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Abstract

A simple space elevator consists of a single tether extending well beyond geosynchronous altitude and a payload-
carrying device which grips and climbs the tether. A friction-based, opposing wheel climber was judged most likely
to be constructed with present-day technology and it appears that mass-production of the tether material is also within
reach. The physical conditions at the interface between the climber wheels and tether determine first of all the possi-
bility of climbing and then the design parameters of the tether. Conditions such as lifting torque, tensile, compressive
and shear strength, friction, interface temperature, thermal conductivity and radiative cooling were examined and used
to set minimum requirements for the tether material. Graphene superlaminate (GSL), consisting of layers of single
crystal graphene, appears to be an excellent tether material with a sufficiently high tensile strength. An increase in its
inter-layer cross-bonding and a larger mutual coefficient of friction with the climber wheel material would allow it to
satisfy the climbing conditions. A final determination of the suitability of GSL requires the measurement of a number
of, as yet unknown, material properties. A list of such measurements is proposed and a partial list of trade studies and
iterations of design for the tether are provided.
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Physical Constants

HE = 3.9860 x 10° km?/s?
g = 9.80665 m/s?
Q =7.29212 x 107 rad/s

: gravitational parameter of Earth
: standard gravity
: angular velocity of Earth

Rp = 6378 km : equatorial radius of Earth
Rg = 42164 km : geosynchronous orbit radius
Units

K : Kelvin

kg : kilogram

km : kilometers

N, kN, MN : Newton, kilo, mega
Pa,MPa,GPa,TPa : Pascal, mega, giga, tera

t : metric ton = 1000 kg

W, kW, MW : watt, kilo, mega

Acronyms

CNT : carbon nanotube

GEO : geostationary Earth orbit

GSL : graphene super-laminate

hBN : hexagonal boron nitride

LEO : low Earth orbit

SCG : single crystal graphene
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Variable and Parameter Names

g4, @g : angular acceleration, deceleration of wheel

K : electrical conductivity

P : thermal conductivity

u : coefficient of friction

v : Poisson’s ratio

P : mass density

o : compressive or tensile stress

T : shear stress

w : angular velocity

A, : area of contact patch between wheel and tether
d : radial deformation of wheel

E : Young’s modulus

F. : compression force

F, : tractive force

Srav : ratio of trip-averaged clamp pressure to maximum clamp pressure
h : altitude (distance above Earth’s surface)

J : rotational moment of inertia

M : torque

me : mass of climber

Nyneets - number of climber wheels

Nyp : number of wheel-pairs

Py, : limiting mechanical power

Resy : effective wheel radius averaged over deformations
Ry : undeformed wheel radius

Sy : maximum fatigue stress

T : temperature

Vinax : maximum climber velocity

1. Introduction

The first effort to quantify the viability of an Earth-based space elevator in terms of the strength of its tether, the
mass of its climber and the logistics of constructing and maintaining it, was the space elevator feasibility condition
[1]. Tt assumed a simple space elevator concept [2], which is linearly scalable, to set limits on payload throughput,
power requirements and the rate at which a space elevator could replace itself.

The primary inputs to the feasibility condition are the tensile strength and material density of the tether; the tether
must be strong enough and light enough to support itself and any devices that climb it. Materials that satisfy this
requirement, such as single crystal graphene (SCG) [3], hexagonal boron nitride (hBN) [4] and some varieties of
carbon nanotubes [5] exist today in small quantities and it is expected that mass production of at least one of these
will be seen in the near future [6]. An assessment of both tether and climber materials and their projected readiness
for use was done by [7].

Aside from high strength and low density, many other requirements for the tether material remain unexamined.
These can be identified and quantified by studying the way in which the space elevator climber interacts with the
tether at the interface between the two. A climber must be able to grip the tether and propel itself up or down or
remain stationary. This requirement can be referred to as “climbability”, which consists of the set of conditions, such
as friction, pressure, shear and heat transfer, which exist at the interface. A determination of the likely range of values
for each of these parameters will allow an estimate of whether or not climbing is possible.

There are many proposals for climber drive mechanisms [8], varying mainly in the way in which they grip the
tether. These include electromagnetic, electrostatic and mechanical. Among the mechanical methods, friction-based
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drives appear to be the most efficient as well as being feasible with present-day technology. Once the tether and
climber types are chosen, the set of conditions which apply at the interface can be developed and used to constrain the
material properties of the tether.

1.1. Assumptions

In this study, it is assumed that a space elevator consists of a single tether, ascended by a single climber. The tether
is 100,000 km long with a width of order one meter, varying with altitude. Each layer of SCG has a thickness of
0.335 nm so that 12,000 layers would give a total thickness of 4.1 um. More layers would be required for a climber-
bearing tether. Once the layers of SCG are optimally stacked, the tether material will become somewhat different:
AB-stacked, single-crystal, multi-layer graphene, or graphene superlaminate (GSL) for short. While the density of
SCG is 2260 kg/m? [9], the density of GSL will be slightly greater due to the stacking; it was calculated in this study
to be 2298.5 kg/m>.

It is likely that some combination of hBN and SCG will be used, and it is possible that advances in CNTs will
make that the preferred material. For simplicity, though, pure GSL is assumed.

A length of 100,000 km is somewhat arbitrary. Without a counterweight at the apex of the space elevator, the
tether length required to balance the forces would be longer. However, a station at the apex would be very useful and
the greater its mass, the shorter the required length of the tether.

The climber has a mass of 20,000 kg (20 t), a value used in previous studies [2, 10] and reasonable for the smaller,
pilot tethers that are likely to be the first ones built. Taking into account deformations of the tether due to climbers
[11], 20 t is appropriate for a combined tether and counterweight mass of around 2000 t. A much larger climber
mass, of order 100,000 kg, is possible with more massive tethers and is certainly more desirable for its increased
throughput. However, even with a pilot space elevator, 20 t would be a large improvement over rockets because of the
greater frequency, regularity and safety of climber launches.

The climbing mechanism consists of opposing wheels which grip the tether. The wheels are driven by high-torque
electric motors which can be built with present-day technology. It is further assumed that it takes about one week to
ascend from the surface of the Earth to the altitude of geostationary orbit (GEO). Considering only the conditions at
the climber-tether interface, effects due to the electromagnetic, radiation and chemical environment were judged to be
small.

1.2. Choice of Climber Type

Several types of climber drive were considered [8] before settling on an opposed-wheel friction drive. A brief
summary of these is presented here.

Magnetic levitation and related drives at first appeared ideal, with no tether contact and high speeds (on Earth) of
600 km/hr [12]. However, large inefficiences due to poor magnetic flux return make current designs a poor choice for
space.

High voltages on conducting surfaces of two opposing climber wheels would generate large capacitive forces,
pulling the nearby opposing surfaces closer together, in turn causing wheel rotation and thus lift. This electrostatic
drive [8] has the potential to be quite fast but problems with large leakage currents need to be worked out.

A capstan drive, in which the tether is threaded through a set of staggered wheels, generates more than enough
friction because of its large tether contact area. Compared to the opposed-wheel drive, however, more compressive
force must be applied to the wheels both horizontally and vertically in order to keep the wheel axles in place. Another
possible problem is that the tether material may be brittle and intolerant of much bending.

Tanks treads were proposed by Edwards [2] in his climber design. While this type of drive provides a large
contact area with the tether, vertical operation is problematic. Gravity no longer holds the treads in contact, so that
many bogey wheels muust be added to compensate. With a sufficient number of extra wheels to provide contact, the
tread itself is no longer useful and adds unnecessary weight. Treaded vehicles on Earth can reach speeds of up to 70
kmy/hr [13].

In the end, an opposed-wheel friction drive appeared to be simplest and most efficient. This type of drive is used
in some aerial trams which can achieve speeds of 45 km/hr. Given its similarity in design to tank-tread drives and its
much lower mass, such a drive should be at least as fast and probably faster than tank-treads.



1.3. Derived Requirements and Proposals

From these assumptions the compressive, tensile and shear stresses at the interface are derived. These in turn
determine the requirements on the tether material. Improvements in tether material manufacture are proposed which
will allow the requirements to be met. As a result, the material can be strengthened and the coefficient of friction
between the climber wheels and tether material can be increased.

Finally, two studies are proposed in order to inform the proposed improvements in the material. Computer simu-
lations of one- and two-dimensional macro-molecules under conditions of physical stress and chemical modification
will need to be performed. These will indicate whether methods for increasing strength and friction in SCG are feasi-
ble. Once produced, the new material will need to be subjected to a program of testing and measurement in order to
both characterize it and validate its strength.
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2. The Climbability Condition

2.1. Introduction

The primary function of a space elevator is to transport a payload between a planetary surface and space. Any
climber carrying that payload must interact with the tether in order to ascend or descend. It must do so in a reasonable
amount of time, while carrying an economically feasible payload and being durable enough to survive long travel
times and distances. All of these requirements comprise a general condition referred to here as climbability.

The central issue is whether or not the climber can propel itself up or down. This is referred to as local climbability,
so-called because it deals with the immediate vicinity in which the climber grips the tether and because it concerns
only the physical parameters making climbing possible. Issues such as climber velocity, power availability or payload
are not considered in this case.

The interactions at the interface between the tether and the climber traction device must be identified so that
local climbability conditions can be quantitatively defined. If the initial climber design satisfies these conditions, the
broader issues of power and velocity optimization, payload mass throughput and maintenance may be considered.

Defining the local climbability conditions requires understanding of properties in four main areas:

e performance parameters, including design-independent parameters such as speed, mass and power consump-
tion,

o tether, including material composition, maximum stress and maximum pressure,
e climber, encompassing drive type, wheel radius, available torque and scaling laws, and

o climber-tether interface, encompassing coefficient of friction, maximum interface pressure, tractive force and
thermal behavior.

A reference compendium of the current understanding is collected in Appendix A. These data reflect the current
consensus in material parameters. At the time of this study, the tether material is not available in sufficiently large
quantities for practical testing. Thus, some of its properties are based on anticipated or extrapolated values. Section 3
discusses existing candidate materials, their properties and the prospects for adapting them to space elevator use.

