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Abstract

In this report the mechanical development and implementation of a new quadruped
robot “Cheetah” is described in detail. “Cheetah” features three-segment legs with
passive compliant knee joints. Each leg has two degrees of freedom - knee and hip
joint can be actuated using RC servo motors.

Simple electronics to command the actuators from a desktop computer have
been designed in order to test the robot. Ideas for more complete autonomous
electronics are sketched.

Preliminary tests were performed to verify the correct functioning of the me-
chanical design.
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1 INTRODUCTION

1 Introduction

The objective of this project is to design a compliant quadruped robot leg. It should
be similar to the legs of Puppy II [8, 17, 18] with the additional feature of active leg
retraction in order to allow for several gaits. The leg must be as lightweight as pos-
sible in order to support high step frequencies - the idea here is to be able to create
different gaits: walk, trot and pace. Additionally the knee joint should remain passive
compliant, such as it was for Puppy II.

These requirements have consequences: The actuators have to be placed proximal
in order to minimize leg inertia. The number of actuated degrees of freedom per leg
is two - less actuated degrees of freedom such as for Puppy II would limit the robot to
hopping gaits since the leg can’t be retracted1, more degrees of freedom would increase
the overall weight of the robot and it’s energy consumption. The leg should consist of
three segments since this has been found to be energetically advantageous [7,15].

In a first step, different cinematics and actuation principles will be drafted and eval-
uated with respect to criterions such as weight, energy consumption, feasibility and
robustness.

Next the best design is to be dimensioned, using lots of approximations. Continuous-
signal force sensors must be included in the design. Geometrical, mechanical and
energy limits have to be evaluated and considered. Then the parts have to be drawn
using CAD software, manufactured and assembled.

Finally simple test electronics have to be created, to allow testing of the mechanics
and possibly some experiments.

1Puppy II has a passively compliant knee joint. Since the leg can’t be actively retracted only hopping
gaits are possible. The new design should be able to do walk, trot, pace and other gaits.
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2 Task description

This semester project (12 h per week, 17 weeks) aims at an active compliant leg design
for a robot structure similar to the quadruped robot Puppy I and II2 [8,17,18].

The task is to design an extremely lightweight, three-segment leg with two actuated
joints; the hip joint and the knee joint. With the additional actuation in the knee
joint this robot should be able to actively retract its legs, ultimately resulting in several
different dynamic gaits for the quadruped legged robot structure.

Both the actuators for the hip joints and the actuators for the knee joints should be
mounted proximal, to decrease the weight of the legs and increase the leg dynamics.
Concerning the overall dimensions: we are aiming at a slightly smaller size than Puppy
II, main restriction are the available torque delivered by the RC servo motors. The
weight of the construction (structure, electronics, possibly including the batteries)
should not exceed the weight of the actuators (therefore all parts in sum about 1 kg).
Similar to Puppy II the new robot has to feature robust, non-binary touch sensors.
These can be implemented as pressure sensors in the feet or by sensing the deflection
of the compliance in the joints, a redundant system is preferred. The foot design of
the robot should be modular, to test several different compliant designs. For the same
reason the compliance in the l2-segment [7, 24] (possibly actuated as an in-series-
elastic actuation system) should be exchangeable, possibly also into a non-compliant
segment.

A complex body of the aimed quadruped robot is not the primary task of this project,
however a very simple body frame needs to be included in the construction, to mount
on the legs, actuators, batteries, and the electronics.

The project should result in a report, a project presentation, a web page summarising
the work done and a CD with developed software and CAD drawings.

2Puppy II features a compliant, passive, two-segment leg, each leg is actuated at the hip joint by a
strong RC servo motor. Puppy (I) features a compliant three-segment leg design with an actuated
knee joint, however the knee actuator is attached at the knee and not proximal, as aimed in this
project.
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3 PROJECT DEFINITION AND OBJECTIVE LIST

3 Project definition and objective list

3.1 Objective list

C: compulsory
O: objective
W: wish

Functions

Importance Objective
C compliant mammal-like 3-segment leg design
O minimal inertia, proximal motors as sketched in Fig. 4
C retractable in order to enable different gaits
C compliance through spring in series with retraction mechanism
C actuated hip, 2 actuators per leg
C leg can be disassembled and replaced
O good gait robustness
O mechanically robust and lightweight (total robot weight should not

exceed 1 kg)
O modular foot design such that different compliant feet may be tested
C force sensor with gradual output in X and Y direction, see Fig. 4
C sensing redundancy by measuring ϕ34, see Fig. 4
W include possibility of sagittal oscillations in robot
W adjustable spring constant (through spring replacement)

Manufacturing

Importance Objective
O can be easily manufactured at EPFL, preferred is PCB material (FR4),

POM or Al/AlMg alloys and/or off-the-shelf components
O dimensioned for use with Kondo KRS-2350 or Dynamixel AX-12+

servo motors, therefore similar to the Puppy II legs

3.2 Timeplan

Figure 1 shows a gantt-chart of the project timeplanning.
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3.2 Timeplan
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Figure 1: Project timeplan
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3 PROJECT DEFINITION AND OBJECTIVE LIST

3.3 Journal

Week Progress
1 Detailed Objective list, Paper reading
2 Hardware sketches and Timeplan
3 Start construction variant evaluation (leg length actuation), calculations to

evaluate leg length and compliance.
4 Calculations on spring-mass running model, equivalence to the three seg-

ment leg.
5 Choice of elastic element and motor M2.
6 Mechanical design, bearings
7 Pro/Engineer leg drawings
8 Pro/Engineer leg drawings - alternative construction, bowden cable and

knee actuation motor
9 Midterm presentation, construction of feet, motors

10 2D construction drawings (see Appendix) and IGS files, autonomous elec-
tronics meeting with Pierre-André and Alessandro

11 Small changes to 2D drawings, handing in
12 Report writing, looking for nonautonomous electronics for first tests
13 Programming PWM on PIC - did not work due to hardware bug
14 Programming PWM on PIC - second variant
15 Writing host software to send setpoints over serial bus, CPG
16 Leg Assembly
17 Complete assembly, some tests, slight modifications

3.4 Hardware sketches

Figure 2: Hardware sketch labeling the different points and segment lengths
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3.4 Hardware sketches

3.4.1 Relative segment lengths

In addition to the absolute segment lengths as defined in Fig. 2, segment lengths
relative to the maximum leg length are defined as following (Fig. 3):

The subtraction of the relative distance between segments l2 and l4, called λp

2
in

the terms for λ1 and λ3 is due to the fact that the studies on relative segment lengths
[6, 7, 22, 24] don’t consider pantographic legs specifically, but rather work with only
one middle segment. This subtraction is a mean way between considering leg segment
l2 as the mid segment and neglecting segment l4 and the other way around.

λ0 =
l0

l0 + l1 + l2 + l3
(1)

λ1 =
l1

l0 + l1 + l2 + l3
− λp

2
(2)

since in many studies for three-segmented legs l0 and l1 are one segment, we also
introduce

λ01 =
l1 + l0

l0 + l1 + l2 + l3
− λp

2
= λ0 + λ1 (3)

λ2 =
l2

l0 + l1 + l2 + l3
(4)

λ3 =
l3

l0 + l1 + l2 + l3
− λp

2
(5)

λp =
|CD|

l0 + l1 + l2 + l3
=

|EF |
l0 + l1 + l2 + l3

(6)

Figure 3: Hardware sketch labeling the angles
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3 PROJECT DEFINITION AND OBJECTIVE LIST

Figure 4: Hardware sketch showing actuators, external forces and sensors
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4 Construction variant evaluation

4.1 Actuation of leg length using bowden cables

4.1.1 Sketches and explanations

Figure 5: Sketch of bowden cable actuation where the external forces act on the spring

There are two main ways of modifying the leg length. The first way is by connecting
points F and C (points are labelled in Fig. 2) as shown in Fig. 5. The alternative to this
is to connect points E and D as sketched in Fig. 6.

17



4 CONSTRUCTION VARIANT EVALUATION

Figure 6: Sketch of bowden cable actuation where the external forces act as tension
on the bowden cable and thereby on the motor
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4.1 Actuation of leg length using bowden cables

In the first case, shown in Fig. 5 the compressive spring extends the leg before touch-
down and becomes then gravity loaded. The spring may or may not be precharged.
The motor only serves to retract the leg during flight phase and to support leg retrac-
tion during the first part of the stance phase, loading thereby the spring.

The disadvantage of this system is that if the spring is not preloaded, the force
at touchdown is very low which leads to a large leg retraction until midstance. If
however the spring is preloaded, the motor torque required for leg retraction increases
significantly, especially when compared to the solutions sketched in Fig. 6 and 7.

As sketched the bowden cable is not tense during stance, if this is a problem the
motor can tense the cable based on the angular sensor feedback.

In the second case (Fig. 6) a relaxing compressive spring retracts the leg during
flight phase. It only needs strength sufficient for leg retraction. Before touchdown the
servo motor loads the spring, extending thereby the leg. During stance the motor may
either remain in the position it took at touchdown, or it may let the spring (and thus
the leg) extend slightly until midstance, as shown in Fig. 6.

