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1 Introduction 
 

1.1 Problem statement 

Build a ‘Machine That Walks’ using leg like linkages that is only powered by 
wind.  It must walk a minimum of 4 meters to prove that it is capable of walking 
and at least half of the materials used must be recyclable or reusable within the 
greater St. Louis area.  The machine must not exceed 10 kg and must fit in the 
volume of 30 cm x 60 cm x 40 cm and must be unable to be easily knocked 
over. 

1.2 Team members 

The design team consisted of Timothy Elliott, Kenna Middleton, and Jose 
Rodes. 
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2 Background Information Study 
 

2.1 Design Brief 

Design a machine that walks by harnessing the power of wind. Walking must be 
done with legs – that means no rolling or sliding on skis. The machine should be 
no larger than 30x40x60 cm in size and 10 kg in mass. Additionally, it should be 
able to walk 4 meters to demonstrate it is capable of locomotion. 

2.2 Background Information 

In 1990, the Dutch artist and engineer Theo Jansen started designing 
mechanical walking machines that have come to be known as Strandbeests. 
Today, these PVC structures have evolved to the point that they are able to 
roam beaches on their own by storing wind energy as compressed air in recycled 
bottles. The compressed air is then released by a collection of several different 
valves and allows several different ‘beasts’ to live self-sufficiently on the beaches. 
Below are pictures of two of Theo Jansen’s Strandbeests walking the beaches. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 – Theo Jansen Strandbeest 
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Figure 2 – Theo Jansen Strandbeest 

 

More information and photos can 
be found at his website: 
http://www.strandbeest.com/. 
The key to Jansen’s machines is his 
leg design. The leg design is the 
result of months of computer 
simulation and is unique in its 
ability to function like a wheel. 
When three legs are offset by 120° 
and rotate about a common 
driveshaft, the feet move in such a 
way that the driveshaft remains in 
the same plane. This is ideal in an 
engineering sense due to its 
stability. Because of the intricacy 
and novelty of Jansen’s leg design, 
the ratios for his leg linkages have 
been labeled ‘Theo Jansen Holy 
Numbers’. These ratios were used 
in the making of our design. 

Figure 3 – Theo Jansen Holy Numbers 
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Though the leg system of our design is similar to Jansen’s strandbeests, the 
system of harnessing wind power is different. Instead of using sails and 
compressed air, our design converts the horizontal motion of the wind directly 
into the rotational motion of the driveshaft by a vertical axis wind turbine. 
There were several designs to choose from, but these were narrowed down to 
two: a Savonius and a Giromill Darrieus vertical axis turbine. They are powered 
by drag and lift, respectively. Examples of each are shown below: 

 

     

 (a)  (b) 

Figure 4 – (a) A Savonius Wind Turbine, (b) A Giromill Darrieus Wind Turbine 

 

 
Although there are no patents by Jansen, there are several patents on the 
turbines shown above. A Savonius patent is US 7762777 B2 and a Giromill 
Darrieus patent is US 1835018. 

 

 	
  



MEMS Final Report Fall 2014 Wind Powered Walking Robot 
 

Page 10 of 89 
 

3 Concept Design and Specification 
 

3.1 User needs, metrics, and quantified needs equations.  

3.1.1 Record of the user needs interview 
Below is the condensed result of the interview with our client. We asked him a 
series of question to further determine his needs for our design and then 
weighed the interpreted needs according to their perceived importance. 

 

Table 1 - User needs Interview 

Customer Data: Wind Powered Walking Robot (WPWR) 

Customer: Professor Mark Jakiela 

Address: Washington University Engineering School 

Date: 9 September 2014 

Question Customer Statement Interpreted Need Importance 

What should the size of the robot 
be? 

The robot should be no bigger than 
30cm x 60cm x 40cm 

WPWR has a volume 
less than .072 m^3 

4 

How should the robot move? 

The robot should walk or hop, not 
roll. 

WPWR uses legs to 
walk. 

5 

The robot should be wind 
powered. There should be no 

electronics used. 

WPWR only requires 
the wind to move. 

5 

How heavy could the robot be? 
The robot should weigh less than 

10 kg. 
WPWR has a mass less 

than 10 kg. 
4 

How far should the robot be able 
to walk? 

The robot needs to be able to walk 
at least 4 m. 

WPWR can walk over 
4 meters. 

3 

How fast should the robot walk? 
The robot should be able to walk 

the 4 m in roughly 1 minute. 

WPWR has a 
minimum speed of 6.7 

cm/s 
3 

Should the robot be recyclable? 

At least half of the robot should be 
recyclable or compostable. 

WPWR is made with at 
least 50% recyclable 

material. 
5 

The robot should be able to be 
recycled in the St Louis area. 

WPWR can be 
recycled in St Louis. 

5 

What surface should the robot be 
able to walk on? 