The properties of materials and their interactions can be categorized as mechanical, electromagnetic, chemical,
thermal and optical/radiative. For a friction drive, in this first assessment, electromagnetic, chemical and radiative
aspects are not considered, although they are useful for the investigation of the details of friction, radiation damage
and cross-bonding of tether layers, to name a few. The influence of those three, or the cross influence of all five
properties, on the ultimate tether strength can be highly complex and is left for future investigation. This leaves
mechanical and thermal interactions to be considered as the primary properties for the friction drive.

Ideally, material properties and interactions would be fully parameterized and the optimal traction for a given
tether/climber configuration could be determined with a simple formula for climbability. This would permit easy
substitutions as engineering progresses. However, due to the complexity of the interactions, some parameters are best
captured by using reference designs of the climber. Reference designs can be tested with today’s materials, allowing
the resulting performance parameters to be extrapolated into the ranges which apply to a space elevator.

The description of the climber-tether interface begins with the basic mechanical properties in vacuum, which
are applicable to most of the elevator, and can demonstrate how a climber holds position, accelerates and climbs.
Once a basic set of parameters is established, it can be extended later with more complex and higher-order effects.
These include force distributions imposed by realistic climber designs and other modalities such as heating due to
friction or external sources such as sunlight, chemical changes in the tether, high energy radiation interacting with
materials, electromagnetic fields interacting with climber and tether, and atmospheric effects such as wind, corrosion
or lightning. All of these require further assessments.

2.2. Local Climbability

Regardless of the type of drive it uses, a climber can be viewed as a black box which produces a tension differential
in the tether between its entry and exit points. Between the surface of the Earth and geosynchronous altitude, an
ascending climber takes in high tension tether at its upper end and releases lower tension tether at its lower end.
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Figure 1: Free body force diagram for one climber wheel in contact with the tether. The compressive force F_ is directed perpendicular to the tether
(ribbon) so that a normal force N is created. The tractive force F; is generated by motors providing a torque M, across a wheel radius Ry. The

total upward acceleration i must overcome the effective gravitational acceleration g(r). m, is the climber mass. w is the angular velocity and a the

angular acceleration of the wheel. The factor % in the upward and downward forces reflects the fact that only one of the two pinching wheels is

shown in the force diagram.

The difference of the tensions is the force that supports and accelerates the climber. How this difference is produced
depends on the drive type. Opposing, counter-rotating climber wheels are clamped against one another in order to
exert pressure on the tether. The mutual friction between wheels and tether supplies the tractive force required to
move the climber. Each wheel is driven by a motor whose shaft is directly coupled to the axle without a gearbox or
torque converter. It is assumed that the center of mass of the climber is located along the tether axis. This condition is
met by supplying automated climber steering and adjustable clamping forces on the wheels.

Figure 1 shows the essential part of an opposed-wheel friction drive: the tether and one of the two wheels which
pinch it. As the wheel rotates, a tractive force F; is generated from the compressive force F. and the friction between
the wheels and the tether. Electric motors provide the torque M = Ry X F;, where Ry is the wheel radius. The sum
of tractive forces from multiple pairs of wheels increases the tension in the upper tether and decreases it in the lower
tether so that T, — Tyoun = mc[a(r) — g(r)], where m, is the climber mass and a(r) is the total acceleration as function
of altitude which must overcome the effective gravity g(r).



153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

172

173

174

175

176

177

178

179

180

182

183

184

185

186

187

188

189

190

192

2.2.1. Performance Parameters

A large number of parameters, some as yet unknown, will have to be specified in order to build a working climber.
Some do not directly affect the mechanics of the climber-tether interface, but need to be set as a starting point in
the design of the climber. These parameters have to do with climber performance and were chosen on the basis of
economics and efficiency.

Climber Mass

The tether mass imposes an upper bound on the climber mass; it is therefore assumed that the tether mass is
sufficiently large to support a 20,000 kg climber. Such a climber might consist of 6000 kg of climber mechanism and
14,000 kg of payload. These values are guesses which provide an economically attractive throughput to GEO [2],
while allowing a sufficient mass budget for the climber mechanism.

This study deals with the effects of a single climber on the tether. In operational mode, the space elevator will
have several climbers on the tether at any one time. How their total mass and departure frequency will affect the tether
load and mass is taken into account elsewhere [14].

Time of Climb to GEO and Maximum Power

The desired transit time to GEO determines the velocity of the climber, the radius of the climber wheels and
ultimately the stresses exerted on the tether. The velocity, and therefore the energy consumed by a climber as it
travels from the surface of the Earth to GEO, is critical to the commercial viability of the space elevator. Reasonable
values of the energy require that power and transit time be balanced against one another, with power in this case
meaning mechanical power only. Due to motor inefficiencies, large at lift-off and small at most other times, total
power expended is always greater than mechanical power.

One method of power management is to cap the mechanical power of the climber. This results in a distinct power
profile in each of four time periods which comprise the transit time to GEO: initial acceleration from rest to maximum
power (At;,), constant maximum power (At.,), gradual power reduction imposed by a constant climber speed limit
(At.,) and deceleration to rest at GEO (Aty.).

The period of constant maximum mechanical power lasts until a climber speed limit is reached. With constant
power and decreasing effective gravity as a function of altitude, the velocity would increase without limit. Practical
considerations such as friction at the climber-tether interface, steering and the velocity-dependent Coriolis force make
a speed limit necessary.

The total transit time, derived in [8], is

At = Atig + Aty + Ate, + Aty 1)
or
Pr
At = ——M ¢
@ame[pue/R: — Q?Rg|

me 1 1 (Rg + h)?* = (Rg + hy)?

Ze _ _qo?

PL['uE(RE+hl RE+h2) ( 2 ) *

h3_h2 + Vimax

Vimax Rwdd ' (2)
The climber parameters here are Py, the mechanical power limit, m,, the mass, v,,,, the maximum allowed velocity
and Ry, the climber wheel radius. e, is the initial angular acceleration of the wheel and «, is the final angular
deceleration. Rp, Q and ug are the Earth radius, angular velocity and gravitational parameter. /; is the altitude at
which maximum mechanical power is reached, &, is the altitude at which the maximum velocity is reached and A3 is
the altitude at which deceleration to GEO begins.

The time to GEO thus depends on five climber parameters: the specific power Py /mc, Viyaxs Rw, @, and a .

A past climber study [10] suggested that reasonable values of the limiting power and maximum velocity would be
4 MW and 200 km/h (55.56 m/s). A high-torque motor [15] could provide M,, = 5600 N-m at 1900 RPM and would
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drive a likely angular moment of inertia of J = 5 kg m?. For a 20,000 kg climber with ten wheels, the climber mass
per wheel, m,,, is 2000 kg. To achieve a velocity of 200 km/h at 1900 RPM requires a wheel radius Ry = 0.2794 m.
Now the initial angular acceleration «, can be derived from Figure 1 :

Moror — meW[”E/R% - Q2RE]

@, = 3
J+ me€V
Using the above values yields
5600 N-m — (2000 kg)(9.8 m/s2)(0.2794
a = m - CO0kOS ms JOZBIMW _ 765 -2,
5 kg m” + (2000 kg)(0.2794 m)?
At that initial acceleration, the time it takes to reach maximum mechanical power is
PL
Aty, = N 4
a Rwme[pg/RE — Q*Rg] @
so that with a specific power P /m. = 200 W/kg and the above value for the angular acceleration,
200 W,
lia = 00 Wi = 051,
(0.768/s2)(0.2794 m)(9.8 m/s”)
The velocity reached at that time follows:
v = Rya,At, = 204 m/s = 73.5 km/hr, 5)
as does the altitude {
h = =Rya,Af, = 0.5(0.768/5%)(0.2794 m)(95.15)*> = 970 m . (6)

2

With the above values of specific power and maximum velocity, #, = 4064 km. Using these values for i, and £y,
yields the total time at constant, limited power Af., = 120,660 s = 33.52 h = 1.40 d.

The deceleration time is small even with small deceleration, so its value is somewhat arbitrary. Setting it to twice
the initial acceleration, ay = 1.536 s72, so that the time it takes to stop is

55.56 m/s

Atge = =20 20
7 {02794 m)(1.536 52)

= 1295s.
The stopping distance is
0.5(1.536 572)(0.2794 m)(129.5 s)*> = 3596 m

so that the altitude A3 is
h; = R —Rg—3.6km = 35,7824 km . 7

Finally, the total time at maximum velocity is

_ hy—h 35782.4km - 4064 km
B = —— = 300 kb = 570,931.2s. ®)

The total travel time is thus 691,816 s = 192.17 hours = 8.01 days. If a higher climber velocity were possible, for
example 300 km/hr, the specific power could be lowered to 150 W/kg, giving a total transit time of 6.51 d. A summary
of altitude and time values for each power region is shown in Figure 2.

Climber and Tether Environment
Parameters related to the robustness of materials against the electromagnetic, radiation and chemical surroundings
are currently not available in detail for this study.
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Figure 2: Summary plot of altitude and time values for 8 day climb from Earth’s surface to GEO



218

219

220

222

223

224

225

226

228

229

230

231

232

233

234

235

236

237

238

239

240

242

243

244

245

246

247

248

249

250

252

253

254

255

256

257

258

2.2.2. Climber-Tether Interface

Conditions at the interface between the climber wheel and tether can be understood in terms of the contact patch.
Hertzian contact theory provides a way to calculate the stresses in this region, given the material parameters of wheel
and tether, the coefficient of friction between them and the forces applied by the climber mechanism. The resulting
interface stresses define the minimal material strengths required for climbing and allow estimates of heat build-up in
the wheels and tether.

Friction
The key parameter in converting the compressive force supplied by the climber into tractive force is the coefficient
of friction y,
Fy=pFe. (©)]

w depends on the materials and surfaces of the two components in contact and is almost always an empirical parameter,
rather than one that can be calculated. For most mechanical applications, the value of u between two materials is
well measured, but in the case of SCG it is not. Almost all measurements to date use atomic force microscopes
with diamond-tipped probes, leading to values of u more appropriate to SCG-carbon interfaces than to SCG-metal
interfaces. A recent diamond-probe value of y for SCG is 0.03 (Table A.1), in the lubricant range. Metal-tipped
probes, when they become available, may return more applicable values, and these may be higher.