The disadvantage of this solution is that there’s no compliance in the system, at
least not at this level - this results in higher control demands. The external force at
touchdown is applied directly through the bowden cable to the motor, which requires
either energy for keeping the motor position or alternatively complying a little until
midstance or makes the introduction of a mechanical stop necessary, as sketched by
the dotted line and the gray areas.

A possible solution to the lacking in series compliant actuator in Fig. 6 is shown in
Fig. 7. The actuation principle is the same, except for the added tensile spring which
is precharged due to the green solid cylinder, as sketched in the figure.

However such a solution is rather complicated: The two springs have to be tuned,
the system takes a lot of space and a mechanical stop has to be introduced somehow,
taking space and adding weight to the system.

4.1.2 Evaluation table

For each criterion a rating R ∈ [0, 4] is awarded, 0 being the worst and 4 the best
rating.

The variants rated in Table 1 are:

• Variant 1: as in Fig. 5 with and without precharged spring

• Variant 2: as in Fig. 6 with motor fixed and compliant during stance

Furthermore a weight W is introduced, to represent the importance of each crite-
rion.

Multiplying weights W with rating R and summing over all criterions a number
representing the quality of the solution is obtained (the larger the better).

19



4 CONSTRUCTION VARIANT EVALUATION

Figure 7: Sketch of bowden cable actuation where the external forces act as tension
on the bowden cable and the precharged in-series tensile spring
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4.1 Actuation of leg length using bowden cables

Criterion
Weight Variant 1 Variant 2

W R R ·W R R ·W
Motor power and size 3 2, 3 6, 8 4, 2 12, 6
Command simplicity 1 4 4 4, 0 4, 0
Compliance 2 4, 2 8, 4 0, 2 0, 4
Required Spring length/force 1 3 3 4 4
Spring easily replaced 2 3 6 3 6, 6
Sum 27, 25 26, 20

Table 1: Evaluation table for different leg actuation schemes
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5 MORPHOLOGY AND SPRING-MASS MODELLING

5 Morphology and spring-mass modelling

5.1 Relative leg segment length

X-ray studies [12] show, that for small mammals the leg segments l3 and l1 (Fig. 2)
are indeed nearly parallel during walking and running, which justifies the use of a
pantograph mechanism.

There exist only a few recent studies [6,7,22,24] on the relative segment lengths of
three-segmented legs and their influence on energy efficiency, achievable acceleration.

Of these studies one [24] focuses mainly on stability, the risk of having the leg leave
the “Z”-configuration. This leads to the suggestion of using a relative middle segment
length λ2 of around 0.4 for symmetrical operation (“Z”-configuration, both joint angles
as defined in Fig. 3 are equal ϕ14 = ϕ34) in order to prevent the leg configuration
from becoming unstable and leaving the symmetrical configuration in favour of an
asymmetrical one with non-equal segment angles ϕ14 6= ϕ34.

However these considerations are not important when a pantographical leg design
is used - the leg segments l1 and l2 are always parallel, the angles ϕ14 and ϕ34 always
equal.

Therefore we can concentrate on other considerations than stability when selecting
the relative segment lengths. In terms of energy [7] a relative shank length λ2 = 0.45
and a ratio between foot and thigh length of λ01

λ3
= 0.4 which results in relative segment

lengths of λ01 = 0.16 and λ3 = 0.39 seems to be optimal. However this is in nature
only seen for humans and large quadruped animals and comes at the cost of rather
low acceleration.

For smaller mammals equal segment lengths λ01 = λ2 = λ3 = 1
3

with relatively
equal segment angles ϕ14 = ϕ34 seem to be optimal for locomotion in crouched pos-
ture [6, 15, 21]. The advantage of this configuration is a large working range and
good acceleration properties, since less torque is required for a certain acceleration.
Interestingly enough similar relative leg segment lengths can be observed for different
cats [10], though usually featuring a slightly shorter foot segment

Now the interesting question is to which group small cats such as the robot under
construction belong. Considering the posture of small cats and an article on animal
gaits [3] which considers dogs and cats in general as cursorial mammals it is decided
to use the relative segment lengths (Fig. 3) proposed by [7].

λ01 = 0.16 (7)

λ2 = 0.45 (8)

λ3 = 0.39 (9)

In addition a total leg length for the fore legs is fixed to

l = lfore = l0 + l1 + l2 + l3 = 150 mm (10)
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5.2 Expected gaits and corresponding velocities

while the hind legs are going to be 20% longer as observed for several cat species such
as the cheetah and lions [10]

lhind =
120

100
lfore = 180 mm (11)

Admittedly the observed length difference for domestic cats which are of similar size as
the robot is around 38% rather than 20%, but such a huge leg length difference would
induce quite some construction problems and is therefore currently not realistic.

For the following calculations only the fore leg length l from Eq. 10 will be used.
The robot mass is estimated to:

m =≈ 4 ·100 g[leg]+8 ·58 g[motors]+100 g[battery]+100 g[electronicsandback] ≈ 1 kg
(12)

Using the local coordinate system X0, Y0, Z0 (Fig. 2) the relative leg length lλ =
|AG|

l0+l1+l2+l3−d14 can be expressed in function of the angles ϕ = ϕ14 = ϕ34 and the relative
leg segment lengths (Fig. 3, Eq. 7, 8 and 9):

lλ = λ01 + λ2 + λ3 =

(
0
1

)
λ01 +

(
sinϕ
− cosϕ

)
λ2 +

(
0
1

)
λ3

The modulus of the leg vector gives the relative leg length

lλ = |lλ| =
√
λ2

2 sin2 ϕ+ (λ01 − λ2 cosϕ+ λ3)2 (13)

whereas the inverse equation ϕ(lλ) is:

cos(ϕ) =
λ2

01 + λ2
2 + λ2

3 + 2λ01λ3 − l2λ
2λ2(λ01 + λ3)

(14)

while the angle αleg (Fig. 3) between the whole leg GA and the thigh segment l3
amounts to

cosαleg =

lλ ·
(

0
1

)
lλ

=
λ01 − λ2 cosϕ+ λ3

lλ
(15)

5.2 Expected gaits and corresponding velocities

In order to estimate the forces in play it is useful to know what gaits will be used
at which speeds. It has been shown [3] that for the same Froude number, most
quadruped animals show similar gaits.

The Froude number is defined as:

F =
v2

gh
∼ hf 2

g
(16)

where g = 9.81m
s2

is the gravitational acceleration, h the leg length, v the velocity and
f the leg stroke frequency.
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5 MORPHOLOGY AND SPRING-MASS MODELLING

Froude number Associated gait Duty factor D Corresponding velocity [m
s

]
0.5 amble or walk 0.7 0.8
1 trot or pace (sym-

metric running
gaits)

0.5 1.1

2-3 canter or gallop
(asymmetric gaits)

0.4 1.6

Table 2: Froude numbers (Eq. 16) and associated gaits

amble trot canter transverse gallop rotary gallop
LF RF 0 1

2
0 1

2
0 0.3 0 0.1 0 0.1

LH RH 3
4

1
4

1
2

0 0.7 0 0.5 0.6 0.6 0.5

Table 3: Phase differences for the most common gaits, normalised to 1

Another important data is the duty factor, defined as the ratio between stance time
and total step time:

D =
Tstance
Tstep

(17)

The same study [3] also mentions some typical Froude numbers and the associated
gaits as listed in Table 2. The approximate velocities corresponding to these froude
numbers for a leg length of h = lleg · λtouchdown = 136 mm (Eq. 24 and 10) and the
corresponding duty factors D are listed as well.

However the velocities suggested by mammals of similar size [3] can in practise not
be realised, the Kondo motor limits the leg stroke frequency to about 2.67Hz (Eq. 21)
and thereby the velocity to vmax = 1.04m

s
(Eq. 22).

The gaits are defined [3,14] by the phase difference between the four legs as listed
in Table 3.

In order to verify that the velocities mentioned in Table 2 and the velocity calcu-
lated based on the motor limitations (Eq. 22) are realistic, they were compared to the
maximum velocities of comparable robots:

• Tekken II [19] achieves vmax = 0.7 m
s

• Tekken IV [20] achieves vmax = 1.5 m
s

So our estimation in Table 2 and Eq. 22 is not unrealistic.

5.3 Geometrical restrictions for compliance

In order to dimension the compliant parts of the leg it is important to estimate how
much it should retract during stance.

The maximal leg retraction is limited by the geometry of the system: point D (Fig. 2)
must not touch the ground, which would imply β = αleg (Fig. 3). Since the dynamics
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5.4 Estimation of the required spring constant in the spring-mass running model

of the systems are complicated, a worst-case scenario is evaluated: It is assumed that
the leg has it’s minimal length at touchdown (and not during midstance).

