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ROBOTS ARE...
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INSENSITIVE



OVERWEIGHT
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GLUTTONOUS
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UNYIELDING



UNCOORDINATED
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Existing technologies are heavy, expensive, and dangerous 

Rigid robots: Industrial robots 
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MAMMALIAN
EQUIVALENCE



How to understand and bound the performance of exoskeletons with no prior knowledge.

Figure 1: Of the popularized science fiction visions of exoskeletons, which ones are reasonable and or
possible?.

Before there were computers that encourage everyone immediately to sit down and start
building complicated models that are difficult to understand, physicists and engineers alike used to
sit down and write out the constituent equations of a system to determine the limits of performance,
and where the viable system designs were. 1 Let’s attempt this for exoskeleton systems and see
how far we can get. 2

Work(Joules) = Force(Newtons)×Displacement(Meters) (1)

∑
WMission =

∑
FMission ×

∑
sMission (2)

The work required to do something is proportional to the force(s) required to do it, and how
far you move it.

Pactivity = Wactivity/ttime necessary (3)

1This is the type of process where useful things like the Brequet range equation came from which determines how far
an airplane can travel.

2In the absence of such a methodology it will be very easy to have long and fruitless debates all the while blowing
warm air up people’s nether regions telling them what they want to hear, not what they need to hear. The Manhattan and
Apollo projects began with rigorous analysis on paper, and transitioned to computers for filling in critical engineering
details...
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We can weigh every single piece of the system, and all of those weights ADD UP
As every system component is sensitive to growing armor weight, investing in very light (<2psf)
armor would be perhaps the biggest win of all.3

Similarly, let’s examine the (η) in that same equation in a little more detail:

ηfuel to foot = ηi × ηj × ηk × ... (12)

ηfuel to foot = ηplant × ηconversion × ηtransmission × ηactuator × ηcontrols × ηexo (13)

We can sum up all of our inefficiencies.

Inefficiencies multiply
Because,

WEIGHT IS ADDITIVE and,
EFFICIENCY IS MULTIPLICATIVE,
the system is EXTREMELY sensitive to inefficiencies.
Even more-so because inefficiencies come at the expense of having to carry more weight. At
some point you lose the game and system weight balloons and agility crashes.

How Sensitive is it ?

Table 1: Examples of ‘Fuel to Foot’ metrics for power system. - not meant to be taken as system designs !

SYSTEM Qc

(MJ/kg)
ηplant ηconversion ηtransmission ηactuator ηcontrols ηNett % ψ (MJ)/(kg)

MAMMAL 28 0.4 1 1 0.65 1 0.26 26 7.28
ICE to Electro-
Mechanical

40 0.2 0.8 0.85 0.25 0.25 0.009 0.9 0.36

Fuel Cell to
pneumatic

30 0.35 0.75 0.90 0.50 0.25 0.0295 2.95 0.89

Battery to elec-
tro mechanical

1.8 1 1 0.95 0.25 0.25 0.0594 5.94 0.11

H2 Fuel Cell to
Electro

123 0.25 .95 0.95 0.25 0.25 0.0208 2.08 2

We have almost accidentally invented a metric to define the goodness of adding weight to a
mammal, let’s call it Psi, short for Exoskeleton Goodness, and use the symbol ψ.

Mammals (humans included) are INCREDIBLY EFFICIENT. We eat EXTREMELY HIGH
energy density food. We move GRACEFULLY.

Unless you make ‘FUEL TO FOOT’ specific energy efficiency close to that of mammals, you
are going to make slow, clumsy mammals.

3This was after all Wonderwoman’s strategy, and Ironman’s, and just about everyone else
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Synthetic biology for synthetic muscle and gut. 
If you want good robots and exoskeletons, we need SynBio. 

Saul Griffith, Michel Maharbiz, Daniel Cohen, James McBride, Zach Serber 
 
There is a very good reason why real world robots fall way short of the performance of robots 
we see in film and television.  Real world robots have very low energy efficiency from “fuel to 
foot”.  Because of this they need to be tethered to a power source (limiting their mobility) or they 
need to get their mobility from wheels and efficiency from a smooth, flat, highly structured world. 
It cannot be emphasized strongly enough that success here would transform machine design 
and the trajectory of technology and automation.  This is true for flying, swimming and walking 
or running robots.  