For practical applications, ¢ must be greater than 0.05, though 0.1 is much more common. If new data do not
reveal a higher coefficient of friction, it is possible to modify GSL to increase it. Methods to do so are discussed in
section 3. In the calculations that follow, u = 0.1 is assumed to be the minimum value.

Temperature
The maximum temperature at the interface must not be greater than the lower of the maximum operating temper-
atures of the wheel or the tether,
T[merface < min(TmaxW’ TmaxT)~ (10)

The melting temperature of SCG (5500 K, Appendix A) is much higher than that of any likely wheel material. Tita-
nium alloys, for example, melt at around 1900 K. This suggests that the maximum tether operating temperature will
be much higher than that of the climber wheels. Thus, the wheel material determines the interface maximum, and
wheel cooling must be considered.

Pressure
The area of contact between the drive wheel and the tether, and the pressure there, can be calculated by Hertzian
contact theory [16]. For a cylinder pressed against a plane, or tether in this case, the pressure varies along the width

of the tether as
2
P(x) = Ppaxy/1 - ) (11)
X

FoRy L 1=y 1-v
ith — = +

& " ETTE R

F. is the compressive force clamping the wheels together, Ry is the radius of the wheel and Wy is the width of

the wheel. E; and E, are the Young’s moduli of the tether and wheel materials, respectively, and v; and v, are the

corresponding Poisson’s ratios. The maximum pressure is

where

a =2

12)

Pax = ﬂ . (13)

T RWWW
Contact theory assumes that both the tether and wheels can be treated as solids. The wheels use cutouts to reduce
mass, leading to a possible departure from behavior as a solid cylinder. This is likely a small effect and at any rate
would increase the contact area, thereby decreasing the maximum pressure. The tether will be very thin, about 10 ym
at its thinnest. It is questionable, then, if it can be treated as a solid plane. An alternate calculation assumes that the
tether can be neglected in determining the contact area and pressure. In that case, cylinder-on-cylinder contact must
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be calculated. Assuming that the two wheels are identical in radius and material, Eqs. 11, 12 and 13 can be used, but
with E* = E>/(1 - v3).

Assuming titanium alloy (Ti-6A1-4V) wheels and a GSL tether, the two methods give similar results. For a 20 t
climber, the clamping force is F. = 355,858 N and the wheel dimensions are Ry = 0.2794 m and Wy = 0.3 m. For
the tether material, E; = 1 TPa and v, = 0.456. For a titanium alloy wheel, E, = 113.8 GPa and v, = 0.342. The
cylinder-on-plane contact area and pressure are then

Ac=8.95cm?, P =397 MPa . (14)
For the cylinder-on-cylinder case, E* = 128.9 GPa to get
A.=8.53cm?, Py =417.4MPa. (15)

These values are close to those for the cylinder-on-plane case. Since the maximum pressure is of interest, the cylinder-
on-cylinder values will be used going forward.

Maximum Combined Stress

The only mechanical stress at the interface is pressure. An effectively rigid climber chassis and the choice of a
pinched-wheel drive make torsion and bending negligible. Neither tension nor shear are intrinsic to the interface; each
has different values on the tether side and on the wheel side. The applied stresses, tension, compression and shear, in
the wheel are

F,
0120, 0c=Ppar, T= 2, (16)
where F, is the tractive force from the wheel, and in the tether are
AT AT
=—,0c=Ppax, T= 5 17
oy A o T A 17

where A, is the cross sectional area of the tether and AT is the difference in tether tension above and below the climber.
The Mohr combined stresses will be functions only of o, o, and 7:

o= L;UC + (U’;GC)2+T2, (18)
=TT (T e, (19)
Timax = (%)2 +17? 5 (20)

where 07| and o, are the principal maximum and minimum normal stresses and 7., is the combined maximum shear
stress. These values are limited by the maximum operating stresses of the tether and wheel materials.

2.2.3. Climber

Conditions for the climber include lift, wheel stress, available torque, the range of possible wheel radii and the
rates at which heat is built up and dissipated. Lift, wheel stress and available torque depend directly on tractive force,
while the wheel radius and heat have more complex dependencies.

Lift
The pinched-wheel reference configuration provides traction by symmetrical compression of the tether between
two wheels. The tractive force F, per wheel increases the tether tension above and decreases it below the wheel pair,
causing a differential
AT = 2F,. (21)

Lift occurs when
NypAT = 2NF; > mc[g(r) —c(r)] . (22)
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g(r) and c(r) are the gravitational and centrifugal accelerations at the equator as a function of altitude and N,,,, is the
number of wheel pairs of the climber.

Atr=Rg, g(r)—c(r)=9.78 m/s?, so that a 20,000 kg climber has a force of (9.78 m/s?)(2 x10* kg) = 195.6 kN.
For five wheel-pairs, the tractive force per wheel required to accelerate the climber is then F, > 19.56 kN, or a tension
difference of 39.12 kN.

Wheel Stress Near the Interface

Eq. 16 gives the applied stresses in the wheel near its interface with the tether. Except for o7, these vary with
altitude. From Eq. 11, Py, and hence o, is proportional to the square root of the axle clamping force F.. Using
Eqgs. 9 and 12, the shear can be re-expressed as

F, \/nRWWWFC \/ F.E*
= —L = uF, = = UPpax » 23
T A M o/ T H\ ajywy ~ HEmax (23)

so that the shear, too, is proportional to VF,. F. is largest at the Earth’s surface, but can be reduced with increasing
altitude as g(r) — c¢(r) decreases. Maximum stresses, then, are to be calculated at the Earth’s surface.

The applied stresses 0, = 0, ¢ = Pyqy and T = uPy,,, are used in Equations 18, 19 and 20 to get the combined
stresses, which must be less than the yield and shear strengths for the wheel material:

Pma.\'

o= 2 L+4u2+1] <oy, 24)
PlﬂaX

O'Z:T[ 1+42-1] <oy, (25)

P
Timax = ;‘x V1+4p? <1y (26)

Table 1 shows the above stresses using ¢ = 0.1 and Py, = 417.4 MPa, compared to the known material strengths
from [17]. All the maximum stresses induced by the interface pressure and friction are well below the wheel material
yield strengths.

[ Stress | Value (MPa) | Yield Strength (MPa) * |

ol 421.5 o,y = 880
o2 4.1 Oy =970
T 212.3 7, =550

Table 1: Combined stresses in Ti-6A1-4V alloy. * values from reference [17].

Torque and Angular Momentum
In order to hold and accelerate a wheeled climber, each of the wheel drives must supply the tractive force F; acting
at a lever arm which is the wheel radius Ry :
M,, = FRy . (27)

Maximum torque will be required when the climber starts its ascent. The acceleration must be g — ¢ + a , where g — ¢
is the net of the gravitational and centrifugal accelerations at the equator and a is the acceleration required to move
upward. a is given by the wheel radius times the initial angular acceleration given in section 2.2.1:

a=0.7685"2x0.2794 m = 0.215 m/s” .

The total acceleration required is then about 10 m/s? (9.78 + 0.215) and the climber mass per motor is 2000 kg. The
motor must supply a torque of F; X Ry = 10 m/s> x 2000 kg x 0.2794 m = 5585 N-m or about 5600 N-m.

At the point of lift-off, the angular velocity of a wheel is w = 0. Assuming the acceleration is constant at its initial,
torque-limited value, w increases linearly with time until maximum mechanical power (4 MW) is reached. At that
point its value will be @,At;, = (0.768 $72)(95.1s) = 73 s~! or 697 RPM. The required torque falls off with increasing
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altitude so that, in the power-limited regime, w increases to about 1900 RPM.

Wheel Radius
The climber wheel radius is a key design parameter, with a range of values limited by drive motor performance,
material fatigue and axle spacing. The upper limit on the radius is imposed by the maximum torque that can be

supplied by the motors, "
max

Ry < F o (28)
where F, is the tractive force shown in Figure 1 and M,,,, is the rated torque of the motor. The tare weight of the
climber must be as small as possible, so the mass of the wheel could also limit the radius. However, with strong,
lightweight materials and weight-efficient design, the torque provides a tighter upper limit. Purpose-built electric
motors with masses around 200 kg can deliver 5700 N-m of torque [15]. With a tractive force F; = 19,620 N per
climber wheel, Ry could be as large as 0.29 m.

A lower limit on the wheel radius can be set by fatigue considerations. A climber wheel will make millions of
revolutions on a trip to GEO. Each time a portion of the wheel surface comes into contact with the tether, the wheel
is locally compressed and expands again after it rotates out of contact. The repeated flexing of the wheel material
causes fatigue, which can be expressed as a stress. The maximum fatigue stress that a material can sustain decreases
exponentially as a function of the number of cycles until it reaches a constant, infinite cycle value.

High-cycle fatigue stress is measured for many materials. Table 2 shows the maximum stress for titanium alloy
Ti-6Al1-4V at several cycle values. These values reflect the 50% confidence level, which means failure will occur 50%
of the time when the given cycle number is reached. The 50% confidence level values were taken from [18]. For
greater reliability, these values were converted here to the 97.5% confidence level.

[ Cycles [12x10° [1.0x107 [ 48x10% [ 82x10° ]

50% C.L. 0.571 0.515 0.470 0.439
97.5% C.L. 0.487 0.429 0.384 0.353

Table 2: Maximum fatigue stress (GPa) of Ti-6Al-4V alloy

To get an idea of how many cycles a wheel might survive, the 97.5% values should be compared to the average
pressure at the wheel-tether contact patch. The contact pressure, supplied by the axle clamps, will be greatest at the
surface of the Earth and decrease as the climber ascends into lower effective gravity. The pressure averaged over the
trip to GEO is

Pav = f;avP(RE) ) (29)

where P(Rp) is the contact pressure at Earth’s surface and

Py fR”d,(*E_er)/(“—E—QZR ) = 0.139 (30)
tav RG_RE o r2 Ri- E . .