The robot should be able to walk 
on more than one surface. It should 

be able to walk over carpet, title, 
etc. 

WPWR can walk over 
multiple surfaces. 

4 
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Should the robot be able to climb 
up different grades? 

The robot can handle 3 degrees or 
less of elevation change. 

WPWR can handle at 
least 3 degrees of 
elevation change. 

3 

Will the wind speed for the robot 
remain constant? 

The robot should be able to accept 
wind from different directions. 

WPWR can use 
different directions of 

wind. 
4 

How stable should the robot be in 
high wind speeds? 

It should be stable in at least 30 
mph wind and fall-tolerable. 

WPWR cannot fall in 
30 mph wind and must 
handle small impacts. 

4 

 

3.1.2 List of identified metrics 
 

Table 2 - Identified Metrics 

Need 
Number 

Need Importance Importance 
Weight 

1 WPWR has a volume less than .072 m^3 4 0.08 
2 WPWR uses legs to walk. 5 0.10 
3 WPWR only requires the wind to move. 5 0.10 
4 WPWR has a mass less than 10 kg. 4 0.08 
5 WPWR can walk over 4 m. 3 0.06 
6 WPWR has a minimum speed of 6.7 cm/s 3 0.06 
7 WPWR is made with at least 50% recyclable material. 5 0.10 
8 WPWR can be recycled in St Louis. 5 0.10 
9 WPWR can walk over multiple surfaces. 4 0.08 
10 WPWR can handle at least 3 degrees of elevation change. 3 0.06 
11 WPWR can use different directions of wind. 4 0.08 
12 WPWR cannot fall in 30 mph wind and must handle small impacts. 4 0.08 

 

Table 3 - Design Metrics 

Metric Number Associated Needs Metric Units Min Value Max Value 

1 4, 6, 12 Mass kg 0 10 
2 5 Travel Distance m 4 16 
3 7 Recyclable percentage 50 100 
4 8 Recyclable in St 

Louis 
Binary 0 1 

5 6, 10 Speed cm/s 6.7 20 
6 1, 12 Total Volume m^3 0 0.072 
7 5, 9 Number of 

Walkable Surfaces 
Integer 1 10 

8 10 Elevation Change degrees 3 10 
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9 3, 11 Acceptance of wind 
direction 

integer 1 5 

10 12 Possible Wind 
Speed 

mph 20 40 

11 2, 9, 10, 12 Has Legs Binary 0 1 
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3.1.3 Table/list of quantified needs equations 

 

Table 4 - Quantified Needs Equations 

Mass

Travel	
  Distance

Recyleable

Recycleable	
  in	
  St	
  Louis

Speed

Volume

#	
  of	
  Walkable	
  Surfaces

Elevation	
  Change

Acceptance	
  of	
  Wind	
  Direction

Wind	
  Speed	
  To	
  Move

Wind	
  Speed	
  Able	
  to	
  Handle

Has	
  Legs

N
ee
d#

N
ee
d

1
2

3
4

5
6

7
8

9
10

10
11

1
W
PW

R	
  
ha

s	
  
a	
  
vo
lu
m
e	
  
le
ss
	
  th

an
	
  .0
72
	
  m

^3
1.
00

0.
08

2
W
PW

R	
  
us

es
	
  le

gs
	
  to

	
  w
al
k.

1.
00

0.
10

3
W
PW

R	
  
on

ly
	
  re

qu
ir
es

	
  th
e	
  
w
in
d	
  
to
	
  m

ov
e.

0.
50

0.
50

0.
10

4
W
PW

R	
  
ha

s	
  
a	
  
m
as

s	
  
le
ss
	
  th

an
	
  1
0	
  
kg
.

1.
00

0.
08

5
W
PW

R	
  
ca
n	
  
w
al
k	
  
ov
er
	
  4
	
  m

.
0.
80

0.
20

0.
06

6
W
PW

R	
  
ha

s	
  
a	
  
m
in
im

um
	
  s
pe

ed
	
  o
f	
  6

.7
	
  c
m
/s

0.
30

0.
70

0.
06

7
W
PW

R	
  
is
	
  m

ad
e	
  
w
it
h	
  
at
	
  le

as
t	
  5

0%
	
  

re
cy
cl
ea

bl
e	
  
m
at
er
ia
l.

1.
00

0.
10

8
W
PW

R	
  
ca
n	
  
be

	
  re
cy
cl
ed

	
  in
	
  S
t	
  L
ou

is
.

1.
00

0.
10

9
W
PW

R	
  
ca
n	
  
w
al
k	
  
ov
er
	
  m

ul
ti
pl
e	
  
su

rf
ac
es

.
0.
50

0.
50

0.
08

10
W
PW

R	
  
ca
n	
  
ha

nd
le
	
  a
t	
  l
ea

se
	
  3
	
  d
eg

re
es

	
  o
f	
  

el
ev
at
io
n	
  
ch
an

ge
.