The angle of attack βattack (β in Fig. 3 at touchdown) of the system can be estimated3

[11] as:
βattack ≥ 55◦ (18)

whereas the opposite angle is the half-angle swept during stance:

αstance ≤ 35◦ (19)

Now the limiting conditions can be found quite easily. It is known that βattack =
55◦ = αleg defines the limit of the system, where αleg is defined in Eq. 15 and 13.
Solving these equations for ϕ = ϕ12 = ϕ14 the minimal allowed angle ϕmin is found

ϕmin = 19.43◦ (20)

even if we add some margin this problem can be neglected.

5.4 Estimation of the required spring constant in the spring-mass
running model

Replacing the complex three-segmented leg with a simple spring-mass model as it is
common for modelling of (mostly) running gaits [7, 13, 23], the required equivalent
spring constant of the leg can be estimated.

Since the eigenfrequency of the system can not be changed in function of the ve-
locity, it will be calculated at maximum velocity, which is limited by the frequency the
Kondo motor can provide4 (Eq. 19):

fmax,kondo =
1

ωkondo · 2αstance · 1
D

=
1

0.16
60

2 · 35 1
0.5

= 2.67 Hz (21)

The half-angle swept during stance αstance = 35◦ (Eq. 19) permits also the calcula-
tion of how much the robot advances during the stance part of one step cycle (Eq. 10
and 24):

∆Xstance = 2 · sin(αstance) · lλ,touchdown · l = 0.156 m

Knowing the duty factor (D = 0.4 for gallop is assumed), we also know how much the
robot advances during one complete step cycle:

∆Xstep =
∆Xstance

D
= 0.39 m

3The interesting diagram Fig. 2 in [11] was plotted for a dog with leg length h = 0.5 m, assuming
a maximal Froude number (Eq. 16) of 2 (corresponding to gallop, Table 2) the maximal half-angle
swept during stance θ amounts to θ = 35◦ = 90◦ − βattack which results in the angle of attack
βattack ≥ 55◦

4Kondo KRS-2350 ICS motors have a maximum angular velocity of 0.16sec/60◦ at no load
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5 MORPHOLOGY AND SPRING-MASS MODELLING

Since the maximum step frequency is known, the corresponding velocity can be calcu-
lated:

vmax = ∆Xstep · fmax.kondo = 0.39 m · 2.67 Hz = 1.04
m

s
(22)

Since for gallop gaits, the spring nearly always works in parallel with another spring
of same spring constant (Tables 3 and 2), the eigenfrequency of the system is:

ω = 2πf =

√
2kleg
m

where the robot mass is assumed as m = 1 kg (Eq. 12).
Solving for the leg spring constant it is found that for fmax,kondo = 2.67 Hz the spring

constant is:

kleg =
1

2
m(2πfmax,kondo)

2 = 140
N

m
(23)

5.5 Minimal leg length at midstance in spring-mass model

A leg angle at touchdown of ϕtouchdown = 130◦ is assumed, which corresponds to the
mean value of scapula, elbow, knee and ankle joint angles of different sized cats [10].
Smaller mammals on the contrary use often more crouched postures and therefore
have slightly smaller leg segment angles along with the different relative leg segment
lengths [12].

This results in a relative leg length (Eq. 13) of

lλ,touchdown =
√

(λ2 sin(ϕ))2 + (λ01 − λ2 cos(ϕ) + λ3)2 = 0.91 (24)

and a length of the spring assembly of

ls,touchdown = |CF | = sqrt(l22 + d2
14 − 2 · d14 · l2 cos(ϕ)) = 75.8 mm (25)

Assuming furthermore a velocity (vmax = 1.04m
s

for running, Eq. 22), mass (m′ =
m
2

= 1
2
kg (Eq. 12, where it is assumed that two legs share the robot weight - an

assumption justified by the small phase difference for gallop, Table 3), spring constant
kleg = 140 N

m
(Eq. 23) and an angle of attack of βattack = 55◦ (Eq. 18), the minimal

leg length during stance can be calculated for a simple spring-mass model [13] (using
equations 1 to 12).

The following minimal relative leg length is obtained (a and b as defined in [13])

lλ,min = lλ,touchdown · (1 + a− b) = 0.62 (26)

and a stored elastic energy of (Eq. 10 and 24)

E =
kleg
2
· (l · (lλ,touchdown − lλ,min))2 = 0.13 J (27)
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5.6 Finding the spring constant of the leg through the static equilibrium equations

5.6 Finding the spring constant of the leg through the static
equilibrium equations

Writing the static equilibrium equations, where ϕ = ϕ12 = ϕ14:∑
FX0 = P sin(αleg)− F2 sinϕ− F4 sinϕ− Fs sin γ = 0 (28)

∑
FY0 = P cos(αleg) + F2 cosϕ+ F4 cosϕ− Fs cos γ = 0 (29)

∑
MA = (l01 − d14)(F2 sinϕ+ Fs sin γ) + l01F4 sinϕ = 0 (30)

It is assumed that the ground reaction force is applied along the leg, that is in
direction AG (Fig. 2) which results in an angle αleg (Eq. 15) between ground reaction
force and the lower leg segment l01.

This has been shown as being valid at midstance, where we expect the largest leg
contraction amplitude and force, for small quadruped mammals [5].

Furthermore the spring length amounts to

ls(ϕ) =
√
l22 + d2

14 − 2d14l2 cosϕ

and the angle γ is

γ = arcsin(
l2
ls

sinϕ)

Figure 8: Sketch of forces on the lower leg segment l01
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5 MORPHOLOGY AND SPRING-MASS MODELLING

The spring force is given by
Fs = k(ls,0 − ls)

The unknowns are: F2, F4, P , ϕ (and Fs which depends on ϕ)
We can solve the equation system for different leg angles ϕ, thus obtaining a function

that describes the nonlinear spring constant in function of leg angle ϕ or relative leg
length (Eq. 13).

A plot of this function (Fig. 9) shows clearly the nonlinearity of the relationship. For
low external forces, the obtained length and angle change is quite large. From a leg
angle of ϕ = 60◦ and a relative leg length of about λleg = 0.58 the leg becomes stiffer.
If the external force is increased further the leg becomes unstable, once the force peak
is passed.
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Figure 9: Plot of the relationship between leg length or angle and external force

Solving the equilibrium equations furthermore results in the internal leg forces along
segments l2 and l4 (Fig. 10). During a normal stance cycle the forces are very low - in
the order of ten newton at midstance (Eq. 26).

5.7 Leg length range

The spring choice is also influenced by the required leg length range - the maximal
leg length is lλ,touchdown = 0.91 (Eq. 24), at which the spring is assumed to be com-
pletely relaxed. The maximal spring contraction amounts occurs during the swing
phase, where the motor has to retract the leg more than it retracts itself during stance
(Eq. 26).
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5.8 Energetic equivalence between real-world leg and spring-mass model

It is assumed that a leg rectraction exceeding the retraction during stance by one
third is sufficient. Thus a minimal relative leg length of

lλ,min = 0.50 (31)

is required.
Since the length of the spring assembly at touchdown ls,touchdown is known (Eq. 25

and the length of the spring assembly during retraction amounts to

ls,retracted = |CF | = sqrt(l22 + d2
14 − 2 · d14 · l2 cos(ϕ)) = 62.2 mm (32)

the spring has to have a working range of at least (Eq. 25 and 32)

sn = ls,touchdown − ls,retracted = 13.6 mm (33)

5.8 Energetic equivalence between real-world leg and spring-mass
model

The problem at this point is to translate the requirements on the linear spring in the
spring-mass model into requirements on the real-world three segment leg, which can
be considered as a nonlinear spring.

The easiest way to match the two models is to consider elastic energy and leg length.
The elastic energy that has to be stored is the same in both models.
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Figure 10: Plot of the relationship between leg length or angle and internal forces in
segments l2 and l4
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5 MORPHOLOGY AND SPRING-MASS MODELLING

Knowing the force-displacement function for the real world leg (Fig. 9), the leg
length for a certain stored elastic energy can be calculated by integrating the force Fleg
over the leg length change ∆lleg.

Now different springs have to be tested, looking for one that results in a relative leg
length as given by Eq. 26 at a stored elastic energy of Eq. 27.

A spring according to DIN 2098-1 is used. The data is shown in Table 4 and the
energy graph is shown in Fig. 11, which corresponds closely to the spring-mass model
used before. It is assumed that the spring is not precharged at touchdown.

wire diameter d [mm] 1
mean diameter Dm [mm] 9.3

hole diameter into which spring fits Da [mm] 10.3
pin diameter on which spring fits Dd [mm] 8

relaxed length l0 [mm] 25
maximal displacement sn [mm] 17

number of working turns n 5.5
spring constant k[ N

mm
] 2.3

Table 4: Din 2098-1 spring data
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Figure 11: Plot of the relationship between leg length and stored energy

The force the motor has to provide in order to retract the spring to it’s minimal
length amounts to (Eq. 33 and Table 4)

Fretract = kspring ·∆lspring = 2.3 · 103 [
N

m
] · 13.6 · 10−3 [m] = 31.6 [N ] (34)
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5.9 Estimating friction in the wire guiding cable

5.9 Estimating friction in the wire guiding cable

On the robot, the motor does not directly actuate the spring but rather does so by
means of a cable. Friction in the cable adds to the required motor force. However
estimating the amount of friction is a difficult task - to start with, the exact cable
trajectory would have to be known, which is obviously not the case.

