular tension.  The model was also used to find the relationships between energy 

density, force applied to the specimens and specimen normal and torsional stresses subjected to the strips.  The 

material property data from RP 6410 resin and RP 6442 resin were used in order to find analytically which resin 

would be the optimal matrix phase for the composite.  The Excel Model was broken down into the following 

section: data comparison, cylindrical torsion data, rectangular torsion data, rectangular tension data, IM7/RP 6410 

material data, and IM7/RP 6442 data.  

All calculations were governed by the following variable and equation list: 

 

total

xy
t

A
G 66

 Eq. 1 

 21 UUWW eltot  Eq. 2 

 W
dt

dW
P   Eq. 3 

 
dt

d
 Eq. 4 

  TWTP  Eq. 5 

 TWdtTdtW   Eq. 6 

 
3Gbc

T
 Eq. 7 

 
l

 Eq. 8 
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3Gbc

Tl
=

3Gwt

Tl
 Eq. 9 

 MJ
nNE

W
inlb

nN

W
T

20712984825.12
 Eq. 10 

 radn2  Eq. 11 

 psi
wt

Tl
G

3
 Eq. 12 

 
fmatrixffibercomposite VV 1  Eq. 13 

 twlV  Eq. 14 

 NtwlVtotal  Eq. 15 

 VWeight composite
 Eq. 16 

 
totalcompositetotal VWeight  Eq. 17 

 
electricalgearstotalbattery WeightWeightWeightWeight  

 inlb
l

Gwt
T

3

 Eq. 18 

 MJnTNEinlbnTNW 20712984825.12  Eq. 19 

 
kg

MJ
Weight

W
ED

battery20462.2
 Eq. 20 

 
l

l
 Eq. 21 

The Excel analytical model was developed using the governing equations in an effort to compare data for 

composite elements undergoing torsion loads and tension loads.  The model also enabled the team to compare the 

data from different composite materials and angle configurations which was all conducted for optimization 

purposes. Percent strain, number of revolutions, torque (in-lbs) and shear stress (psi) were calculated for 

IM7/RP6410 and IM7/RP6442 composites with cylindrical and rectangular geometry while subjected to torsion.  

The system of ply angles analyzed ranged from 0-90 degrees in 5 degree intervals for a composite volume fracture 

of 50% and a distortion of .1%.  Additionally, percent strain, change in length (in.), force (lbs.) and stress (psi.) were 

calculated for a rectangular specimen undergoing tensional forces for IM7/RP6410 and IM7/RP 6442 composites 

with a rectangular geometry. The system of ply angles analyzed for this portion of the analysis was the also from a 

0-90 degree range calculated in 5 degree intervals.  Desired energy density, number of specimens, specimen length, 

specimen width and specimen thickness were reserved as given data for this analysis and all calculated parameters 

were compared to find the best specimen configuration.   

 

IV. Results – Current Design 

The current method to charge the battery is to apply a tension load to the strips and hold them in place with 

a brake. Loading the strips in tension will allow for a more linear and symmetric system which will simplify the 

overall design. Also through new fabrication techniques and designs we hope to improve the efficiency of the 

composite strips. 

F. Housing Structure 

The given design criteria were considered when designing the housing structure of the mechanical battery 

and included that the dimensions of the housing should not exceed the dimensions of 24” x 14” x 8”.  It was found 

that an aluminum frame would be beneficial in mounting of needed components of the mechanical battery.  The 

frame material is to be covered by composite skins.  A rectangular aluminum angle with 1/8
th

 inch thickness and a 

1” x 1” leg length was chosen.  
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The housing structure material selection was determined by the use of a decision matrix.  Each material 

type was examined considering availability, cost and desired properties as the selection criteria.  Each material type 

was assigned points ranging from 3-1, 3 being the most favorable and 1 as the least favorable.  The material type 

with the highest total score was selected.  Epoxy Resin and a Carbon/Kevlar hybrid were determined to be the best 

materials to the design the housing of the mechanical battery. Epoxy Resin has good stiffness and strength for the 

walls of the housing and Kevlar fiber provides added safety allowing for containment of any type of problem that 

may occur within the housing structure.   These matrices are show below in figure 6. 