0.
20

0.
60

0.
20

0.
06

11
W
PW

R	
  
ca
n	
  
us

e	
  
di
ff
er
en

t	
  d
ir
ec
ti
on

s	
  
of
	
  

w
in
d.

1.
00

0.
08

12
W
PW

R	
  
ca
nn

ot
	
  fa

ll
	
  in

	
  3
0	
  
m
ph

	
  w
in
d	
  
an

d	
  
m
us

t	
  h
an

dl
e	
  
sm

al
l	
  i
m
pa

ct
s.

0.
30

0.
30

0.
30

0.
10

0.
08

kg
m

Pe
rc
en

t
Bi
na

ry
cm

/s
m
^3

In
te
ge

r
D
eg

re
es

In
te
ge

r
m
ph

m
ph

Bi
na

ry

5.
5

10
10
0

1
10

0.
05

8
15

5
1

50
1

10
4

50
0

6
0.
07
2

1
3

1
30

10
0

Be
st
	
  V
al
ue

W
or
st
	
  V
al
ue

Importance	
  Weight	
  

U
ni
ts

W
in
d	
  
Po
w
er
ed
	
  W

al
ki
ng
	
  R
ob
ot

M
et
ric
s



MEMS Final Report Fall 2014 Wind Powered Walking Robot 
 

Page 14 of 89 
 

 

3.2 Four (4) concept drawings 

The following four figures are our initial concept drawings. We each designed 
one individual machine and then combined the best features of each for the 
final concept. 

Figure 5 - Concept 1: Aragog the Acromantula 
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Figure 6 - Concept 2: The Bulldozer 

 

Figure 7 - Concept 3: The Great Bambino 
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Figure 8 - Concept 4: BooBoo the Bear 
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3.3.2 Preliminary analysis of each concept’s physical feasibility 

Concept 1 – Aragog the Acromantula 

This design was made to be compact and spider-like when it moved along the 
ground. The legs are modeled after Theo Jansen’s beach creatures and the wind 
is collected by a vertical axis wind turbine inspired by a Darrieus wind turbine. 
The wind power is then translated horizontally by cage gears.  The advantage of 
having a vertical axis wind turbine is that it allows the robot to gather wind from 
every direction except from directly above or below. A foreseeable problem 
arises from the development of the wind turbine gear. Having the gear teeth 
come out of the center may be difficult when machining and/or 3D printing. 

 

Concept 2 – The Bulldozer 

Initially, this concept was designed after the way crabs walk along the beach and 
the multiple leg linkages connected by a ‘spine’ is most similar to Theo Jansen’s 
animals. The ‘spine’ acts as the wind catcher in order to move the robot. The 
wind catcher is connected to several gears on either side of the robot to move 
the motor. This activates the leg like linkages and the robot begins to move. 
One of the problems in this design is in the connections of the two sets of legs. 
The gears to move the leg motors are contained in-between the sets of legs 
which causes trouble when looking for a place to mount the gears without 
getting in the way of the motion of the legs. Additionally, the wind turbine is set 
up in a way that requires a lot of wind to rotate the shaft. This will develop 
problems when less wind is available motion. Finally, an advantage of this 
system includes stability in high winds. This advantage comes from the minimal 
distance between the top of the robot and the ground. 

 

Concept 3 – The Great Bambino 	
  

This wind powered walking machine consists of a vertical axis Savonius rotor 
that is attached to the apparatus, walking legs similar to Theo Jansen’s design, 
and a gear transmission to transfer wind power into mechanical power. A 
Savonius rotor is chosen because it is oriented vertically and can gather winds 
coming from all directions. A gear transmission is used in the design to 
effectively transfer power by using highly efficient, 60° angle. Shafts are used to 
transfer energy to the legs. Theo Jansen’s leg design gives the apparatus high 
stability, which is a crucial user need. Roller shoes were attached at the end of 
the joints so that the apparatus can walk on a number of surfaces. 
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Concept 4 – BooBoo the Bear 

This concept has several different features from the other designs, but with 
subtle twists. The leg design takes after Theo Jansen’s holy numbers. The legs 
create four points of contact with the ground. Each point of contact is made 
with a ‘shoe’ that sits at the base of each leg. The shoe allows for the robot to 
move smoothly along several different surfaces. The shoes also give the 
advantage of stability at each point of contact with the ground. Another feature 
of this concept is the wind turbine that takes after the Darrieus-Savonius design. 
This is a combination of two different wind turbines in which one blade design 
is rotated by drag and the other blade design is rotated by lift. By utilizing these 
two blade designs in one, the Darrieus-Savonius creates a very powerful and 
effective wind turbine. This wind turbine is attached to our robot by hollowing 
out the rotating shaft, creating a ‘cap’ that fits over a peg mounted onto the 
base. This creates valuable stability throughout the entire rotating rod. 