Contact theory gives the pressure as a function of wheel radius. Taking the pressure in Eq. 11 to be the maximum
fatigue stress S r, an inequality for the wheel radius R can be found :

E*F,

Ry > . 31
w> 52 (€2)]
Applying the clamp force fraction f,, and noting that E* = E/(1 —?),
(VFL‘
Ry > — (32)

nwsg(l - W)JE "

From Table 2 it can be seen that the fatigue stress curve flattens out at very high cycles. The 97.5% CL values do not
change much above 10° cycles, where they are between 0.35 and 0.37 GPa. Taking S =0.36 GPa, F. = 355,858 N,

15



352

353

354

355

356

358

359

360

362

363

364

365

366

367

368

369

370

371

372

373

374

375

377

378

379

380

w=0.3mand E/(1 —v?) = 129.1 GPa, Eq. 32 gives

0.139(355,858 N)
R ~0.052m.
"> 2(0.3 m)(0.36 GPa)?/129.1 GPa m

With this minimum radius, a wheel would make 110 million revolutions on a trip to GEO and survive perhaps 100
such trips.
The wheel radius is thus bounded,

Mmax > RW N f;avF(‘

—_— 33
F, ﬂ'WS%(l -)/E &)

Other considerations may constrain Ry further as the climber design evolves.

Climber Heating

Drive motor inefficiency, solar radiation, resistive losses in electrical buses and electronics, wheel-tether friction
and elastic deformation of the climber wheels all contribute to the heat that builds up during climber operation. The
heat must be dissipated at a rate sufficient to maintain the ambient climber temperature at reasonable operating levels
for equipment and payloads. The only means to do this is by radiation since, for most of its journey, the climber is in
vacuum.

Motor inefficiency and solar radiation are by far the largest sources of heat and the only ones that need be taken
into account for a first estimate of the mass of a radiative cooling system. These, however, do not directly affect the
climber-tether interface and will not be dealt with here.

Friction between the drive wheels and tether can be divided into two parts, sticking and slipping. In the sticking,
or adhesion, region of the contact patch, there is static friction but no kinetic friction and therefore no energy loss.
Kinetic friction occurs in the slip zone where the forward velocity of the axle v is larger than the product of the axle
rotational velocity w and the effective wheel radius R,rs. The fraction of the contact patch which undergoes kinetic
friction can be estimated roughly by the slippage:

R,
S=1—“)foA (34)

The radius R, takes into account the deformation of the wheel as it is pressed into the tether, or the opposing wheel.
Contact theory gives the value d of the deformation, so that

d
Ryp~1-—, 35
1t 3R (35)
where R is the undeformed wheel radius. Substituting Eq. 35 into Eq. 34 gives
W d wd
S=1-—[R(1-—)] = =. 36
v[ ( 3R)] 3v (36)
The “slip velocity”, %’ can be used to get the power of kinetic friction at its highest near the Earth’s surface:
wd
Py = Megft—=" 5 37

with g the standard gravity, u the coefficient of friction and m, the climber mass. For titanium alloy wheels on a
graphene tether, the wheel deformation d is about 11 ym. For u = 0.1, w = 3000 rpm and m.g = 196 kN for a
20,000 kg climber, the power going into frictional heat is 22.6 W, a negligible amount.

Repeated deformation of the climber wheels as their surfaces rotate into and out of contact with the tether will be
elastic rather than plastic. The resultant release of heat is therefore expected to be small and will be neglected in the
current estimate.
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2.2.4. Tether
Material

The primary tether candidate at this time is graphene super-laminate (GSL). Layered boron-nitride or carbon
nanotubes are alternative candidates having different advantages and disadvantages. Tests of single-layer graphene
demonstrate sufficiently high tensile strength (130 GPa) and low density (2260 kg/m®) to support a space elevator
tether and a number of climbers. Because this material is still under development, many of its properties are un-
known. For example, it is very likely that multi-layer graphene, due to its layered structure, will not be isotropic. That
is, the propagation of applied stresses through the material will depend on their direction. In the following discussion,
however, isotropy is assumed simply because there are not enough data to define the anisotropic parameters. Details
of the tether materials are discussed in section 3. Known or estimated properties, with citations, can be found in the
data reference in Appendix A.

Tether Stress Near the Interface
Eq. 17 gives the applied stresses in the tether near the interface with the wheel. Using Eq. 21, these become

2F,;
o= —

2F,

4 o= Poa T (38)

o decreases with altitude because F, decreases and the cross section A, increases with altitude up to GEO. Because
maximum stress is of interest, this value can be taken at r = R,

2F, _ 2[gRg) — cRp)llme/2Nwp)] o

7T AT T mdeRe) - cRe)lloo Nop

, (39)

where o7 is the equilibrium stress, constant throughout the tether, m, is the climber mass and N,,,, is the number of
wheel pairs. As in Eq. 23, 7 remains constant,
T= 2/~1Pmax . (40)

Using Eqgs. 18, 19 and 20, the Mohr combined stresses are then

(o Nw: +P,, O Nv — Prax\2
o= O/ 12 nax + \/( 0/ >p2 ma») +4I~12P,ZWX < Ty s (41)
T NVVI + PVI“ZX T NW - Pmax 2
oy = of '2 S \/( of ”2 ) +42P, < o, (42)
00/Nyp — Prax\2
N L @)

The stress o should be set within the proportional region of the stress/strain curve of the tether material, which
for graphene could be as low as 65 GPa, or half its ultimate tensile strength. To estimate the maximum stresses likely
to occur during operation, o in the above expressions should be replaced by the ultimate tensile strength divided by
a safety factor. Using the NASA standard for spacecraft [19], a factor of 1.4 is applied to get 130/1.4 = 92.9 GPa.
Using this value, with 4 = 0.1, P, = 0.4174 GPa and N,,, = 5 in Egs. 41, 42 and 43 gives the maximum values of
the combined principal stresses at any wheel-tether interface. These are listed in Table 3 where they are compared to
the ultimate strengths of graphene.

The large tensile strength dominates, so that the total tensile and total compressive stresses are very little changed
from the applied stress values, and are well below the material yield strengths. The combined shear stress, however,
is about 65 times that of the measured shear strength of SCG. The shear strength of multi-layer graphene must be
increased at least 100 times for it to be used as the tether material. Means of accomplishing this are discussed in
section 3.
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[ Stress [ Value (GPa) | Yield Strength (GPa) | citation |

o 18.58 o7y = 130 [20]
o 0417 oo = 14 [21]
T 9.08 7,=0.14 [22]

Table 3: Maximum combined stresses in GSL tether

2.3. Summary
Local climbability can be defined by the following conditions.

e Friction: the coeflicient of friction between the wheel and tether surfaces must exceed a practical minimum.
M > Hmin -

o Interface Temperature: the temperature at the interface must be less than the maximum service temperature of
either material.
Tinterface < MIN(Tnaxws Tinaxt) -

where T),5,w and T, are the maximum temperatures for the wheel and tether, respectively.

Combined Stress: combined stresses depend on interface pressure, contact patch area and differential tether
tension, and may not exceed maximum operating values.

0'1+O'L U-C
Titor = +72 < T tmax »

o+ 0 O'L (0‘, -0,

2
5—) + 7 < O

Octot =

(5}

= o-(,'
Tror = (T) +12 < Tmax »

where the applied tensional stress is

AT/A, for tether
for wheels

the applied compressive stress is
¢ = Ppax
and the applied shear is
_|AT/A. for tether
~ | Fi/A. for wheels

Lift: the difference in tether tension induced by tractive force must exceed the difference of gravity and cen-
trifugal force.
prAT = ZNW[’)FI > mc[g(r) —c(n], (44)

where N,,, is the number of wheel pairs, 2N,,,F; is the total tractive force due to all wheels and N,,,AT is
the total difference in tension above and below the climber. m, is the climber mass and g(r) and c(r) are the
gravitational and centrifugal accelerations.

o Motor Torque: total motor torque must exceed the product of initial tractive force and climber wheel radius.
Miotar > FiRy, 45)

where Ry is the wheel radius and M;o1q; = 2N, ¥ M,,. N, is the number of sets of opposing wheels comprising
the climber and M,, is the maximum operating torque of the motor driving each wheel.
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439 o Wheel Radius: the wheel radius must be large enough to avoid high cycle stress failure and smaller than the
440 motor torque per tractive force.

M, total F, cav

>Ry > —————, (46)
F, nWWplzr(l -3 /E
m where F_,, is the applied compressive force averaged over the trip to GEO and Wy is the width of the wheel.
42 The remaining parameters are properties of the wheel material, with py the fatigue pressure as a function of the
443 number of wheel rotations, E the Young’s modulus and v the Poisson’s ratio.
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3. Tether Characteristics

3.1. Purpose and Status

The space elevator tether has two functions: to support itself and to raise payload. The sum of climber masses will
be small compared to the total tether mass, but the stresses their drives exert on the tether will be significant. As yet,
no material of sufficient strength exists in large enough quantities to serve these functions, but the prognosis for mass
production of such materials in the near future is good.

Candidate materials for the tether are carbon nanotubes (CNT), graphene super-laminate (GSL) and hexagonal
boron nitride (hBN). Laboratory samples of each of these have been produced with sufficient specific strength [23],
but kilometer-scale lengths will be required so that they can be spliced together to make a 100,000 km long tether.

Until recently, CNTs appeared to be the prime candidate for the tether material, however, progress in making
longer lengths seems to have stalled. Proposed manufacturing processes for the 2D materials, GSL and hBN, seem
to have no limits on the lengths or speeds at which they can be produced. This, and the fact that 2D materials seem
geometrically best suited to the construction of an essentially 2D tether, make GSL or hBN the preferred options.

3.2. Materials

There are three candidate materials with the required strength. These materials are described as single crystal.
Crystal in this context refers to an uninterrupted repeating pattern at the molecular scale and is a single molecule of
material that will produce the maximum strength possible. Where defects and vacancies are present the material is
described as polycrystalline, and the material has a lesser strength. The molecular structures of single crystal carbon
nanotubes, single crystal graphene and single crystal hexagonal boron nitride (hBN) are shown in Figure 3.