A rough estimation can nevertheless be performed, replacing the cable guiding
spring with two friction points that force the cable to a Z-shaped trajectory (Fig. 12).

Figure 12: Sketch of forces assumed for friction estimation

The angles of 45◦ are randomly assumed - as mentioned before the wire trajectory
as function of time is unknown. The force creating the friction is FN - as long as the
wire follows a straight trajectory in it’s guiding spring there’s almost no friction, only
when the guiding spring is bent, friction increases.

Calculating FN is straightforward - projecting all the forces on the vertical axis:

FN = Fmotor ·
√

2 + Fmotor ·
√

2 = 2
√

2Fmotor ≈ 85 N (35)

The friction force along the wire is therefore:

Ffriction = µFN = 0.1 · 85 N = 8.5 N (36)

Knowing that a lubricant is used, the friction coefficient is assumed to be µ = 0.1. This
is the upper bound of the range given by [9]: 0.04 < µ < 0.1 for friction of steel on
steel with grease.

In order to achieve the Z-shaped trajectory, two friction points are needed. Therefore
the total friction force amounts to:

Ffriction,tot = 2 · Ffriction = 17 N (37)

The total the motor needs to provide is thus (Eq. 34):

Fretract,tot = Fretract + Ffriction,tot = 31.6 N + 17 N ≈ 50 N (38)
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5 MORPHOLOGY AND SPRING-MASS MODELLING

5.10 Dynamics in the spring-mass model using a nonlinear spring

As in [13] the Lagrangian is:

L =
m

2
(ṙ2 + r2ϕ̇2)− k(r)

2
(l0 − r)2 −mgr sinϕ (39)

This results in the following equations of motion for the system:

d

dt
(
∂L

∂ϕ̇
)− ∂L

∂ϕ
=

d

dt
mr2ϕ̇−mgr cosϕ = 0 (40)

and

d

dt
(
∂L

∂ṙ
)− ∂L

∂r
=

d

dt
(mṙ) +mrϕ̇2 + k(r)(l0 − r)−mg sinϕ− dk(r)

dr

(l0 − r)2

2
= 0 (41)

which is equivalent to:

mr̈ = k(r)(l0 − r)−
dk

dr

(l0 − r)2

2
+mrϕ̇2 −mg sinϕ (42)

Equations 40 and 42 can be transformed into a set of ordinary differential equations,
substituting x1 = ϕ, x2 = ϕ̇, x3 = r and x4 = ṙ:

ẋ1 = x2 (43)

ẋ2 =
g cosx1

x3

− 2
x2x4

x3

(44)

ẋ3 = x4 (45)

ẋ4 =
k(r)

m
(l0 − x3)− g sin(x1) + x3x

2
2 −

dk

dr

1

2m
(l0 − x3)2 (46)

these equations can be solved to find the spring-mass running behaviour when using
a spring that is equivalent to the three-segment pantograph leg.

The solution for given initial conditions (v = 1.04 m/s, m = 0.5 kg) is shown in
Fig. 13 - this results in a step duration of T = 0.09 s and thus a frequency of 5.6 Hz.

The body bounces back a bit faster than we’d like - the knee motor will have work
a bit here to prolong step duration. Alternatively using a weaker spring might be a
solution - however this induces a lot of changes: the leg length variation during a
stance phase increases, therefore the leg must be retracted more during the swing
phase as well, which is quite hard to achieve mechanically.
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5.10 Dynamics in the spring-mass model using a nonlinear spring
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Figure 13: Plot of the leg length in a stance cycle
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6 DIMENSIONING AND MECHANICAL CONSTRUCTION

6 Dimensioning and mechanical construction

6.1 Motor dimensioning

The spring length change amounts to sn = 13.6 mm (Eq. 33) which thus also is the
length over which the motor must be able to displace the bowden cable.

6.1.1 First dimensioning approach

Figure 14: Hardware sketch showing motor M2, lever and bowden cable

Assuming that the motor should be in an equilibrium situation both during swing
and stance phase (the most plausible alternative being continuous operation in one
rotation direction) the lever has necessarily a length of llever = sn

2
≈ 7 mm. Based on

simple geometrical calculations, the required motor torque can be calculated - all the
lengths are named in Fig. 14.

The spring force is
Fs = k · (y(ΘM2)− d)

where y − d is the spring length change and the length y is given by

y2 = l2lever + (llever + d)2 − 2llever(llever + d) cos ΘM2

and
ys = (llever + d) · sin ΘM2
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6.1 Motor dimensioning

Thus the projection of Fs on the normal to the lever amounts to

Fs,⊥ = Fs
ys
y

which means that the required motor moment is

MM2 = l · Fs,⊥ = l · Fs
ys
y

Solving these equations for a given distance d = 10 mm gives a graph like Fig. 15.
In order to find the optimal distance d, the maximal value for different distances d ∈
[0 50] mm is plotted in Fig. 16.

In any case the distance d does not strongly influence the required motor moment -
it amounts to

Mmotor = 0.13 Nm (47)

0 20 40 60 80 100 120 140 160 180
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

angle Θ
m2

 [Â°]

re
qu

ire
d 

m
om

en
t M

 [N
m

]

Figure 15: Plot of motor moment depending in function of angle for d = 10 mm

In addition the dynamic requirements (inertia and time) should be considered.
However the total leg mass is very small - less than 50 g and the acceleration does
not have to be very high, so the dynamic properties of the system may be neglected;
even more so since the spring contraction force in the beginning when the system has
to be accelerated is very small.

The demanded torque can easily be delivered by a Dynamixel AX-12. However
the angular velocity is a problem since the Kondo KRS-2350 ICS used as hip motor
provides a angular of 0.16s/60◦. During one step cycle this motor only sweeps twice
an angle of 70◦ - in contrast the knee motor has to move twice from 0◦ to 180◦ and
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6 DIMENSIONING AND MECHANICAL CONSTRUCTION

back, the required velocity is 5.1 times as high: 0.031s/60◦ (see Fig. 18 for a sketch of
the motor trajectories over time).

This is not possible with common servos, since they all have a rather high reduction
factor and therefore a low maximum velocity - possible solutions to this problem are:

• instead of using a Kondo or Dynamixel servo use a motor with a custom-made
gear and a reduction ratio well fit for the problem

• use a Kondo or Dynamixel servo but add a reductor with reduction factor r < 1
at the output - this is quite obviously everything but optimal

• use a servo but with a longer lever arm - the servo moves only by about 30◦ to
completely contract the spring

The first option has the advantage that an optimal motor-gear combination can be
selected; however this requires a lot of work for the gear design, a motor controller
has to be implemented manually and the supply voltage of the motor might differ
from the Kondo servos. This choice would increase the complexity of the electric and
mechanical system.

In this context the third option is the most favourable: The same Kondo servo motor
will be used as for the hip, using a long lever arm. The advantage of this choice is that
the command signals and the required supply voltage are exactly the same as for the
hip motors.
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Figure 16: Plot of maximum required motor moment in function of distance d
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6.1 Motor dimensioning

6.1.2 Second dimensioning approach

As mentioned before, a long lever arm will be used. Since it is simplest to use the same
command signals everywhere and the 360◦ capabilities of the Dynamixel motors are
not required, Kondo KRS-2350 motors will be used.

Since using cables without cladding (for instance over distance d in Fig. 14) do not
provide a relevant advantage with respect to the required motor torque, a configu-
ration with d = 0 (definition of d: Fig. 14) such as shown in Fig. 17 will be used.
This has the advantage of greater robustness - even if someone touches the cables, the
system is not disturbed.

Figure 17: Hardware sketch showing motor m2, long lever and bowden cable

The relation between the given geometric variables is:

y

2
= llever · sin(

α

2
) (48)

Assuming that the motor provides a torque of Mmotor = 1 Nm (the Kondo motor can
provide up to 2 Nm), the required length llever is (Eq. 34) 5

llever =
Mmotor

Fretract
=

1 Nm

31.6 N
≈ 32 mm (49)

and the angle the motor has to move amounts to (y = sn from Tab. 4)

∆θM2 = 2 · arcsin(
y

2llever
) = 2 · arcsin(

13.6 mm

2 · 32 mm
) = 24.5◦ (50)

A sketch of the trajectories for motor M1 and M2 (Fig. 4) is shown in Fig. 18. The
limiting factors (as far as one can tell from the given motor data) is the velocity of

5Note that at this point, the friction forces in the cable had not yet been estimated - they were simply
assumed to be negligible, the force having a torque twice as large as required.
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6 DIMENSIONING AND MECHANICAL CONSTRUCTION

motor M1, it defines the upper limit for the step cycle time T to (see also Eq. 21 and
19)

Tstep =
0.16 s

60◦
· 2 · αstance =

1

fmax,kondo
= 0.37 s (51)

Motor M2 has to move by (Eq. 50) 24.5◦ - the minimal time required for this move-
ment is:

T∆θM2
=

0.16 s

60◦
·∆θM2 = 65 ms <

T

4
= 92 ms (52)

It seems that the limiting factor is motor M1 - however it has to be noted that motor
M2 has to accelerate and decelerate four twice as often as M1 so it is a good thing to
have some margin for M2.