 

3.3.3 Final summary 

Winner: Concept 4 – BooBoo the Bear 

This concept had several advantages over the other three designs. It can obtain 
wind from several different directions (unlike Concept 2), it is more stable than 
Concept 3, and it has an improved wind turbine design from Concept 1. The 
design is simple enough to be almost 100% 3D printable which, using the right 
plastic, can be made from recyclable material. This design, although it is most 
like Concept 1, has the same shoe design from Concept 3 making it stable upon 
several different surfaces. Also, in this design, the translation of the vertical 
rotation motor to the horizontal rotating leg motors involved a more efficient 
and successful process than Concept 1, 2, and 3. One final feature that was 
further evolved and more effective than the other designs was the attachment of 
the wind turbine to the main body. As talked about in the description of 
Concept 4, the act of rotating about a shaft that is contained within the wind 
turbine allows for stability along the entire vertical shaft, rather than stability at 
the base of the shaft as in Concept 1 and 3.  
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3.4 Performance Goals 

The wind powered walking robot had the following performance goals: 

1. WPWR has a volume less than .072 m^3 
2. WPWR has a mass less than 10 kg. 
3. WPWR can walk over 4 m. 
4. WPWR has a minimum speed of 6.7 cm/s 
5. WPWR is made with more than 50% recyclable material. 
6. WPWR can be recycled in St Louis. 
7. WPWR can walk over multiple surfaces. 
8. WPWR can handle more than 3 degrees of elevation change. 
9. WPWR utilizes multiple wind directions. 
10. WPWR is stable in 30 mph wind and can handle small impacts. 
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4 Embodiment and fabrication plan 
 

4.1 Embodiment drawing 

 

Figure 9 – Front and Right View of Embodiment Design 
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4.2 Parts List 
 

Table 6 – Parts List with Cost and Part Number 

NUMBER PART NAME COMPANY PART NUMBER COST/PART NUMBER 
OF PIECES 

TOTAL 
COST 

1 Gear 1 McMaster 57655K57  $       14.97  2  $      29.94  

2 Gear 2 SDP-SI A 1M 3MYZ1060  $         4.29  1  $         4.29  

3 Pinion for Gear 2 SDP-SI A 1M 3MYZ1012  $         1.45  1  $         1.45  

4 Ball Bearing (10 mm ID) McMaster 5972K326  $         4.80  2  $         9.60  

5 Timing Belt Pulley McMaster 1375K36  $         9.42  2  $      18.84  

6 Timing Belt McMaster 1679K176  $         5.47  1  $         5.47  

7 Magnets K&J Magnetics 
INC 

RY0X04  $       16.44  2  $      32.88  

8 Outer Shaft Home Depot 202300506  $         1.98  1  $         1.98  

9 Inner Shaft Home Depot 202300504  $         1.28  1  $         1.28  

10 Blades Machined -  $              -    4  $             -    

11 Plates 3D Printed -  $       15.98  2  $      31.97  

12 Base Home Depot 100322335  $         7.48  1  $         7.48  

13 Leg 3D Printed -  $         6.14  4  $      24.58  

14 Rubber Feet Stock -  $              -    4  $             -    

15 Inner Shaft Stabilizer 3D Printed -  $         0.84  1  $         0.84  

16 Horizontal Rotating Shaft McMaster 6940T11  $         7.21  4  $      28.84  

17 L-Bracket Home Depot 100374962  $         2.57  8  $      20.56  

18 Ball Bearing (4mm ID) McMaster 7804K129  $         7.46  4  $      29.84  

19 Vertical Rotating Shaft McMaster 4634T36  $         1.72  1  $         1.72  

TOTAL       $    251.55  

 

 

 

 

 

 

 

 



MEMS Final Report Fall 2014 Wind Powered Walking Robot 
 

Page 23 of 89 
 

 

Table 7 – Parts List with Material and Estimated Weight 

NUMBER PART NAME MATERIAL WEIGHT (KG) 

1 Gear 1 Nylon 0.11 
2 Gear 2 Acetal 0.019 
3 Pinion for Gear 2 Acetal 0.018 
4 Ball Bearing (10 mm ID) Steel  
5 Timing Belt Pulley   
6 Timing Belt Urethane  
7 Magnets Neodymium  
8 Outer Shaft PVC 0.173 
9 Inner Shaft PVC 0.044 

10 Blades Carboard & 
Paper 

 

11 Plates ABS 0.666 
12 Base Douglas Fir 2.78 
13 Leg ABS 0.256 
14 Rubber Feet Rubber 0.028 
15 Inner Shaft Stabilizer ABS 0.035 
16 Horizontal Rotating 

Shaft 
6061 Aluminum 0.032 

17 L-Bracket Sheet Metal 0.944 
18 Ball Bearing (4mm ID) Stainless Steel  
19 Vertical Rotating Shaft 6061 Aluminum 0.015 