(ALK 2K 2 ™Y
® 0 0 0. 0 0 0
© 00 0 0 0 Q0 0 0 0 0 0
© 000 0 0 0”9%0"0"%0 0" 0
® 0 0 0 0 o0 Q0_0_.0.0.0_0_0
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e o e o Q_0 o
0°0%0%0% %%
099999999999
" Single crystal graphene
Single crystal 9 2Drymategrialp single crystal
carbon nanotubes (CNT) hexagonal boron nitride (hBN)
1D material 2D material

Key @ caon ) Boron @ Nnitrogen
Figure 3: Molecular structure of candidate tether materials

These materials can be classified as one dimensional (1D) or two dimensional (2D). Dimensions in this context
refers to the number of spatial dimensions in which a molecule can grow while still retaining the same characteristics.
For example, carbon nanotubes can grow from either end of the tube, provided it is not capped, and remain the same
material. If extra carbon atoms were to be added to the sides of the tube this would change the nature of the material.
Similarly, graphene and hBN can only grow in the x and y dimensions with carbon atoms attached by covalent bonds.

3.2.1. Graphene super-laminate

Multi-layered single crystal graphene consists of layers of single crystal graphene stacked in such a way as to
maximize the Van der Waals forces between them. To simplify the language, the term graphene super-laminate (GSL)
is used here to mean a Van der Waals homostructure of multi-layered single-crystal large-area graphene.

Each layer is a single molecule of sp2 hybridized carbon 0.335 nm thick [24]. To create a tether of sufficient
strength, up to about 12,000 such molecules will need to be laid on top of one another. This thickness assumes a 20 t
climber departing Earth each day on a tether up to one meter in width. To increase the mass raised, either the tether
thickness or width must be increased. The most stable, and strongest, of the possible layering orientations is called
AB stacking. A stick-and-ball model of this configuration is shown in Figure 6. Graphene layers in AB stacking will
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not slide by one another as easily as they do in alternative configurations such as AA stacked or randomly stacked
(turbostratic) graphene [25].

In addition to its high tensile strength (130 GPa) [20] and low density (2298 kg/m3) [9], GSL offers many other
useful properties including high electrical and heat conductivity, high current density, and good resistance to chemical
attack by free radicals. Of direct relevance to the climbability condition, graphene can sustain very high compressive
forces, up to 14 GPa [21]. This is much higher than the climber wheels will exert.

Graphene, however, is rather slippery, with a recently measured coeflicient of friction of 0.1 [26] (Table A.1).
This value is on the low side for a pinched-wheel climber design and modifications to the surface of a GSL tether
may eventually be required [23]. The resistance of GSL to shear forces is also on the low side with a shear modulus
between 0.19 and 0.49 GPa [27].

3.2.2. Hexagonal Boron Nitride

Hexagonal boron nitride (hBN) is another 2D material in which boron and nitrogen atoms are arranged in a
hexagonal pattern. Figure 3 shows the structure. It has a lower strength, 100.5 GPa [28], than GSL, but this is
somewhat compensated by a lower density (2.0 to 2.2 g/cm® [29]) and higher interlayer shear strength (3.07 to 4.31
GPa [27]). hBN has a relatively high thermal conductivity, 751 W/m/K [30], but unlike GSL it is a good electrical
insulator. It is in many ways complementary to GSL; where more friction or insulation is needed, hBN could be
used, having a coefficient of friction between 0.23 and 0.27 [31] (Table A.1), and where more strength or electrical
conductivity is needed GSL could be used.

3.2.3. Carbon Nanotubes

Although not examined in this study, carbon nanotubes (CNTs) were the first of the strong materials to be proposed
for constructing the space elevator tether. It is useful to compare their properties to those of GSL and hBN. CNTs
come in many varieties depending on the pattern of the carbon atoms and the number of atomic layers (walls). For
simplicity only single-walled carbon nanotubes (SWCNT) are discussed here. SWCNTSs have the same strength as
GSL (Table A.1), but a lower density than either GSL or hBN, which is a distinct advantage. The coeficient of friction
is similar to that of hBN, so it is easier to grip. SWCNTSs have a very good electrical conductivity, but not as high as
GSL. Thermal conductivity appears to be better than that for GSL.

In the laboratory, SWCNTSs and single crystal graphene have been produced with similar lengths (0.5 m), so it
would appear that they are both good candidates for the tether material. GSL was chosen for this study because of the
greater likelihood that it could be produced in longer lengths, at higher rates and at an earlier date.

3.2.4. Tether Materials Comparison

For quick comparison, several properties of the three tether materials are listed in Table 4. They are: tensile
strength, ors in GPa; shear strength, 7gs in GPa; coefficient of friction, x; and bulk density, p in kg/m3. A full list of
known and estimated material properties, with citations, is included in Appendix A.

‘ Material ‘ ors ‘ TSS ‘ u ‘ P ‘
GSL 70 - 130 0.14 0.03-0.1 | 2290
hBN 100 3.1-43 0.23 2200

SWCNT | 77 - 200 0.22-0.24 | 1600

Table 4: Comparison of selected mechanical properties of tether materials

3.3. Materials Manufacturing
To achieve a focus on the material of choice, the state of the art of manufacture of these materials was reviewed.
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3.3.1. Carbon nanotubes

Carbon nanotubes are manufactured industrially. OCSiAl, a Luxembourg-based manufacturer has a carbon nan-
otube production capacity with its Tuball subsidiary company that is stated to be 90 t of CNTs per year. The company
says this accounts for over 97% of the global graphene nanotube market. However, the carbon nanotubes it produces
are just 5 um in length and seem to be used as powdered additives to enhance the performance of other materials [32].

Longer CNTs have only been made in the laboratory. The longest single-molecule carbon nanotube made so far
is 0.5 m in 2013 [5]. Since then no further improvements in length have been reported. The state of the art of carbon
nanotube manufacture seems to be to make nanotube forests with a length of 0.14 m and probably polycrystalline
[33].

3.3.2. Hexagonal Boron Nitride

Large-area sheet hBN is produced industrially. The most prominent manufacturer is Grolltex Technologies in
California, USA. The company has developed a batch process that manufactures hBN by a CVD method on metal
foil and can transfer the material to other substrates. However, this is restricted to 200 mm diameter wafers for the
semiconductor industry [34].

3.3.3. Large-area Sheet Graphene

The industrial state of the art making large area graphene is capable of manufacturing polycrystalline material.
The industrial manufacture of single crystal has yet to be attained. However, progress has been astonishing, and
several industrial companies have developed scaleable processes making polycrystalline material.

General Graphene Inc., based in the USA, has announced that its Gen 3.0 roll-to-roll graphene production line has
been commissioned and can make 100,000 m? of graphene on copper foil per year [35]. Figure 4 shows the production
line.

a W

£

- gy

]

Figure 4: General Graphene Inc. roll-to-roll graphene production line. Image credit: General Graphene.

General Graphene has also demonstrated the ability to separate the graphene from the copper foil and create
multilayered graphene samples on a transparent plastic film substrate. The company provided samples to ISEC as
shown in Figure 5.

In South Korea, two companies have created industrial-scale graphene manufacturing plants. LG Corporation
has developed a roll-to-roll production method that can make graphene on copper foil at speeds of up to one meter
per minute and lengths of up to one kilometer [35]. Charmgraphene has gone further and can produce graphene on
copper foil at speeds of two meters per minute and lengths of one kilometer [35]. The company has also automated
the separation of graphene from the copper foil and transfer to other substrates.

Charmgraphene has also demonstrated the ability to separate graphene from the copper foil surface. They can
create free-standing multi-layered graphene [36]. Free-standing means there is no substrate support; the atomic layers
of graphene support themselves. The multi-layered graphene is 110 mm wide by 144 mm in length.

While industrial manufacturers are making polycrystalline graphene, work continues on making single crystal
graphene in the laboratory. The longest sheet of single crystal graphene was made at a scale of 500 mm by 50 mm at
Peking University, Beijing, China in 2017 [3]. The largest area of single crystal graphene to date has been reported
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Figure 5: Samples of multiple graphene layers made for ISEC. This is not tether quality graphene and is meant only to show the pace of manufac-
turing development. Image credit: Michael Fitzgerald (International Space Elevator Consortium).

by researchers from Oak Ridge National Laboratory, who demonstrated the manufacture of single crystals of 300 mm
by 300 mm area [37].

3.3.4. Manufacturing Summary

To make the material for the space elevator tether requires manufacturing on very large scales and speeds. Carbon
nanotubes can be made at sub-meter lengths, very slowly. Hexagonal boron nitride can be made industrially but only
at a scale of 200 mm in diameter for electrics applications.

Graphene on the other hand can already be made at lengths of one kilometer and a speed of two meters per
minute. None of these materials can be made at tether quality yet, however the trajectory clearly favors graphene as
the industrial material of choice, and this is why graphene was the focus of attention for this study.

3.4. Design Considerations

Assuming that the basic tether material will be made available, the next step will be to determine how it should be
structured. The tether will not consist of a monolithic and isotropic block of material, but rather of laminations of thin
layers or weavings of thin tubes spliced together. The final design will depend on the basic material properties, the
stresses and environmental conditions to which the materials will be subjected and the details of the tether assembly
process.

3.4.1. Requirements
Stresses

The requirements for the tether material in the vicinity of the climber can be taken from the combined stresses
listed in Table 3. Implicit in the climbability requirements was that the tether could sustain a tension of o7y =
130/1.4 = 92.9 GPa, where 1.4 is the safety factor. Thus it was assumed that the applied tensile stress was never more
than 92.9 GPa. The resulting combined tensile stress per wheel pair was 18.58 GPa, well below the yield strength.

Resistance to shear forces is a critical requirement; the downward force due to climber mass on the surface of the
tether must not exceed the force holding the layers together. The maximum combined shear force at the interface was
found to be 9.08 GPa, 65 times larger than the measured shear strength of 0.14 GPa.

The compression of the tether due to the wheels must not exceed the compressive strength of the tether. The
combined compressive stress was found to be 0.417 GPa, well below the quoted yield strength of 14 GPa. Comparing
this to the 0.88 GPa compressive strength of titanium wheels (Table 1), it is the wheels and not the tether that set the
maximum allowed compression at around 0.9 GPa.