Figure 18: Hardware sketch showing the trajectories of motor M1 and M2 over time

Modifications
After having constructed the first prototype it turned out that the torque of the Kondo
KRS-2350 ICS motors was not sufficient to contract the legs. Once the leg was con-
tracted it could, however, keep it in that position.

There are several reasons for this problem: It turned out that the torque given for
the motor was the stall torque. Once the motor turns, the torque decreases linearly -
at usable velocities it is in the order of four times lower.
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6.2 Mechanical design

In addition, the effect of friction in the wire guiding cable was completely neglected
- an approximate calculation (section 5.9) shows that friction increases the required
by around 50%, it is not easily neglected.

In consequence to these problems, the servo horn was replaced by a much shorter
one - leading to a decrease in required torque and an increase in movement angle.
The motor now moves by about 120◦ to completely contract the leg.

6.2 Mechanical design

6.2.1 Fr4 Material properties

Fr4 has approximately the mechanical properties shown in Tab. 5 (exact values depend
on the fabricate, the material is anisotropic).

Density ρ = 1.9 · 103 kg
m3

Yield strength σyield = 276 MPa
Young’s modulus E = 17 GPa
Flexural modulus G = 16.5 GPa

Poisson’s Ratio µ = 0.118

Table 5: Fr4 material properties

6.2.2 Material thickness and width

In order to reduce bending along the z-axis (Fig. 2) the strongest available material
thickness e = 3.2 mm will be used - this is also useful since it increases the length of
the plain bearings used to connect the leg segments.

The width of segment 1 and 3 (Fig. 2) was selected to be w = 15 mm - this is quite
a lot and could probably be reduced. However this would require a careful stress
analysis, knowing the amplitude of the shocks that act on the leg, which is hard to
estimate.

Segment 2 and 4 are a bit smaller w1,4 = 10 mm, since at this point two segments
work in parallel - though sometimes segment 2 is under compression while segment 4
is under traction.

The distance between segment 2 and 4 was chosen arbitrarily (Fig 2) d14 = 12 mm.
From a mechanical point of view it would be interesting to increase this distance in
order to reduce the stresses - however increasing it too much would leave no space for
the foot.

Already with the current design, the relative leg segment length of λ01 = 0.14 which
corresponds to l01 = 21 mm had to be increased to satisfy space constraints.
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6 DIMENSIONING AND MECHANICAL CONSTRUCTION

6.2.3 Buckling, Torsion and Bending

For the following approximate estimations the leg is assumed to be a straight bar
made of Fr4 with thickness ebar = 3.2 mm, width of wbar = 15 mm and a length of
lbar = 180 mm (Eq. 11). The joints are neglected.

Buckling
The critical buckling load for a column (both ends are hinged K = 1) is:

F =
π2EI

(Kl)2
=
π217 · 109 · 4.096 · 10−11

3.24 · 10−2
= 212 N (53)

where the area moment of inertia is

I =
BH3

12
=
wbar · e3

bar

12
= 4.096 · 10−11 m4 (54)

Such a high load might be achieved at touchdown under some conditions - but only
during very short periods of time.

Torsion and Bending
Considering torsion, bending and other simple load cases of the legs is of limited use at
this point, since the most probable source of lacking stability or rigidity are the joints
between the leg segments and not the segments themselves.

6.2.4 Joints and Bearings

Several types of bearings could be used to link the leg segments:
Bearing type Advantages Disadvantages

Thin flexion
blade/Leaf
spring

no friction (but eventually hys-
teresis depending on the mate-
rial)

limited flexion angle

lightweight not purely an angular joint if too
long

easy to integrate limited stability under torsion
intrinsic elasticity

Ball bearing

very low friction hard to integrate in system, re-
sults in complicated and heavy
construction

360◦ freedom rather heavyweight itself
low resistance to shocks

Plain
bearing

easy to integrate in system more friction than the other two
systems

360◦ freedom
cheap, can be made of standard
parts
robust
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6.2 Mechanical design

Using the simplest solution - plain bearings - seems advantageous in this case. Leaf
springs don’t support a sufficiently large angular displacement while remaining short,
while a ball bearing construction tends to get heavy - a non neglectable disadvantage
since each leg requires at least 4 bearings.

The bearings will be made of brass and are fixed in the leg segments 1 and 3, while
the axes are made of steel and fixed in leg segments 2 and 4, as recommended by
André Guignard.

6.2.5 Sensor choice

Two different sensors are required for each leg: an angular sensor at one of the bear-
ings to measure the angle ϕ14 (Fig. 3) and a force sensor in the foot.

Angular sensor
Different types of angular sensors and their advantages and disadvantages are listed
in Tab. 6. Both Potentiometers and Hall sensors are good choices for this application.

It is intended to use a potentiometer due to the low price and because the poten-
tiometer sensors used on Puppy II worked reliably, according to Jonas Buchli. Mechan-
ical lifetime might turn out to be a problem - however the Piher PT-10 LV potentiome-
ter that is going to be used exists also in a long-life version, guaranteeing 100’000
mechanical cycles.

Angular sensor type Advantages Disadvantages

Potentiometer

high resolution friction
gives absolute position val-
ues

limited mechanical lifetime

no initialisation required initial calibration required
price

Optical
encoder

high resolution very expensive
no friction only incremental informa-

tion
Hall angular
sensors

no friction expensive
absolute position informa-
tion

rather low resolution
(though interpolation is
common)

Table 6: Different angular sensor types

Foot force sensor and toe design
Finding a good foot contact and force sensor is more difficult. Several completely
different sensor types can be imagined - depending on the foot design Tab. 7.

All of the mentioned solutions have their disadvantages: The point force sensor, such
as used in Puppy II does not work reliably; the infrared sensor is heavily dependant
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6 DIMENSIONING AND MECHANICAL CONSTRUCTION

Sensor type Foot design/sensor
mounting

Advantages Disadvantages

Angular
sensor

requires a rotational
bearing between leg
segments 0 and 1,
including an elastic
element

continuous output constrains foot de-
sign
output not propor-
tional to the applied
force (depending on
stance angle)

Point force
sensor

similar as in Puppy II,
on the lower side of
the foot with direct
ground contact

binary/continuous
output

not reliable - signal
only at some stance
angles
high mechanical
strain on sensor

Infrared
sensor

mounted pointing to
the floor

price binary output
does not heavily con-
strain foot design

sensitive to floor ma-
terial; may require
adjustments
does not give actual
contact information
but distance

Strain gauge
mounted on a flat
spring

continuous output signal requires am-
plification/noise
problems

small and
lightweight

constrains foot de-
sign
temperature sensi-
tivity

Distance
sensor

measures
deformation of a flat
spring

continuous output high resolution sig-
nal required, thus
expensive
constrains foot de-
sign

Table 7: Different force sensor types and measurement principles

on ambient light and floor material and gives only a binary output signal. Both strain
gauges and distance measuring to determine the strain in a flat spring are critical with
respect to noise and required resolution.

An angular sensor in combination with a helical torsion spring and a plain bearing
was finally chosen. The only fundamental problems of this solution is the fact that the
measured output depends on the current leg angle. The angle will be measured by the
same potentiometer used to measure the leg angle.

This choice in practice also determines the toe design (see drawings “klaue”) - it
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6.2 Mechanical design

is rounded and made of Fr4, coupled to leg segment l1 by a rotational joint. The
elasticity is provided by a helical torsional spring. A consequence of this joint is that
the length of foot and toe l01 has to be slightly increased in order to create enough
space for toe and potentiometer.

6.2.6 Toe helical torsion spring dimensioning

For a helical torsion spring the angular displacement is given by [9]

θ =
64MnDm

Ed4
(55)

and the maximal stress is
σmax =

32M

πd3
q (56)

where M is the applied moment, n the number of turns, Dm the mean spring diameter,
d the wire diameter and q = 1.19 is a constant depending on Dm

d
[9].

Both the choice of n and Dm are quite limited by geometrical constraints - the more
turns there are the less length is available for the bearing, Dm can’t be increased
infinitely either since it’s limited by the foot size.

Assuming that applied moment is M = 0.06 Nm (based on the applied force at
midstance and the mean lever length given by the foot geometry)6, n = 3, Dm = 6mm,
d = 0.9 mm, E = 210 GPa an angle of

θ =
64 · 0.06 · 3 · 6 · 10−3

210 · 109(0.9 · 10−3)4

180

π
= 28.9◦ (57)

and a stress of
σmax =

32 0.06

π(0.9 · 10−3)3
≈ 1GPa (58)

The angular displacement corresponds to what is required; the stress is quite high even
for spring steel, but then again the assumed moment is an overestimation of what can
be expected in reality.