“Mammalian Equivalency” 
Let’s define a standard for robotics as “Mammalian Equivalency”.  This would be a point where 
the performance of the robot would be equivalent to that of an equivalently sized mammal.  “As 
strong as a bear”.  “As fast as a cheetah”.  “As nimble as a mouse”.  To achieve mammalian 
equivalency, the robot will need to have similar mass to a mammal, and have a similar “fuel to 
foot” specific work efficiency.  What is specific work efficiency ? Specific work efficiency is the 
incremental amount of work that can be done at the “foot” per kg of “fuel” or energy source 
input.  Let’s look at some examples : 
 

 
Figure 1: The challenge : Existing fuel to electromechanical systems fall far short of mammalian 
power density and efficiency. 
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ROBOT v HUMAN



10kW KUKA...
= 80kWh / day (union robot)
= 80 * $0.12
= $9.60 / day

2bN people < $2.00 / day



THE
SCORECARD



Blind
Deaf
Insensitive
Overweight
Weak
Gluttonous
Incommunicative
Unyielding
Uncoordinated
Stubborn
Obedient

3/10
5/10
1/10
2/10
2/10
2/10
2/10
3/10
3/10
10/10
9/10

Fast, vision
Fast, voice rec.
Slow, ideas
Slow, some ideas
Medium
Slow
Medium
Medium
Fast



WORKAROUNDS ?



VERY LIGHTWEIGHT
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Pneubotics Features
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Large workspace: 9DOF arm, 4 
universal joints, 1 rotational joint 
at wrist 

Manipulator Workspace

• High Strength: 1:1 payload 
to arm weight ratio. 

• Flexible: Stiffness directly 
controlled with air pressure

• Robust: Entirely sealed,    
non-corrosive components 
for harsh environments

Unparalleled performance and flexibility
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Soft and strong 
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Steel Carbon Fiber Braid Kevlar 49 Braid Spectra Braid 
[UHMWPE] 

Specific Strength of Materials 

Rigid Materials Flexible Materials 

The highest performance materials are softer than steel 
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Moving beyond the limits of rigid metal design 

Uncharted territory 

Metals:  
Steel, Aluminum, etc. 

Expensive/Heavy 

Traditional engineering design is restricted heavy rigid materials 
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Moving beyond the limits of rigid metal design 

Uncharted territory 

Metals:  
Steel, Aluminum, etc. 

Expensive/Heavy 

Polymers:  
PET, E-Glass, Nylon, etc. 

Inexpensive/Light 

We can now trade off material weigh, cost, and complexity for 
inexpensive computation and sensing 
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Pneubotics 

Pa
yl

oa
d

/C
os

t (
kg

/$
10

00
) 

Payload/Arm Weight (kg/kg) 

Competitive landscape 

Humans 

Mobile Lifting 

E
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n
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y 

Economy vs. Mobile Lifting Capacity  
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1.0 

10 

0.1 0.1 1.0 10 

The world’s first robot with the mobile lifting capacity of humans 

Limit of traditional 
robot design 

Collaborative  
Robots 

Industrial 
Robots 

Military 
Robots 
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Cascading weight effect 

19 

Robot Weight 

Payload 

Infrastructure 
Weight 

40x 

10x 

1x 

Rigid design relies on weight and material cost for performance 

Weight 
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Existing technologies are heavy, expensive, and dangerous 

The price of weight 

Robot Weight 

Payload 

Infrastructure 
Weight 

40x 

10x 

1x 

Integration Cost 

Robot Cost 

Infrastructure 
Maintenance 
Calibration 
Error Stack-up 
Light Curtain/Safety 
Lost Workspace 
Energy 

 

Part Count 
Precision Machining 

Cost Weight 
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WHEELS



STRUCTURED 
ENVIRONMENT



RESEARCH
QUALITY
PROBLEMS:



VISION



ACTUATORS
beyond
electromechanical



SKIN
touch
proprioception



COMPLIANCE
human
safe



BATTERIES



CONTROLS
closed loop at end 
effector



UI / UX 
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Thank you 
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