For the tether material in the immediate region of the climber, there are no requirements concerning bending or
torsional stresses. Having chosen not to use a capstan drive, the tether will not be subject to bending moments. The
climber frame which holds the wheel pairs in place will prevent any significant torsion.

Environmental Conditions
The tether will be immersed in a variety of environments including atmosphere, vacuum, electromagnetic fields,
radiation fields and thermal gradients.
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Corrosive chemicals in the Earth’s atmosphere will degrade the tether. Salt water and water vapor at low altitudes
and oxygen radicals at higher altitudes will react with the tether materials and decrease their strength. While a single
layer of graphene has every one of its atoms exposed to its environment, the great bulk of the atoms in GSL will be
insulated due to its many tightly packed layers. Only the surface layers and edges will be vulnerable to chemical
reactions. The same is likely to be true for hBN. In both cases, edge reactivity could be suppressed by folding or
rolling. A single CNT exposes all of its atoms as well. Reactivity could be reduced by braiding the CNTs, but this is
unlikely to remove as many atoms from environmental contact as in the case of GSL.

The large electrical conductivities of GSL and CNTs mean that significant currents and forces may be induced
in the tether by Earth’s electromagnetic fields. These can result in displacements of thousands of kilometers at the
apex when extreme solar storms arise, but usually such oscillations are small and certainly negligible in the immediate
region of the climber. This issue could even be eliminated by building a tether partially or entirely with hBN, which
is an insulator. There are, then, no particular electrical requirements of the materials in this respect.

Thermal gradients are certain to occur along the tether length and particularly in the region of the climber where
friction with the wheels will induce heat at the contact areas. High thermal conductivity in the tether will mitigate this
problem.

The radiation environment will be severe. Hard ultraviolet and particle irradiation is ubiquitous in space and the
upper atmosphere and the tether materials must be resistant to it. The tensile strength of CNT yarns was reduced by
about 50% after a long exposure to space radiation [38]. GSL may perform better in such circumstances since the
carbon atoms in laminations would be packed more closely together than in CNT braids, thus retaining more strength
when atomic bonds are destroyed.

Assembly Conditions

The basic material will be manufactured on Earth in the form of sheets of GSL or hBN, or fabrics of woven CNTs.
The lamination of GSL and hBN layers into thicker sheets requires a good vacuum environment in order to avoid
intercalation. This argues for the lamination to be done in space, requiring an assembly satellite in GEO. Rolls of the
basic material must be transported to space by rocket and therefore must fit into available cargo holds. The proposed
tether width poses no problem in this regard and the thinness of each layer means that a very large number of sheets
would fit into a single roll of manageable mass.

3.4.2. Lamination
The most straightforward option for building a tether out of 2D materials is lamination. Given their nanometer-
scale thickness, thousands of layers will be required to construct a practical tether.

Natural Bonding

Layers of single crystal graphene will naturally adhere to one another by Van der Waals bonding to form GSL. The
bonding arrangement with the smallest distance between layers is called AB stacking which is illustrated in Figure 6.
The Van der Waals forces are strongest in this arrangement and would provide the most resistance to shear stress.
Spot Welding

If the Van der Waals forces are not strong enough, large shear forces on the surface of the tether material will not
be sufficiently distributed into the bulk and de-lamination will occur. According to Table 3 the shear strength of GSL
is 0.14 GPa, about 65 times too weak to support the climber. Thus, another bonding option must be considered.

In GSL, the carbon atoms are connected by hybrid sp2 bonds. The remaining 7 orbitals are unbonded and oriented
perpendicular to the plane of the graphene layer. When two such layers are pressed together, the sp2 bonds and 7
orbitals create sp3 bonds between the layers, as shown in Figure 7. The sp3 hybrid bond is the one found in diamond
and accounts for its strength. The pressure at which this type of bonding occurs is thought to be about 23 GPa [21].
Ultrafast lasers can achieve such pressures and have been used to synthesize the diamond phase (sp3 bonds) from the
layered phase (sp2 bonds) [39]. It has also been shown recently that when several atoms take part in this bonding, the
results are irreversible [40]. Perhaps this process could be applied on an industrial scale to produce a material resistant
to the shear stresses expected in the space elevator tether.

Increasing Friction
Research for this study discovered that reliable figures for friction in 2D materials are not easily found and that
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Figure 6: View looking down on a model of AB stacked multi-layer graphene. Each alternate carbon atom in a six-atom ring is located directly
above the center of a ring directly below it.

Figure 7: Stick-and-ball model of “spot-welded” multilayer graphene. The sp3 hybrid bonds are shown in the center, between two layers of
graphene.

the literature contains a wide range of values from 0.03 to 0.1 [41, 26] (Table A.1). These values were obtained using
atomic force microscopy in which a diamond tip is dragged over the sample surface. The view of the study group was
that fresh work needs to be conducted using a metal-coated tip against the graphene surface. Larger scale tests are
preferred when macroscopic samples can be obtained. This would replicate the conditions of a climber wheel against
a graphene tether more reliably. A coefficient of friction value of 0.1 was chosen for this study as it was the most
recently measured.

However the lamination is done, the surface of the tether is likely to be rather smooth, with a coefficient of friction
of about 0.1. This is a manageable number in mechanical engineering, but on the edge of practicality for friction
drives in space elevator climbers.

Two methods may be able to raise the effective coefficient of friction. One is to introduce hydrogen onto the
surface of the GSL. Measurements show that this increases the coefficient of friction to about 0.13 [42]. Another
method would be to use hBN as an outer layer bonded to a tether bulk consisting of GSL; GSL and hBN naturally
bond to one another forming a Van der Waals heterostructure [43]. According to Table A.1, hBN has a coefficient of
friction of about 0.25, which would provide much more holding force between the climber wheels and tether. Other
methods involve making the surface rougher by the creation of diamond studs at regular intervals using high pressure,
and wrinkling or creping the surface.
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3.4.3. Braiding

Another option is to construct the tether using CNTs or rolled-up GSL or hBN layers. These tubular structures
would be braided into threads and woven to create the tether fabric. This method has two advantages. Because
the tubular molecular structure has no edges, it is highly resistant to attack by oxygen radicals and other chemicals
in the atmosphere. Also, sheets produced by braiding and weaving would create a rougher surface with a much
higher coefficient of friction for the climber wheels. The main disadvantage is that a braid is always weaker than its
component threads.

3.5. Molecular Modeling

The methods listed above for increasing shear strength and the coefficient of friction are conjecture based on some
recent measurements. They have to date not been attempted in any manufacturing process. Absent this, it is useful to
see if computer modeling can shed some light on the possibility of these processes. Molecular modeling can be used
to see how macro-molecules interact with each other and with their environments.

The key requirement of such modeling is the prediction of macroscopic material properties and the formation and
propagation of defects, based on the electromagnetic interactions of individual molecules. The list of properties to
be modeled and predicted include the coefficient of friction between graphene sheets and other materials, and the
multi-axial tensile, shear and compression strengths of single and multiple graphene layers. Also to be modeled are
the formation of defects and their propagation, the adsorption of gasses, the effects of pressure and temperature and
the effects of the various stacking configurations of graphene sheets.

Two calculations would be of immediate interest for the GSL manufacturing process: calculation of the adsorption
of hydrogen onto graphene is one possible way to predict how the coefficient of friction of the modified material would
vary with hydrogen concentration; the introduction of localized pressure at intervals along the length of a two-layer
graphene structure would indicate whether or not sp2 bonds in the two sheets could be converted to sp3 bonds between
sheets, thus allowing the “spot-welding” of layers.

It is also essential to understand how defects are formed and propagated under the various stresses that will
be applied to the tether material. Knocking carbon atoms out of their hexagonal pattern and the introduction of
irregularities that could show up during manufacturing need to be simulated as well as how these irregularities develop
into strength-reducing tears in the material.

In principle, all of these calculations can be done, but the major challenge, and one reason that these calculations
have not been done, is that large numbers of atoms must be included in the calculation space in order to make pre-
dictions of macroscopic parameters. This is likely to require advanced computational methods and super-computers.
Several approaches to this problem and the computer codes required are discussed in section 5.

3.6. Proposed Tether Design

There are several candidates for the material from which a space elevator tether may be constructed. Based
on requirements from climbability and climber design, and speculation about the internal structure of the tether, a
preliminary tether design is presented here.

An essentially two-dimensional structure will consist in its bulk of approximately 12,000 layers of AB-stacked
single crystal graphene with its shear strength augmented by periodic spot welding between the layers. Several layers
of hexagonal boron nitride will be laminated on either face of the GSL ribbon in order to provide increased friction
and radiation hardness. These layers will also be cross-linked to layers beneath them by spot welding. To prevent
chemical reactions at the edges of the molecular layers, it may be possible to use much wider layers and fold them
accordion-style before binding them together.

An alternative geometry of woven braids of CNTs or GSL/hBN tubes would provide greater friction for the climber
wheels and resistance to chemical attack, but would likely lack the necessary tensile strength for supporting itself.
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4. Projected Tether Improvements

The study identified a number of areas in which improved technology would enhance the ability of the space
elevator to carry payload. These improvements can be made with technology that exists or is likely to exist in the next
decade. Areas of research which underpin the anticipated technologies were also identified and will be discussed in
section 5.

The pace of development in the world of graphene and other two-dimensional (2D) materials has been astonish-
ing. Prior to 2004 graphene was considered purely theoretical. Since then, graphene has moved from the laboratory
to industrial scale manufacturing; it can now be made in lengths of up to one kilometer and at speeds of two me-
ters per minute. However, this material is polycrystalline and contains defects which limit its use for high-strength
applications; it is not tether-quality material yet.

This progress of industrial manufacturing of graphene is not limited to one location or organization. At least three
separate organizations in Asia and North America have publicly declared their development work. There are other
organizations actively involved in making tether-quality material and have asked not to be named.

The successes in manufacturing graphene could prompt other researchers to revisit the manufacture of carbon
nanotubes, hexagonal boron nitride (hBN) nanotubes and also hBN super laminate.