6A force of about F = 12 N and a lever length of l = 5 mm, based on the foot geometry, are assumed -
this results in a torque of M = F · l = 12 · 5 · 10−3 = 0.06 Nm
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7 TEST ELECTRONICS

7 Test electronics

In order to be able to test the system without building a complex setup of autonomous
electronics, battery power supply, communications and sensory feedback as planned
for the future, a simpler setup was used.

Fig. 19 shows the schematics of the test electronics.
At the first sight the servo angle setpoint update bandwidth seems to be limited by

the serial bus - a data rate of 115 kpbs with one byte per setpoint and eight servos
to command results in a refresh rate of 1.8 kHz and a setpoint refresh cycle time of
0.5 ms.

The cycle time of the PWM signals to be generated by the PIC microcontroller is at
least 8 ms according to the datasheets. So this is what limits the setpoint updates to
about 125Hz or 50 setpoints per step when running at fstep = 2.3 Hz.

Desktop PC

Running CPGs
 

without Sensory feedback

Servo Angles, RS232 PIC 18F2580
 

Microcontroller

PWM

Output

8x Kondo KRS-2350 ICS 

8x PWM

Power supply

Farnell regulated power 
supply 6V, 10A

Figure 19: Schematics of test electronics

7.1 PWM

The PWM controller has to generate eight independent PWM signals. The cycle time
is 8000 µs. The pulse width can vary between 700 µs and 2400 µs (without considering
the special modes supported by the servo).

44



7.1 PWM

A PIC 18F2580 testboard made on 24.6.2005 by Alessandro Crespi was used to
generate the PWM signals. The complete code of the PWM implementation can be
found in section 15.3.

7.1.1 Implementation on a PIC 18f2580 - first try

Programming the PIC 18f2580 such as to produce the eight PWM signal was in reality
not as easy as it may seem in theory.

The first idea was to generate an interrupt on timer2 every 6.4 µs and to check on
every interrupt if one of the eight output channels had to be set to zero. In addition a
separate counter would be maintained to ensure that every 8000 µs all outputs are set
to one and a new PWM cycle is started.

However timer2 is not able to generate an interrupt every 6.4 µs even if set up to do
so - interrupts only occur about every 18 µs.

7.1.2 Implementation on a PIC 18f2580 - second try

Since timer2 can’t produce interrupts fast enough, an alternative way had to be found.
Now all the servo setpoints are sorted into an array - the first element being the earliest
output to be reset. Separately an array in the same order, containing the corresponding
output pins, is kept7.

Timer2 is set up as to increment every 1.6 µs - interrupts are thus generated at least
every 400 µs which is obviously a lot lower than the 8000 µs cycle time. Therefore a
separate 16 bit counter variable is used for timekeeping, comparing to the setpoint-
time array. This counter is also for calculating the time until the next interrupt, which
is adapted in function of the next event - 400 µs if nothing is to happen within this
timespan, less if one of the outputs has to be set to zero before.

Note that also with this implementation one might run into the timer2-bug as seen
with the first trial implementation: If two servos require for instance a pulse of 700 µs
and 707 µs a timer interrupt will occur at 700 µs. At this time the next interrupt is
scheduled to be within 7 µs which is faster than what timer2 can do in reality - thus
the next interrupt will happen only after at least 20 µs which will result in a systematic
delay on all later setpoints.

In order to avoid this problem, setpoints that are that close in time to each other are
considered to be at the same time. Both PWMs would output a cycle time of 7000 µs.
One might also consider using active waiting during timespans lower than 20 µs, but
such high precision doesn’t seem necessary in this case.

7Why not use one single array containing a structure? Well, the compiler allows doing so but the
binary it produces does not work at all as it should. This is why a specifically adapted quicksort and
two arrays is used - one array contains the setpoints and the other the output pin addresses. Both
are sorted at the same time according to the data in the first one.
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7 TEST ELECTRONICS

7.2 RS232 Communication Protocol

The setpoints are sent over a serial bus to the PWM controller. The bus settings are
listed in Tab. 8 whereas the protocol is described in Tab. 9.

Baud rate 115200 bps
Data bits 8

Flow control Off
Parity bits None
Stop bits 1

Table 8: RS232 Bus settings

255 Reset - the next value will be the setpoint for servo nr. 1
252-4 Change operation mode of Kondo motor (exact meaning unknown)
251 Free mode - servos apply no torque

0-250 RC servo motor position
0 corresponds to the extreme position in counter-clockwise direction,

250 corresponds to the extreme position in clockwise direction

Table 9: PWM RS232 communication commands

For example send the sequence in Tab. 10 to first set all the eight servos to the
extreme position in counter-clockwise direction, then immediately afterwards - in the
next PWM cycle - to the extreme position in clockwise direction:

Sequence part 1 255 0 0 0 0 0 0 0 0
Corresponding motor FLH FLK FRH FRK HLH HLK HRH HLK

Sequence part 2 [255] 250 250 250 250 250 250 250 250
Corresponding motor FLH FLK FRH FRK HLH HLK HRH HLK

Table 10: PWM RS232 communication commands

As listed in the table, the first value transferred is the setpoint for the FLH motor
(Front Left Hip), the second is for the FLK motor (Front Left Knee) and so - the last
one is for the HLK (Hind Left Knee) motor.

Note that sending the reset-signal [255] between the two sequences shown in Tab. 10
is optional.

Hard limits on the setpoint values are enforced by the PWM software on the PIC
microcontroller for the knee motors, in order to avoid damaging. The exact values
have to be found experimentally and vary slightly from one leg to the next.
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7.3 Power supply board

7.3 Power supply board

As power supply a Farnell lab power supply was used - it should provide a current of
10 A at 6 V. In order to distribute the power to the motors, a simple PCB board was
developed - thanks to Alessandro Crespi. It’s schematics and connections are explained
in the Annex (Section 14).

7.4 Command on the PC

In order to command the PWM board over the serial line, a simple Qt application
was developed, featuring eight sliders to allow controlling the motors manually. This
application is also included on the CD-ROM that was handed in with this report.
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8 DESIGNATED AUTONOMOUS ELECTRONICS

8 Designated autonomous electronics

8.1 Overview

Fig. 20 shows the schematics of designated autonomous electronics.

3.3 V

6 V

I2C

Arm Microcontroller

NXP LPC2368/2468

Voltage 
stepdown converter

Voltage 
stepdown converter

LiPo Accu 7.4V

e.g. Kokam 
1500 H, 20 C, 2S1P, 74g

Bluetooth module

possibly class 1

6/8x PWM

lots of 
power

l i t t le 
   power

2x PWM

UART 
or USB2

USB2, 
   UART, 
       I2C, 
           CAN

8 Potentiometer

A2D

Accelerometer 
and/or

Gyroscope
Other sensorsInput

Output

Power

Communicat ions

CPU

Voltage stabil ization

Extensions

8x Kondo KRS-2350 ICS 

Figure 20: Schematics of designated autonomous electronics

8.2 Microcontroller

The system can be designed using one or multiple microcontrollers. With regard to
communications overhead, system complexity and the different programming setups
the easiest way is probably using a single microcontroller fro running the CPGs and
treating sensory information.

The requirements are the following:

• “fast enough” to run four CPGs and functions for the hip-motors in realtime

• low power consumption (not very important, considering how much current the
eight motors draw)

• one single supply voltage

• possibly eight PWM outputs (else one or several would have to be realised in
software)
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8.3 Power supply

• RS232, I2C and USB communication channels (CAN, Ethernet and others are
nice to have too)

• one fast or several ADC fo treating sensor information

Using a microcontroller with ARM architecture seems to be the most straightforward
solution. For instance an NXP LPC2468 or a Atmel AT91SAM7A3 - both fulfill all of
the above stated requirements, as listed in Tab. 11.

Other manufacturers offer comparable products. However it turns out that the most
critical feature are the required eight PWM outputs - only few ARM microcontrollers
provide that many independant PWM outputs.

There exists evaluation boards featuring a NXP LPC2468 ARM microcontroller [4].
This might be an interesting option, but it does not contain any form of wireless com-
munication support (Bluetooth, WLan or other).

8.3 Power supply

Due to the very favourable energy per weight ratio (around 130 Wh/kg) Lithium Poly-
mer batteries seem the most interesting ones. The main problem is the low maximum
current that can be drawn from most Lithium Polymer battery.

But there exist such batteries - in the model aircraft scene. Instead of the usual 2C8,
such batteries can be charged by currents up to 30C.

A maximum charge test for a Kokam 1500 mAh, specified by the importer as sup-
plying up to 10C9 has been performed [16]. It shows that such a battery can supply
permanent currents up to 8.5 A - somewhat more than 5C - without being damaged.