TOTAL   5.12 

 

4.3 Draft detail drawings for each manufactured part 
1. Gear 1 
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2. Gear 2 

 
3. Pinion for Gear 2 
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4. Ball Bearing (10 mm ID) 

 
5. Timing-Belt Pulley 
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6. Timing Belt 
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7. Magnet 

 
8. Outer Shaft 

 
9. Inner Shaft 
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10. Blades 

 
11. Plates 

a. Bottom Plate 
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b. Top Plate 

 
12. Base 

a. Base 1 
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b. Base 2 

 
13. Leg 
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14. Rubber Feet 

 
15. Inner Shaft Stabilizer 
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16. Horizontal Rotating Shaft 

 
17. L-Bracket 
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18. Ball-Bearing (4mm ID) 

 
19. Vertical Rotating Shaft 
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4.4 Design Rational 

4.4.1 Power Required to Move the Leg 
 

 

 

 

 

 

 

 

 

 

In the picture above, we created a prototype of the Jansen’s leg. By doing this, 
we were able to calculate the power required to move the leg. A spring scale 
was connected to the driveshaft and measured the force needed to move the 
crank. As seen in figure 11, a maximum force of 3 ounces was required to 
move the leg. The length of the orange connector on the crank was measured 
to determine the torque required to drive the leg. 

𝜏 = 𝐹!""#$%&𝑑!"##$!%"& = 0.84  𝑁 0.02024  𝑚 = 0.017  𝑁𝑚 

Now, the power required will depend on the angular velocity of the crank. 
Based on the client wanting the machine to walk 4 meters in one minute, we 
assume the Jansen’s leg will have to move at roughly1 Hz or 2π rad/s. Thus, 

𝑃!"# = 𝜏𝜔 = 0.017  𝑁𝑚 2𝜋  !"#! = 0.1068  𝑊 

Since there are four legs in our walking machine, we will need 4 times the 
amount of power. So, the total power required is 0.4273 W. Of course, we are 
only taking into account the power required to move the prototype. Our 
assembly might be slightly heavier and this could increase the power needed. 
We are also forgetting the power drawn by friction and the power needed to 
overcome the weight of the machine since the power measured was obtained 
with a leg that was not bearing any weight. 

Figure 10 - Equipment setup to gather power required for the leg’s movement 
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Figure 11 - Measurement of the force required 
to turn the crank hooked up to Jansen’s Leg 

Figure 12 - Jansen’s Leg prototype 
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4.4.2 Vertical Axis Wind Turbine 

According to Wind Energy Explained: Theory, Design and Application by J.F. 
Manwell, the major advantage of vertical axis wind turbine is that there is no 
need for a yaw system. That is, the rotor can accept wind from any direction. 
This is why we chose a vertical axis wind turbine. The blades were designed 
using an airfoil simulation from a NASA Java applet called FoilSim III1. This 
applet simulates airfoil exposed to different air velocities and altitudes. It 
generates a series of points that surrounds an airfoil. These points can then be 
scaled and connected using CAD software to model the blades. Using airfoil 
cross-section for the blades, we are ensuring the most aerodynamic wind 
turbine. 

 

 	
  

                                                        
1 http://www.grc.nasa.gov/WWW/k-12/airplane/foil3.html 
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5 Engineering analysis 
 

5.1 Engineering analysis proposal 
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Figure 13 – Signed Copy of Analysis Proposal by Customer, Page 1 

Figure 14 – Signed Copy of Analysis Proposal by Customer, Page 2 

5.2 Engineering analysis results 

5.2.1 Motivation 
 
For our wind walking robot, the most important factors in its success is 
calculating the amount of energy lost in the leg and gear design and comparing 
that to the maximum amount of energy obtained from the wind by our turbine. 
These two analyses help us determine specific parameters allowing for further 
calculations to take place. 

 

5.2.2 Summary of analysis 
 
In order to make our wind powered robot to walk, we decided to do two 
prototypes: kinetic legs and paper/cardboard rotor. These prototypes will help 
us determine the power acquired from the wind as well as the torque required to 
move a leg. In order to obtain these values, we used the definition of torque and, 
with a spring, determined how much torque was needed to move the leg. Then, 
in the turbine prototype, we taped a piece of paper to one of the blades and 
determined the angular velocity of the turbine by counting how many times the 
piece of paper passed as the turbine rotated due to the wind. We compared this 
value with the actual velocity of the wind and determined the power coefficient 
of the turbine. All of these values will be shown in the results section.  
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Later in the process, after our first prototype was done, we had some issues with 
the stability and torque transmission. As a result, we calculated how much load 
the legs were taking, the gear transmission required for transferring torque to 
the legs, and how much power was in the wind. Again, these will be shown in 
detail in the results section. Below are some pictures of our prototypes. 