The rate of development seems set to continue, and it is reasonable to assume that high quality GSL material
suitable for the tether will be made within the next decade.

4.1. Coefficient of Friction

The current study has revealed that measuring friction is not as straightforward as it might first appear. The peer-
reviewed literature contains a wide range of values for the coefficient of friction for the candidate tether materials.

This variation is partly due to limitations of the measurement techniques owing to the small samples of material
generally used. The study also came to the view that a meaningful measure of friction is best performed using the
same materials that will be used for the tether and the climber wheel surfaces.

As far as could be determined, no study investigating the friction between titanium and GSL has been performed.
This should be possible in the foreseeable future as material samples become available. The authors encourage
researchers to perform these tests and make their results public.

4.2. Shear Strength

The mechanical stresses between the climber and tether also indicated that there will be significant shear forces
on the tether. A tether made of layers of 2D material or braided nanotubes will need to withstand these forces. The
layers in a 2D material are held together by Van der Waals forces. Experimental evidence for the behavior of these
layers under shear is very limited. This study has also found that computer modeling of the Van der Waals force needs
much more work and researchers are encouraged to direct effort in both these areas in the coming years.
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5. Proposed Research

5.1. Molecular Modeling

The macroscopic properties of graphene and GSL of most interest in the construction of a space elevator tether
are: the coefficient of friction between graphene sheets and between graphene and other materials, the multi-axial
tensile, shear and compression strengths of single and multiple graphene layers, the formation of defects and their
propagation, the adsorption of gasses, the effects of pressure and temperature and the effects of the various stacking
configurations of graphene sheets.

In the absence of measurement, molecular modeling must be used to predict these properties. Modeling includes
the specification of the molecular structure and the calculation of its dynamics, that is, the state of the molecule as a
function of time. From this, the forces on atoms, the effects of pressure and temperature, possible failure modes and
so on, can be predicted.

Molecular modeling is a broad and primarily computational area of research consisting of many theoretical ap-
proaches depending on the application. In the case of graphene, the behavior of large molecules under various condi-
tions is desired. For such large molecules, the classical molecular dynamics approach is preferred over the quantum
mechanical because it can handle a larger number of atoms (~100,000) and takes less CPU time. Graphene is not a
simple molecule, though, so a quantum code may eventually be required.

Software Packages

Three classical software packages that may apply are SAMSON [44], LAMMPS [45] and GROMACS [46]. The
quantum mechanical code VASP [47] might also be used. These packages allow molecules to be built and simulated
using molecular mechanics and dynamics. Individual atoms can be moved around, removed or added to existing
molecules. For example, one layer of graphene can be moved with respect to an adjacent one. Various temperatures
and pressures can also be applied to the modeled sample. When such changes are made, the codes do automatic force
minimization to get the lowest energy configuration.

Classical calculations model atoms as mass points and the bonds between them as springs. Non-bonded forces
such as Coulomb and Van der Waals are also modeled. These are summed to create a potential from which forces are
derived. Each of these codes provides or allows for different types of interaction models or force fields. Force fields
are required in order to describe the interaction between atoms and to calculate the forces and energies in the system.

SAMSON, for example, can use the Brenner force field model [48] which simulates bond formation, breaking and
reactions. This would be particularly useful in studying the formation of the sp3 bonds required to spot-weld together
layers of graphene within GSL. It could also help to understand how defects and tears in large graphene sheets form
and spread under stress. Ideally, this would provide an indication at the molecular level of when macroscopic failure
was about to occur.

GraFF (Forcefield for Graphene and Graphite) [49] is an interaction model to be used with LAMMPS. It was
developed to address problems with existing simple Lennard—Jones potentials in representing graphene—graphene
interactions. A typical problem for many molecular modelers is poor Van der Waals interactions which often lead to
incorrect potential energy surfaces. GraFF has purpose-built Van der Waals interactions based on the Lennard—Jones
potentials. This is important for studies of friction between graphene sheets or other materials because friction arises
from the Van der Waals interaction. GraFF can also calculate the sustainable shear stress in GSL. One caveat here is
that the Lennard-Jones potential will work for carbon, but it is not known yet if it works for hBN.

In the quantum mechanical approach, calculations are based on either Hartree-Fock methods or density functional
theory. The Hartree-Fock method is a means of approximating the wave function and the energy of a quantum many-
body system. It is used to solve the Schrodinger equation for atoms and molecules.

Density functional theory [50] (DFT), is also an approximate method in which the electron density is the fun-
damental property, instead of the wave function. It allows the interaction potential of an N-electron system to be
expressed as the sum of N single-electron potentials, thus greatly simplifying the calculations. Being an ab initio
theory, material parameters are not required as input.

VASP is a simulation package for materials modeling which can calculate electronic structure and quantum molec-
ular dynamics from first principles. It can calculate internal forces and stresses, response to ionic displacements (elas-
tic constants) and response to electric fields such as dielectric properties.
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A Possible Approach to Modeling Graphene and GSL

The modeling of graphene and GSL would probably best be approached by a hybrid quantum-classical calculation.
A quantum calculation would be most accurate, using Schrodinger’s equation and DFT. It is, though, CPU intensive
and usually cannot accommodate large numbers of atoms. The modeling would probably start with a Hartree-Fock
calculation, as this is a detailed quantum-mechanical approach. Only 30 to 50 atoms could be modeled, but it would
tell us what approximations could be made in going to larger structures. It could be used to develop a DFT for
graphene, which could then be used in the classical calculation to minimize the potential energy in order to get the
molecule’s ground state and compare to other states. Doing the rest of the calculation with the classical GraFF code
would allow orders of magnitude more atoms to be simulated with a smaller expenditure of CPU time. It is also
possible that a machine learning approach could be used, which would blend the classical and quantum approaches.

The initial model development may still be very CPU intensive and require a supercomputer. However, once the
model is developed, the dynamics calculations could be performed on personal computing devices.

5.2. Material Properties

Only a few basic tether material properties, summarized in Appendix A, are known at this time. This state of
affairs will soon change as new measurements and experiments appear, but for the time being, scalar parameters
like tensile strength, shear strength, coefficient of friction, heat conduction and electrical conduction must suffice for
all designs and calculations pertaining to the climber-tether interface. It was assumed in this report that the above
parameters are isotropic, that is, their values do not depend on the directions of forces in the tether and at the interface.
This will certainly not be the case for any of the candidate tether materials, but is assumed to be so due to the lack of
anisotropic measurements.

The nature of the anisotropy in these materials can be guessed based on the molecular structure and the way in
which the molecules are assembled to form the tether, but measured values are essential. The most-needed measure-
ments and proposals for how these might be obtained are listed below.

5.2.1. Anisotropic Parameters

Anisotropic material parameters depend on the direction of forces in the material. If the material is isotropic,
one parameter is sufficient to describe, for example, tensile strength. The material can be treated as uniform in all
directions. A non-uniform material will respond differently to forces in different directions and in general will require
many more parameters to describe the response.

A fully anisotropic material requires 21 independent parameters to describe, say, its elastic response. However,
most materials have symmetries which greatly reduce the number of parameters needed. Laminates, for example,
exhibit transverse isotropy in which the material is isotropic in the plane of the layer, but not in the direction perpen-
dicular to the layer. Such materials require only five parameters to describe the response. In orthotropic materials
there are three mutually perpendicular directions in which the properties are different. Wood is a good example of
this, having symmetry about the ring axis, along the grain and along the ring radius. Nine parameters are required for
such materials.

Graphene super-laminate (GSL) may be likened to thin layers of honeycomb glued together in a stack. The
honeycomb cell structure is known to be transverse isotropic [51], so the stack must be also, as long as the layers are
aligned in certain ways. In Section 3.4.2, the concept of cross-bonding the molecular layers in GSL was discussed
as a method of improving its shear strength. Assuming that the cross-bonds are made at regular intervals along the
length of the layer, another anisotropy will be introduced perpendicular to both the thickness (the stacking axis) and
the width of the layer. GSL thus modified becomes orthotropic.

The parameters for orthotropic GSL can be specified using the coordinate system of the tether. The z axis is taken
along the stacking direction which is also the thickness direction of the tether. The y and x axes run along the width
and length, respectively, of the GSL layer and correspond to the width and length of the tether. For an orthotropic
material the response to a force (generalized Hooke’s law) can be given by
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The left-hand column vector contains the normal and shear strains and the right-hand column vector contains the
normal and shear stresses. The parameters that must be measured are the Young’s moduli, E,, E, and E, the shear
moduli, Gy;, G, and G,,, and the values a,,, a;, and a,, which are the Poisson’s ratios v divided by the Young’s
moduli.

Electrical conductivity is likely to exhibit anisotropies as well. Each graphene layer within GSL will have a
hexagonal array of sp2 electron orbitals above and below its central plane, leading to metal-like conduction in the
x —y direction. Perpendicular to the x — y plane, Van der Waals bonds between the layers are unlikely to support a
high conductivity. Hence, conductivity in at least two directions will have to be measured.

It is unclear how many heat conductivity parameters will need to be measured. Phonon propagation, important at
shorter wavelengths, depends on the molecular structure of GSL and will probably lead to directional heat propagation.
In that case, conductivities in the x — y plane and in the z direction will need to be measured. For heat of longer
wavelengths, the molecular structure will not be important and one parameter will be sufficient.

The mutual coefficient of friction between the tether material the wheel material will likely be isotropic in the x—y
plane of the tether, so only one parameter needs to be measured in this case.

5.2.2. Measurement and Testing
Mechanical Properties

For a hypothetical cube of GSL, say 5 cm on a side, obtaining the nine values above would be straightforward:
strain gauges on each face would record the responses to tension, compression and shear forces applied by standard
testing machines.

An actual sample of tether material, however, would have a thickness of only about 10 um, with some samples
as thin as a few nm. 10 um samples, which would still have widths and lengths of the order of cm, pose no problem
for the above method as long as measurements are restricted to the x — y plane. Strain gauge rosettes applied to this
surface could still provide E., Ey, Gy, vy, and v,, in response to testing machines which grip and pull along the edges
of the samples. The remaining parameters, though, could not be obtained in this way because of the small z dimension
of the sample.