                 

Housing is to be light and strong. Its design consists on a frame that would be covered by a carbon/epoxy 

skin. The frame would be built out of aluminum angle iron. Aluminum angle iron provides area for attachments. 

Dimensions of aluminum angle iron would be 1/8” thick and 1” X 1” leg wide. Current housing dimensions are 24” 

long by 14”wide by 8” tall. These dimensions are subject to change based on the needs of other battery components. 

The carbon epoxy skin provides support and protection to the design. Additionally an internal mounting fixture may 

be used to mount the various parts of the mechanical system such as the generator, gears, and shafts. This support 

fixture will have the bearing mounted upon it and give the system extra rigidity but with the sacrifice of higher 

weight and cost.  The internal mounting fixture is shown below in figure 7. 

 

                    

G. Composite elements for energy storage 

Composite strip material selection was determined by the use of a decision matrix as the housing was 

selected. Each material type was examined considering availability, cost and desired properties as the selection 

criteria.  The matrix phases considered for the material selection of the composite strips were all polyurethane resins, 

 
Figure 7. Internal Mounting Fixture. 

 

Figure 6. Material Selection Matrices. 
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which demonstrate highly elastic behavior.  After using this method of material selection, it was determined that the 

matrix phase of the composite strips will be made of Rencast 6410-1 with a carbon fiber reinforcement. 

The structure and composite group made use of a laminate analysis program to obtain the properties 

necessary for the analysis of the composite materials. These material properties were used to find the optimal fiber 

orientation/ply angles of the composite, and they were used in analysis to determine whether the composite strip 

should be subjected cylindrical torsion, rectangular torsion or rectangular tension.  After much research and 

guidance it was decided to use for analysis IM7 Graphite Carbon Fiber for the fiber reinforcement of the composite 

which was determined by a decision matrix. For the matrix fraction the group tested two different Polyurethane 

thermoset Elastomers, RP 6410 and RP 6442.  Though RP 6410 was determined by decision matrix both RP 6410 

and RP 6442 were analyzed for testing to determine the best resin for this application.    

In order to find that necessary material properties for analysis the group set the program as follows. The 

isotropic material selected for the fiber was first selected as IM7 Graphite and the matrix material selected to be 

analyzed were both RP 6410 and RP 6442 polyurethane.  The volume fraction of the fiber was selected to be fifty 

percent of the composite, leaving a fifty percent volume fraction for the matrix phase. From the rule of mixtures 

equations the group selected the Stiffness Modified Model. After plugging in these data into the program the team 

then calculated the Rule of Mixtures and obtained orthotropic ply data.  The team then ran the classical analysis 

model. Potential energy would be stored into elastic composite elements. These elements would be able to stretch 

approximately 300% their initial size. Due to their elastic properties, when released, the elements would return to 

their original size rotating a shaft which is connected to a gear train that would turn a generator.  

Current work on the composite strips shows that the element capabilities to store potential energy are high. 

At the moment preliminary testing is inconclusive. The limits of the tensile testing machine are reached before the 

strips approach their critical point. Further energy release testing is to be performed.  

Preliminary testing results show that energy recovered from elements decreases with time. Energy 

recovered from elements that were stretched and released without time delay range at about 580 Joules. If elements 

are subjected to a five minute delay the energy recovered ranges at 500 Joules. Further testing will accurately define 

the energy loss due to time delay.  

H. Gear System 

The current gearing design is a tensile stretching design which will load the energy storage strips along a 

drum and which will control the generator.  This design will allow for greater use of the given space requirements.  

It is a simple linear design which is shown below in figure 8. 

 

                   
 

The overall goal of the gearing system is to cause the generator to spin with high speed and also to spin as 

long as possible. Therefore by spinning at high speed and for a long period the battery will produce as much power 

as possible and increase output. 

Calculations have been used to determine the gear sizing and ratio to best fit the needs of the project. From 

these selections the proper gears were selected and arranged in such a manner that would not make the gear train too 

complex and still take up as little space as possible. 