 

 
 

5.2.3 Methodology 
 
For both our prototypes, we obtained useful data that helped us build our final 
prototype. First, we built a turbine prototype out of paper and cardboard. After 
a couple of testing rounds, we noticed that our turbine paper shaft was having a 

Figure 15 – Jansen’s Leg Prototype 

Figure 16 – Turbine Prototype 
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lot of stability difficulties and the blades were bending a lot. Nevertheless, we got 
a maximum rotational speed of about 2 Hz or 12.57 rad/s. 

The power in the wind is defined as 

𝑃!"#$ =
1
2
𝜌𝐴𝑉! = 16.86  𝑊 

The coefficient of power was calculated using the following equation 

𝑃!"#$%&' =
1
4𝜋

𝐻Ω!"#"!𝑅𝜌𝐵𝑐𝑈!"#! 𝐶! cos
!

! !!
!!"#$

!"#  (!) 𝑑𝜙2
!!

!
 

𝑈!"#! = 𝑉!"!"! 4
9
+

Ω𝑅
𝑉!"#$

!
 

Where Cd=0.8 and Vwind=6.4 m/s. Using the parameters of our design, we got a 
power of 0.133 W or 0.1 ft.lbf/s.  

Table 8 – Parameters and Associated Values 

PARAMETERS VALUE 
Blade number (B) 5 
Height (H) (m) 0.35 
Rotor Radius (R) (m) 0.3 
Density (ρ) (kg/m3) 1.225 
Chord (c ) (m) 0.68 
Rotor Speed (Ω) (rad/s) 12.57 

 

Gear Transmission 

In the initial prototype, we had a 1:2 gear ratio supplying torque to the legs. 

𝑁!!!"#  !"#$
𝑁!"#$%&'  !"#$

=
𝑇!!!"#  !"#$
𝑇!"#$%&'  !"#$

=
1
2

 

However, when we tested it, we noticed that even though we doubled the torque 
on the shaft, it was not enough torque. As a result, we switched our transmission 
to a worm gear in the final design. 

 

Weight/Torque of the Machine 

                                                        
2 J.F. Manwell. Wind Energy Explained. 2nd Edition. 
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The mass of the initial prototype was 0.6 kg, which has a load of 5.886 N. The 
velocity required for the machine is 4m/min or 0.0667 m/s. Since, by 
definition, Power=Force x velocity, the power needed to overcome friction and 
move is 0.393 W. Now, we did a prototype of a leg using k’nex pieces. 

In Figure 15, we created a prototype of the Jansen’s leg. By doing this, we were 
able to calculate the power required to move the leg. As seen in Figure 18, a 
spring scale was used to measure the force needed to move the crank. This was 
measured to be 3 ounces. We also measured the length of the orange connector 
on the crank because the length multiplied by the force applied yields the 
required torque. 

𝜏 = 𝐹!""#$%&𝑑!"##$!%"& = 0.84  𝑁 0.02024  𝑚 = 0.017  𝑁𝑚 

The required power depends on the angular velocity of the crank. We assumed 
1 Hz or 2π rad/s. Thus, 

𝑃!"# = 𝜏𝜔 = 0.017  𝑁𝑚 2𝜋  !"#! = 0.1068  𝑊 

Since we have four legs in our walking machine, we will need 4 times the 
amount of power above. So, the total power required is 0.4273 W. The legs we 
used in the initial prototype are a bit heavier that the ones we used in this 
experiment. Also, the turbine and the base of our initial prototype were too 
heavy for the four legs to handle. This means that more legs and more torque 
are required in order to lower the loading force in each leg and increase the 
power driving the legs. 
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5.2.4 Results 

Based on the calculated tip speed ratio of 0.59, Manwell suggests using a less 
aerodynamic turbine similar to water pumped windmills, which require much 
torque. Thus, our final prototype has a turbine with scoops. These scoops, 

Figure 18 – Analysis of Required Force 

Figure 19 – Measurement of the Force Required 
to Turn the Crank Hooked Up to Leg Prototype 
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with their large gathering area and long lever arms, catch the air efficiently 
and provide large torque to the machine. 

In our final prototype, we used two Lego worm gears and one Lego spur gear. 
The worm gears were attached to the shaft of the turbine and the spur gear 
was attached to the driveshaft of the legs. This system is usually called worm 
drive and allows for great torque production. In our case, one rotation of the 
turbine resulted in 1/24th of a rotation of the driveshaft. This large reduction 
in speed results in a large increase in torque. 

Recall that the turbine in our initial prototype produced approximately 0.133 
W. Because of the small amount of power that our machine has to work with, 
we decided to make two major changed for the final prototype. First, we 
designed everything with great emphasis on weight. Second, we increased the 
number of legs from 2 pairs to 6 pairs. Both of these changes reduced the 
amount of load in each leg, which reduced the amount of torque required to 
drive the leg system. 