Fig. 21 shows the resulting voltage curves. The most interesting ones are the pink
one (discharge at 8.5 A, 1418 mAh, temperature 45◦) which the battery survived with-
out being damaged and the brown one (discharge at 12 A, 1275 mAh, temperature
70◦) which damaged the battery permanently.

There exist several suppliers for such high-current LiPo batteries, Kokam being the
most renowned one. Considering what is known about the system - the motors should
draw up to 1 A each summing up to 8 A, using a 1800 mAh 7.4 V Kokam battery pack
seems to be a good choice, it should be sufficient for a runtime of fifteen to twenty
minutes. The battery data is summarised in Tab. 12.

8.4 Communications

A reliable highspeed communication channel is needed to transfer sensor and actuator
data for logging purposes and to transfer highlevel commands to the CPGs running on-
board. Most larger ARM microcontrollers support ethernet and USB - these are viable
options for highspeed communication.

8The maximum current that can be drawn from a LiPo battery is usually given in relation to it’s capacity
in Ah. If a maximum current of 2C is specified, one can draw currents up to 2 · 1800 mA = 3.6 A
from a 1800 mAh battery.

9Note however that the importer specifications usually differ from what the manufacturer specifies.
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8.4 Communications

Manufacturer Kokam
Capacity 1800 mAh
Voltage 7.4 V
Dimensions 104 x 16 x 34 mm
Weight 102 g
Constant discharge current 30C (54A)
Max. charge current 2C
Supplier Slowflyer [2],

Mamo Modelltechnik [1]
and others

Table 12: Kokam 1800 mAh 2S1P battery data

However wireless communication is much more comfortable in most cases - so in-
cluding a bluetooth device (possibly class 1 with up to 100 m coverage) seems a good
idea. Other alternatives might be Zigbee or standard 802.11 WLan - though both have
their disadvantages: Zigbee has a low data rate and WLan consumes lots of power.

Figure 21: Kokam 1500 mAh high current discharge test curves, c© Helitron [16]
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9 ASSEMBLY

9 Assembly

9.1 Overview

Fig. 22 shows all the parts (with exception of the motors and the springs) before
assembly.

Figure 22: Parts before assembly

9.2 Feet

The feet are produced in two parts - these two have to be soldered together using
solder paste. The alignment of the parts proved to be a difficulty in the process. Finally
the hole in the foot (71) has to be re-drilled manually and the corresponding pin is
pressed into the foot.

The pins turned out to be slightly too short (due to the division of the foot into two
pieces it got thicker which was not properly reported to the pin length) - they had to
be pressed further than planned to allow the circlip to be mounted. This has been
corrected in the drawings included in the appendix.

The prismatic parts of some pins were slightly bent due to the pressing. Applying
force on these parts has to be avoided - the same holds unfortunately for the chamfer
(where the circlip is to be put later on).
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9.3 Leg segments 1 and 3

The same procedure is applied to the second and fourth leg segments (74). Note that
for these segments special care has to be taken in order to ensure that the pins are as
rectangular as possible to the leg segments. Slight misalignments here increase friction
quite heavily, since the leg is a pantographic one and therefore overconstrained. A
completely assembled leg (without springs) should extend and contract easily under
it’s own weight.

Figure 23: Completed foot assembly

9.3 Leg segments 1 and 3

The first leg segment (part number 73), the corresponding reinforcement (67) and the
messing bearing (44) are assembled using a vise (Fig. 24). In addition they are glued
together by hot-melt adhesive.

The same procedure is applied to assemble the third leg segment (75) and it’s re-
inforcement (69) - there the glue is more important since the bearing where the foot
and spring are to be mounted later on does not connect the two pieces (Fig. 25).

9.4 Spring assembly

Assembling the spring, tube and it’s supporting Fr4 pieces is straightforward: spring_l1
(61), the white guiding tube (46) and the spring_washer (49) are all glued together
using hot-melt glue.

In order to increase stability in the direction perpendicular to the leg plane (z direc-
tion Fig. 4), lots of hot-melt glue are used and two small metal pins are put between
the guiding tube (46) and spring_l1 (61).

The other pieces are simply put in place - the spring ensures their position.
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9 ASSEMBLY

Figure 24: First leg segment

Figure 25: Third leg segment

Figure 26: Spring assembly
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9.5 Complete leg assembly

9.5 Complete leg assembly

A complete assembled leg is shown in Fig. 27. It is important that there is enough
room between leg segments two/four and one/three, such as to ensure low friction in
the overconstrained pantograph mechanism. Rigidity turns out to be quite high - due
to the low tolerances on the messing bearings the guiding is very stable.

Figure 27: A complete leg

9.6 Back

The completed back assembly can be seen in Fig .28. Only two small operations apart
from mounting screws were necessary:

The motor fixation blocks (21) do not have holes on top and bottom - these have to
be drilled manually, ∅ = 1.5 mm - the M1.6 screw creates the thread itself (Fig 29).

Apart from that, screwing the four servos that are mounted directly on the base
plate without using fixation blocks deformed the plastic motor casings. Thus 3mm
thick distance pieces made of Fr4 were added between the motors and base plate.

9.7 Bowden cables

Assembling the bowden cables is rather slow and tiresome. The best way is to first
fix it on the spring assembly side, since that’s the harder part (the spring assembly
consists of lots of parts that are not fixed relatively to one another).

Then the wire is pulled through the guiding cable - it should be oiled or greased to
reduce friction.

In order to get enough cable length to fix the cable on the servo horn it might be
useful to contract the leg.
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Figure 28: Back assembly

Figure 29: Motor fixation blocks
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9.8 Bowden Horns

After assembling the tips of the cable should be fixated using highly viscous glue in
order to ensure it’s long-term stability.

9.8 Bowden Horns

During the first tests it turned out that the Kondo motors, using the long kondo_bowden_horn
(70) servo horns, did not provide enough torque to completely contract the legs.

In a first series of tests, the supply voltage was increased up to 9 V. This led to two
times stronger leg contraction - however the motors became quite warm, thus this was
not an optimal solution.

Next the Fr4 bowden horns were replaced by shorter standard aluminum horns from
Conrad10. Using these horns the motor has to turn further to contract the legs: around
120◦ instead of only 30◦. During the last part of the movement the wire is actually
rolled on the servo horn axis - the very short lever arm allows the motor torque to
generate lots of force.

In order to use the new shorter servo horns, the spring_l3_bowden bowden cable
guiding spring fixations for two of the motors had to be displaced, while the two other
motors had to be turned by 180◦ relatively to what was planned (Fig 30 shows the
whole new arrangement).

Figure 30: Bowden horns

10http://www.conrad.de
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10 FUNCTIONALITY TESTS AND MEASUREMENTS

10 Functionality tests and measurements

10.1 Weights

The weights of some sub-assemblies were measured after assembly (Tab. 13) and com-
pared to the weights as calculated by Pro/Engineer.

Part Measure Pro/Engineer
fore leg 21 g 34 g
hind leg 23.5 g 37 g

back with motors 630 g 670 g
batteries 102 g

robot without 720 g 741 g
batteries or electronics

complete robot (estimation) - 850 g
including batteries, electronics,

cables and sensors

Table 13: Measured and calculated weights

10.2 Tests

There was not enough time to do intensive testing of the whole robot, such as trying to
achieve walk, trot and other gaits. Measuring the speed that can be achieved and the
precise power consumption peaks during movement are important tests that remain
to be done. Especially the latter has to be known before the autonomous electronics
can be designed.

But of course the basic functionalities were tested - the robot is able to start in a
crouched position (Fig. 31) and stand up quickly (Fig. 32), swing it’s legs, retract and
extend them.
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10.2 Tests

Figure 31: Cheetah - ready to stand up

Figure 32: Cheetah - standing
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11 PROPOSED IMPROVEMENTS

11 Proposed improvements

11.1 Pressing

The size of the holes is inconsistent:

• the holes for the messing bearings (44, 45) in the first and third leg segment are
have the same nominal diameter as the bearings themselves. When manufactur-
ing them they are always somewhat smaller (due to the fast use of the cutting
tool by the glass fibers in Fr4)

• the holes for the pins (40-43) in the second and fourth leg segment and the
foot are drilled smaller than the pins during PCB production. They have to be
re-drilled to slightly less than the pin diameter (about 1

10
mm)

Since the hole size in both cases corresponded to the requirements, using the first
variant is preferable since it does require less manual work.

11.2 Spring assembly

As noted above the rigidity of the connection between spring_l1 (61) and spring_tube
(46) is not sufficient. An instant solution was found using pins and hot-melt glue. In-
troducing half-round pieces between the two would solve the issue definitely - though
some room still has to be left for the bowden cable to pass.

11.3 Feet

Spring stiffness of the foot spring is way too high. It could be that the calculations
largely overestimated the external forces on the feet - this would have to be simulated
to get more complete information.

Assuming the calculations were not completely wrong, there still remain other sources
of error: It is very hard to actually manufacture these springs with precision, but al-
ready small deviations create huge differences in force. In addition it was noted during
assembly that the springs fit exactly into the holes (for some even force had to be ap-
plied to get them mounted) - some play there might help in decreasing the forces.