 
Figure 8. Current Gear Train. 
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I. Mechanical to Electrical Energy Converting System 

We began with two designs. This is because we can have our generator be AC or DC, as shown in Figure 9 

and 10  We have decided to use the DC Generator design because it is one of most simplicity and easier to 

manipulate when it comes to energy output. For this we just decide on rpm to give us certain power output. This is 

technically an AC generator, but they include with their design a power-up diode kit which in fact is just a rectifying 

circuit with diodes that are specifically rated for high power applications.  Figure 11 shows the schematic for the AC 

generator and Diode power-up kit.  Generator performance curves are shown in figure 12. 

 

         

 

 

The Generator Specifications are: 

- Magnets: Two high-energy saturated C8 ceramic magnets.  

- Shaft: Stainless steel 12.7mm (1/2") diameter, 40mm length, with 1mm full-length flat.  

- Armature: 16-slot armature 52mm diameter would with AWG25 magnet wire  

- Brushes: Extra-long 8x14mm brush assemblies including spring, pigtail, and cap  

- Bearings: Two double-sealed 32mm OD ball bearings 

- Rotation: Either direction  

- Speed: Zero to 5,000 rpm (84Hertz), generates at all speeds 

- Mounting: Four 6mm holes on the front or rear end caps  

- Weight: 4.2Kg (9.2lb)  

- Resistance: Internal resistance 0.5 ohms. Inductance 16mH.  

 

 

    

             
Figure 11 443542 20A Permanent Magnet DC Generator 

 

 
Figure 10 DC Generator flow chart 

 

 
Figure 9 AC generator / alternator flow chart. 
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V. Conclusion 

It was discovered from analysis that the stresses subjected to a composite strip with IM7 graphite fiber and 

a RP 6410 or RP6442 all have similar high stresses and forces while in cylindrical torsion, rectangular torsion or 

rectangular tension.  Therefore, the composite strips of the mechanical battery were chosen to be a rectangular 

composite strip subjected to a tension force to simplify the design.  Originally RP 6410 was chosen to be the matrix 

phase of the composite strips, but testing showed it was too compliant. Testing proved that the IM7/RP6442 

composite plastically deformed much less then the IM7/RP6410 composite.  

Also through testing of the FR 1040 composite we found that it is another possible candidate that the team 

will explore through further testing.  During this semester new fabrication techniques were used for the composite 

strips which changed their loading properties. Further testing will be done with these fabrication techniques to see if 

they will provide solutions to our energy loss dilemma. 

Although the team needs to perform more testing on parts for the final design of the battery, we will move 

forward by creating a temporary testing platform. This design will be made out of standard carbon steel. Creating 

this platform will allow the team to test various setups and make alterations at a much lower cost than using light 

weight materials such as aluminum.  Using the carbon steel also allows the structural design team to fabricate the 

proto-type with commonly found tools and materials such as welding rods, drills, hole saws and cutting tools.  The 

team concluded that it would be more cost effective to go in this direction being that aluminum is more costly and 

needs to be welded, cut and drilled in a more particular manner than common carbon steel.  

 

VI. Future Work 

Once the temporary frame has been completed the team will need to run testing to gather data for analysis 

and optimization. Once the testing is completed on the temporary setup the team will transfer the final design to 

construction of the final product out of aluminum and composites. Then final testing will be completed and our final 

conclusions of the projects effectiveness will be made. 

Once the prototype is complete the team will begin testing on the strips to get real world data. We will also 

conduct testing that has been recommended by our NASA mentor Dr. Judith Jeevarajan. The first type of testing that 

will be conducted in comparing energy input vs. energy output according. This will be different from the previous 

testing we have completed by comparing what percentage of energy is release  

 

DC Generator

0

5

10

15

20

25

2100 2150 2200 2250 2300 2350 2400 2450

Shaft RPM

C
u

rr
e
n

t 
(A

m
p

) 
a
t 

1
2
V

 
Figure 12. Generator performance curves. 
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