 

5.2.5 Significance 

For the material choice in the initial prototype, we used a PVC pipe for the 
turbine. The airfoil blades were laser cut from balsa wood. The frame was also 
made out of balsa wood. The legs were 3D printed from ABS plastic. The 
aluminum bars were used to hold the legs together. The gears were laser cut 
from balsa wood and ceramic magnets were used to provide less friction 
between the rotor and the frame. There are also standing legs to provide more 
stability on the machine and reduce the weight that each driven leg has to 
support. 
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The final prototype is completely different from the initial prototype because 
the design needed a big overhaul. The need for weight reduction and 
increased stability led to the changes. The material choices of the final 
prototype were much more lighter (balsawood, paper, cardboard, Lego pieces 
and thin plastic). 

 

 

  

 

 

 

 

 

 

 

 
  

Figure 20 – Initial Prototype 

Figure 21 – Final Prototype 
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5.2.6 Codes and Standards 
 

Due to the nature of this project, there were no codes or standards that were 
present to influence any revisions to our designs. 
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6 Working prototype 
 

6.1 Preliminary working prototype 
 

 

 

 

 

Figure 22 – Preliminary Working Prototype 
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Figure 23 – Gear System for Preliminary Prototype 

 

Figure 24 – 3D Printed Leg Design for Preliminary Prototype 
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6.2 Final working prototype 
 

 

Figure 25 – Final Working Prototype 

 

As seen in Figure 25, many things were changed from the initial prototype. The 
total pairs of legs were increased from two to 6. The number of legs was increased 
because the initial prototype showed that the wind walker was unable to adequately 
balance itself and walk with just two pairs of legs. Additionally, rather than being 
manufactured from ABS plastic, the new legs were manufactured from balsa wood, 
hot glue, and paper joints. This allowed for a lightweight, sturdy construction that 
could easily support and move the entire structure. The leg shape was also changed 
to include more triangular pyramids for increased structural support. Finally, by 
using folding paper joints instead of rotating plastic joints, the friction in the leg 
system was reduced. 
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Figure 26 – Blade Design for Final Working Prototype 

 

The final blade design was adopted from a Savonius wind turbine. This turbine 
uses drag to spin, allowing the wind turbine to start easier with a smaller amount 
of wind. The difference between this design and the initial working prototype is 
that the radius of the turbine is larger, creating a larger amount of transmitted 
torque to the gear system, and subsequently the legs.  
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Figure 27 – Gear System for Final Working Prototype 

 

To rotate the wind power, the initial prototype used a peg system with a 2:1 
ratio (in other words, for every two rotations of the turbine there would be one 
rotation of the legs). However, the 2:1 ratio required a large amount of torque to 
turn the legs. In the final prototype, a Lego worm gear, seen in figure 26, was 
used. This gear system has roughly a 24:1 ratio and allows the turbine to easily 
rotate while transmitting a large amount of torque into the leg system. 
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6.3 Video of final prototype 

A video of the final prototype successfully walking can be viewed at 
https://www.youtube.com/watch?v=BVN09oOBqa4. 
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7 Design documentation 
7.1 Final Drawings and Documentation 

7.1.1 A set of engineering drawings that includes all CAD model files and 
all drawings derived from CAD models. See Appendix C for the CAD 
models. 

 

 

Figure 28 – Final Assembly Drawing. See Appendix A for Parts List 

 

7.1.2 Sourcing instructions 
All final drawings were made in the Solid Edge ST5 offered on the Washington 
University School computers.  
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7.2 Final Presentation 

7.2.1 Presentation Slides 
The following figures are screenshots of our final PowerPoint presentation. 

 

Figure 29 – Slide 1 
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Figure 30 – Slide 2 

 

Figure 31 – Slide 3 
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Figure 32 – Slide 4 

 

The fifth slide is omitted because it was devoted to showing the video of the 
Wind Walking Robot working. This same video can be found in Section 6.3. 
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Figure 33 – Slide 6 

7.2.2 Video Presentation 

A video showcasing our final PowerPoint presentation can be viewed at 
https://www.youtube.com/watch?v=LqleHNlCH9Y&list=UU_yfKksGM9qL
T4iJvLoipNg. 
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7.3 Teardown 
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8 Discussion 
 

8.1 Using the final prototype produced to obtain values for metrics, evaluate 
the quantified needs equations for the design.  How well were the needs 
met?  Discuss the result. 