E. could be determined by a cantilever bending of the sample in the z direction. The shear moduli could be
provided by torsion tests, in which parallel edges of the sample are gripped and twisted along one of the sample’s
principal axes [52]. The remaining Poisson’s ratios could be obtained by measuring the curvatures of micro-machined
cantilever plates of GSL [53].

It is difficult or impossible to grip, pull or twist very thin samples without destroying them. Samples would have to
be free-standing, mounted or deposited on substrates, or supported in liquid. One method for unsupported thin films
could, in principle, measure E, Ey, vy, and vy, by laser light diffracted from a grating deposited on the sample [54].
Another method uses an ultrasonic micro-spectrometer [55] in which acoustic waves are focused on a sample which
is immersed in water. The reflected waves are analyzed to extract the orthotropic parameters. Using this device, all
nine parameters were extracted for a 12 ym thick sample [56].

The nine orthotropic parameters describe only the elastic response of the material. It will also be necessary to
measure the full stress-strain curve in order to understand where the elastic region ends and where the yield and
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breaking points are. Graphene is thought to be near the boundary between a ductile and a brittle material. GSL may
or may not have the same behavior.

Electrical and Thermal Properties

Electrical conductivity in the tether is not particularly important at the interface between the climber wheels and
the tether material, but it is important in determining the response of the entire space elevator to electromagnetic
fields and currents in the atmosphere and space. In this case, the values for in-plane and out-of-plane conductivity are
required. Some methods for these measurements are summarized by [57]. The in-plane measurements involve four
probes attached by lithography to the sample at various points. The out-of-plane measurements involve etching the
sample, depositing the sample in a mesa-like pattern or placing several probes on the upper surface of the sample and
a single large probe on the bottom. The latter method would appear to be most appropriate for GSL.

Values for the in-plane and out-of-plane thermal conductivity are also required. These values are of interest mainly
for heat conduction from the wheels into the tether and subsequent dissipation into space. Also, should GSL even-
tually be used as a radiator material, both in-plane and out-of-plane values will be required for any design. The
preferred method for such measurements is transient thermo-reflectance, which depends on the optical reflectance of
a material being proportional to the surface temperature of the sample. A variant of this method was carried out for
highly oriented pyrolytic graphite [58] which is an in-plane conductor and an out-of-plane insulator. The same test
may therefore be appropriate for GSL.

Friction

The coefficient of friction (u) is a function of the surface conditions of the two materials in contact. The values
quoted in this report result from diamond-tipped probes being dragged across samples of graphene, so the value of u
is strictly only valid for diamond on graphene contacts. What is actually needed is the value for the wheel material
(titanium) on graphene or GSL. The atomic force microscopes (AFM) used to measure friction on thin samples can
be equipped with metal-coated tips [59] so that not only Ti-GSL coefficients, but other metal-GSL coeflicients, may
be measured. When GSL samples, larger in both thickness and area, are produced, slip testing devices [60] can be
used to measure the friction. Here, a sample of one material is dragged across a rigid, fixed plane of another material.

Material Characterization

When GSL is produced it will be necessary to verify that layers of single crystal graphene are being produced and
not polycrystalline graphene. The clearest proof of this is the absence of the grain boundaries found in polycrystalline
graphene. It will also be essential to demonstrate a low level of defects or impurities in the single crystal graphene
planes and in the bonds holding the planes together. These tests can be performed by Raman spectroscopy in which
laser light inelastically scattered from a sample provides structural detail of molecules in the material. Raman spec-
troscopy has already been used for determining grain size, characterizing sp2 and sp3 bonds and determining the
number of layers in multi-layer graphene [61]. It should therefore be an ideal tool for the evaluation of the quality of
GSL.

5.2.3. Summary of Required Measurements
Several parameters will need to be measured for GSL before a detailed design of the tether and climber can be

made. These are the

elastic response parameters: Young’s moduli along principal material axes E,, E,, E, shear moduli G,,, G,., G,; and
the Poisson’s ratios vyy, vyz, Viz,

stress-strain curves from zero to breaking stress for tension, o gg, shear, Tgg and compression,
electrical conductivity in-plane k,, and out-of-plane «,

thermal conductivity in-plane A,, and out-of-plane A,
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930

coefficient of friction p with metals, especially titanium and
material characterization: absence of grain boundaries, absence of defects and number of layers.

5.3. Tether Design and Trade Study

The optimal set of material parameters for the tether will result from a study in which parameters of the multi-
dimensional design space are traded against one another to achieve maximum performance. Numerous trades of tether
material parameters and conditions are defined here. In addition, there are different tether configurations which may
be used.

Material trades involve a large number of parameters. For each possible tether material, CNTs, GSL or hBN, the
following trade spaces must be examined: strength vs. flexibility, stiffness vs. rigidity, electrical conductivity vs.
time, tensile strength vs. load vs. time, fracture rate vs. time, friction vs. load and yield strength vs. load vs. time.

Configuration trades deal with how the tether is physically arranged and what loads it will bear. An actual space
elevator may employ one or more tethers and each tether may have a curved or flat profile, for example. A tether may
be composed of a varying number of molecular layers and the best number will result from a trade of the resulting total
mass vs. strength. The three-dimensional trade space of maximum stress, load and length will have to be explored as
will the space defined by maximum pressure, load and length.

Trades having to do with the climber-tether interface include climb duration vs. altitude in vacuum and in atmo-
sphere, friction force vs. load vs. time, temperature vs. location vs. time, minimum and maximum stress vs. load vs.
time, contact length of wheels on the tether vs. Young modulus vs. Poisson’s Ratio vs. stress vs. motor torque and
temperature vs. expansion.
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6. Conclusions

The conditions at the climber-tether interface, established in section 2, set physical requirements for the space
elevator tether, a wheeled climber and the region where they make contact. Design considerations for both the climber
and tether indicated the need for future developments. The state of the art in strong materials production has advanced
rapidly in recent years. It is likely that materials satisfying the requirements of a space elevator tether will become
available in the near future. The requirements, as established by the climbability conditions, are listed here.

The coefficient of friction of GSL must be increased. The coefficient friction for graphene and therefore GSL is be-
tween 0.03 and 0.1. In order to increase the efficiency of a gripping wheel drive, this must be increased. Two methods
were proposed which could double this value: adsorbing hydrogen onto the surface and using hexagonal boron nitride
bonded to the outer graphene layers.

The shear strength of GSL must be increased. While the tensile strength of GSL is sufficient to support the mass of a
tether and its climbers, its shear strength is not. The shear may be increased by the cross-bonding the graphene layers
using high pressure to convert some of its carbon sp2 bonds to the “diamond” sp3 bond.

Orthotropic material properties of strong materials must be measured. GSL is likely to be an orthotropic material, so
its nine elastic response parameters must be measured. Anisotropies in the electrical and thermal properties of GSL
also need to be measured. The same may well be required for other strong materials.

Testing of materials under interface conditions must be done. Tests specially devised for multi-layer two-dimensional
materials must be performed. These include quality control issues such as the absence of domain boundaries, defects
in the crystal lattice and intercalated gasses. Response to heat, cold and total combined stress must also be tested.

Molecular modeling is needed. Whether the above two proposals will work must of course be tested in the laboratory.
Before that, however, molecular modeling of layered 2D materials could guide improvements to the improved mate-
rial production process.

More research is required into production of high-strength materials. The key to the construction of the space elevator
is the availability of a large amount of strong materials of sufficient length. Many methods of fast production are now
being developed, but to date, none have achieved the length or rate required. At this time, there are no known physical
limitations to large increases in the GSL production rate, so the outlook remains optimistic.
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Appendix A. Material Properties

Material properties are presented for graphene super-laminate (GSL), hexagonal boron nitride (hBN) and single-
walled carbon nanotubes (SWCNT).

Appendix A.1. Mechanical Properties

The following abbreviations are used in Table A.1 :

P
ars
Tss
E

G
OBs
Exp
Dsp

mass density (kg/m®)

ultimate tensile strength (GPa)
shear strength (GPa)

Young’s modulus (GPa)

shear modulus (GPa)

breaking strength (N/m)

second order elastic stiffness (N/m)
third order elastic stiffness (N/m)
coefficient of friction

[ Measure | GSL \ hBN | SWCNT |
p 2298 2200 [62] 1600 [63]
ors 70-130 [20] 100.5 [28] 77-200 [64]
Tss 0.14 [22] 3.07-431[27]
E 1000 [20] 716-977 [65] 1000 [64]
G 0.19-0.49 [27] 3.07-431[27] 470 [66]
Tps 42120] 23.6 £ 1.8[65] | 44-174[67]
Exp 350 + 50 [20] 290 + 24 [65] *
Dap -650 + 120 [20] -680 [65] *
U 0.03 [41]-0.10 [26] | 0.23-0.27 [31] | 0.22-0.24 [68]

Table A.1: Mechanical properties of possible tether materials. * not applicable to 1D materials.

Appendix A.2. Electrical, Thermal and Optical Properties

The following abbreviations are used in Table A.2 :

K
JBD
M.P.
Ce

P

a

electrical conductivity (S/m)
breakdown current density (A/m?)
melting point (K)

specific heat capacity at 300 K (J/kg/K)
in-plane thermal conductivity (W/m/K)
visible light absorptivity (%)

[ Measure | SCG ‘ hBN | SWCNT |
K 9.6 x107 [24] [ 1.89 x1077 [69] | 7.3x10% [70]
JBD 10" [71] 5000 [72] 107 - 10° [73]
M.P. | 5000-6000 [74] 2900 [62] 4800 [75]
¢ 706.9 [76] 874 [77] 650 [78]
1 5000 [24] 751 [30] 6600 [79]
@ 2324] 0[80]

Table A.2: Electrical, thermal and optical properties of possible tether materials
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Highlights

*The space elevator climber-tether interface determines the possibility of
climbing.

* Interface conditions set the requirements for tether and climber materials.

* Graphene super-laminate is a good candidate for the space elevator tether
material.

* The friction and shear strength of graphene super-laminate must be in-
creased.

* A program of testing is proposed to provide currently unknown material pa-
rameters.
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