 

The metrics in the design were mostly met in our final prototype. We managed to 
make it walk over 4 meters but it did not achieve the suggested speed of 4 meters 
per minute. Much more than 50% of the materials we used were recyclable in St. 
Louis or compostable. The dimensions on our prototype were 40X58X58 cm, 
which is a little over the dimensions on our metrics (30X40X60 cm). Our 
prototype weighs about 300 grams, which is well under the 10 kg limit. The 
turbine on our final prototype can gather wind from directions only parallel to the 
prototype’s frame. Also, the prototype can walk over at least 7° slopes and three 
different rough surfaces (rubber, wood, cement). The prototype does, indeed, use 
legs to walk. Additionally, the final prototype cannot handle 30 mph wind speeds 
(it could handle half of that speed). It can definitely handle small impacts, 
however the impacts must not be substantial due to the material choices used. 
With a little more time, we could change to plastic and aluminum to make it 
more durable. 

 

8.2 Discuss any significant parts sourcing issues?  Did it make sense to 
scrounge parts?  Did any vendor have an unreasonably long part delivery 
time?  What would be your recommendations for future projects? 

 

There were not many issues when sourcing for our parts. We had an issue with 
one request from SDP SI. We took a screenshot of the request but had to email 
the instructor to make sure the parts were actually ordered. Thus, when asking for 
a part request, we thought it would be better if the school had an account for at 
least five major part providers. This will help with the part request process for 
both students and professors. 

 

8.3 Discuss the overall experience: 

8.3.1 Was the project more of less difficult than you had expected? 
 



MEMS Final Report Fall 2014 Wind Powered Walking Robot 
 

Page 59 of 89 
 

We expected this project to be difficult and time consuming. However, it was such 
an involved project with many design changes throughout the semester that 
required much more time than we expected. It was also more difficult than 
expected because of how many individual components had to be designed and 
tested and then redesigned until all of the components successfully worked 
together. There were many places where the machine could fail, so designing all 
of the solutions to these problems that arose were both time consuming and 
challenging. 

 

8.3.2 Does your final project result align with the project description? 
 

Our project description essentially said to build a wind powered walking 
machine that uses legs to walk. We definitely accomplished this description. The 
result of our final project is a wind powered walking machine that uses Theo 
Jansen’s leg linkage mechanism and is driven by a vertical axis wind turbine. 

 

8.3.3 Did your team function well as a group? 
 

We heard and took into account all of our ideas for the major part of our design 
process. There were some drastic changes that we had to account for near the end 
of the final prototype stage that tested our team’s dynamic. We realized that we 
had to compromise to make this project a success and some sacrifices had to be 
made. Overall, we worked very well as a group. 

 

8.3.4 Were your team member’s skills complementary? 

Artistry and creativity were necessary in the design process. All of us offered 
creative ideas to improve our design and our unique backgrounds allowed us to 
suggest different ideas from each other. 

 

8.3.5 Did your team share the workload equally? 

Overall, we tried to distribute the workload evenly. When we weren’t working 
together to come up with design improvements, we were working individually 
building prototypes, modeling components, and running calculations. All of us 
spent a lot of time on this project and we feel proud of the final product. 
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8.3.6 Was any needed skill missing from the group? 

We needed some expertise analyzing the turbine and gear transmission for our 
prototype and were fortunate enough to be able to consult our professors about it. 
We also could have used some expertise using software that could ease the design 
process of the final prototype. 

 

8.3.7 Did you have to consult with your customer during the process, or did 
you work to the original design brief? 

 

Our customer was Professor Jakiela and we consulted with him during the entire 
design and building process. 

 

8.3.8 Did the design brief (as provided by the customer) seem to change 
during the process? 

 

Yes, it changed a bit. The dimensional constraint and suggested speed of 4 meters 
in one minute appeared to relax as the semester went on. It was more important 
that the machine walks than it fit exactly within the dimensions originally 
outlined. 

 

8.3.9 Has the project enhanced your design skills? 

This project has improved all of our design skills. We can easily replicate all the 
design processes and effectively follow the steps of good engineering design 
(background research, concept selection, embodiment and fabrication, 
engineering analysis). 

 

8.3.10 Would you now feel more comfortable accepting a design project 
assignment at a job? 

 

Yes. We would all feel very comfortable doing a design project assignment at a 
job.  

 

8.3.11 Are there projects that you would attempt now that you would not 
attempt before? 
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Jose would try to do the RC Glider project because it seemed very challenging 
but very exciting. 
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9 Appendix A - Parts List 
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10 Appendix B - Bill of Materials 

 
NUMBER PART NAME COMPANY PART 

NUMBER 
COST/PART NUMBER OF 

PIECES 
TOTAL COST 

1 I-Beam Wash U. 
Bookstore 

  $       1.72  30  $      51.60  

2 Hot Glue Stock -  $            -    N/A  $             -    
3 Carboard 

Paper 
     

4 Plastic      

5 Lego Parts Stock -  $            -      $             -    
6 Drinking 

Straws 
Stock -  $            -      $             -    

7 Wooden 
Dowel 

     

8 Al Rods Stock -  $            -    2  $             -    
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11 Appendix C - CAD Models 
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