It was noted that the alignment precision between the two parts constituting a foot
(klaue and klaue_spring) was not optimal. In order to ease the soldering process and
alignment, introducing two small pins passing through both these parts might be a
good idea.

11.4 Bowden cables

There was observed quite a lot of friction in one of the cables - making the wire guiding
springs slightly larger would help avoiding such problems. It also remains to be seen
if the cable is strong enough to withstand fatigue and wear.
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11.5 Servo horns

The fixation of the cables is not optimal either - they are held by screws on both
ends. This setup is not easy to mount - using the current system to fix one end and
some kind of quick-mount system on the other end11.

The fixation of the wire guiding spring on the back back_bowden (47) appears rather
weak. Two M1.6 screws are enough to hold the fixation in place, but this creates quite
some strain on the back itself. Modifying the fixation such that the two screws are not
mounted in a plane perpendicular to the cable, but rather in a plane along the cable
would help to reduce the stresses.

11.5 Servo horns

As mentioned in section 13 the custom-made Fr4 servo horns have to be replaced by
shorter ones (Fig. 30). The replacement are aluminum servo horns from Conrad (part
number 226636 - no longer available; part 233159-62 looks very similar).

The reason for this replacement is the insufficient motor torque: The given torque
value is apparently the stall torque, though this is not mentioned in the documentation.
At nominal velocity the torque is significantly lower. Additionally, friction in the wire
guiding cables was neglected, since it is very difficult to estimate (Section 6.1.2).

11.6 Back compliance

It remains to be verified if the degree of compliance that the current back provides
should be increased, decreased or be kept as it is. Varying compliance in the frontal
plane is quite simple: If the point of connection of the hip servo motors to the rest of
the back is moved towards the sagittal plane, compliance increases. If the thickness of
the connections or of the back plate is increased, compliance decreases.

An interesting idea might also be to increase compliance in the sagittal plane, where
the robot is not very compliant at the moment.

11Looking at bicycles, one cable end is a metal clod. For bicycles this end is mounted first - for the
Cheetah robot a similar system could be used. Mounting the other (screw-mounted) end first is a
possibility, the leg spring would ensure that the cable stays in position.
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11 PROPOSED IMPROVEMENTS
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12 Conclusion

Before starting to design the hardware a detailed objective list was created, to state
clearly the required and desired features of the leg: active compliant knee joint, low
weight, possibly modular design and manufacturability using the means at disposal.

In a following step, several actuation principles for pantographic three-segment legs
were drafted and compared. Using a pantographic design is advantageous since it
completely avoids structural instability [7,24] without deviating significantly from the
leg segment configurations observed in nature [12]. The most promising design -
using a compression spring to extend the leg and a bowden cable to contract it during
flight phase - was investigated further.

The leg segment lengths were chosen such as to be energetically advantageous [7].
In order to dimension the leg stiffness and actuators, a simple spring-mass model for
walking and running was introduced [13] and solved for the given leg dimensions and
estimated stroke frequencies for different gaits [3]. These calculations permitted an
estimation of the leg length during a complete stance cycle - thus defining the required
leg length range - and the forces in play.

In the following the actual hardware was designed. It was found that both hip and
knee joints should best be actuating using the same Kondo KRS-2350 ICS motors. Plain
bearings are used as joints, since they are simple to manufacture but still provide good
performance and shock resistance.

Simple test electronics were designed using a PIC test board an a simple custom-
made power supply board. Ideas for more powerful autonomous electronics and
power supply have been drafted as well.

Finally all the parts were assembled and the leg was tested.

Designing hardware is always a difficult task. Lots of assumptions have to be made,
some of which can be verified only after a prototype is built while others can’t be
verified at all. This is put simply why the prototype “Cheetah” is not without flaws.
Section 11 mentions some of the obvious improvements - especially the foot design
needs further work.

Most other things however, work very well: The pantographic leg itself and the
passive compliant knee joint.

Looking back at the task description in section 2 it can be concluded that, as far as
tests and verification have progressed up to now, the mentioned goals have been met.

A working lightweight, three-segment leg with two actuated joints (the hip joint and
the knee joint) has been designed. Whether different gaits can be achieved has not
yet been verified, due to lack of time. The weight of the system is estimated to 850
g including batteries, electronics, sensors and cables - 150 g less than the specified
upper limit.

Force- and other sensors have not yet been included or tested, but the leg is prepared
for mounting potentiometers both at the knee and at the foot.
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12 CONCLUSION

There remains a lot of work to be done in continuation:
Implementation a CPG to test different gaits, measure of energy consumption, im-

provement and optimisation of the mechanical design through use of simulation soft-
ware, implementation of battery-powered autonomous electronics, introduction of
sensors and sensory feedback just to mention some topics.

Lausanne, January 11, 2008
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13 Annex I - Drawings

13.1 Part list - as used for the prototype

For norm parts shop article numbers are given:
BAN: Bossard article number, http://www.bossshop.ch

Position Quantity Description Material Shop number
1 40 Screw conic head ISO 2009-M1.6x6 Ac BAN 1246658
3 8 Screw conic head ISO 2009-M1.6x12 Ac BAN 1246682

(1, 2) 64 Washer ISO 7089-1.6 Ac BAN 1421417
(1, 2) 64 Hex nut ISO 4032-M1.6 Ac BAN 1168843

4 4 Screw conic head ISO 2009-M3x8 Ac BAN 1246739
5 4 Screw hex head ISO 4014-M3x6 Ac BAN 1345893

(4, 5) 20 Washer ISO 7089-3 Ac BAN 1229796
(4, 5) 8 Hex nut ISO 4032-M3 Ac BAN 1195670

6 20 Circlip DIN 6799 Ac BAN 1254499
20 8 Kondo KRS-2350 ICS
21 8 Kondo KRS-2350 Fixation blocks
22 8 Piher PT-10Lv

(preferably longlife -E option)
23 4 Compressive spring ISO 2098

d = 1, Dm = 9.3, l0 = 25
(45a-d) 4 Helical torsion spring

∅moyen = 6, ∅fil = 0.9, nspires = 3
(plus ≈ 2 spires pour fixation debut/fin),

pas tel que les spires se touchent,
deux des ressorts enroulés dans une

et deux dans l’autre direction
25 4 Helical spring for wire guiding

∅ext = 1.3,∅fil = 0.3, l0 = 180
26 4 Flexible steel wire d = 0.63, l ≈ 220

(Carl Stahl Technocables)
40 8 pin_iso_2338_3x12 Ac
41 4 pin_iso_2338_3x14 Ac
42 4 pin_iso_2338_3x18 Ac
43 4 pin_iso_2338_3x14_FOOT Ac
44 16 bearing_laiton_3x4_5x5_6 Lt
45 4 bearing_laiton_3x4_5x3_2 Lt
46 4 spring_tube POM
47 4 back_bowden Al
48 4 spring_l3_bowden Al
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13 ANNEX I - DRAWINGS

Position Quantity Description Material Shop number
49 8 spring_washer Al
65 4 spring_l3_intermediate Alx1.2
61 2 spring_l1 Fr4x1.2
62 2 hind_spring_l1 Fr4x1.2
63 4 spring_l1_intermediate Fr4x1.2
64 4 spring_l3 Fr4x1.2
65 4 klaue_spring Fr3x1.2

(2 pcs cuivrées d’un et 2 de l’autre côté)
66 1 back Fr4x2.4
67 2 segment_l1_reinforcement Fr4x2.4
68 2 hind_segment_l1_reinforcement Fr4x2.4
69 4 segment_l3_reinforcement Fr4x2.4
70 4 kondo_bowden_horn Fr4x3.2
71 4 klaue Fr3x3.2

(2 pcs cuivrées d’un et 2 de l’autre côté)
73 2 segment_l1 Fr3x3.2
74 4 segment_l2 Fr3x3.2
75 2 segment_l3 Fr3x3.2
76 2 hind_segment_l1 Fr3x3.2
77 4 hind_segment_l2 Fr3x3.2
78 2 hind_segment_l3 Fr3x3.2

13.2 Part list - modifications

13.2.1 Parts to remove

Position Quantity Description Material Shop Partnumber
70 4 kondo_bowden_horn Fr4x3.2

13.2.2 Parts to add

Position Quantity Description Material Shop Partnumber
70 4 Conrad Alu Servohorn Al Conrad 226636

4 BOH JR Blau GEW
NR 226636, similar to 233159-62
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13.3 Drawings - as used for the prototype

13.3 Drawings - as used for the prototype
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14 Annex II - Test electronics

The important part of the datasheet of the PIC test board used is included here. Fig. 33
shows the schematics of the connector board used to connect the PIC Testboard to the
Kondo KRS-2350 ICS RC servo motors and the power supply.

A 14-pin flat cable connector is used to connect the output pins PIN_B0, PIN_A0
- PIN_A5 and PIN_C0 from the PIC board to the corresponding pins P2-P9 on the
connector board12 (Fig. 33).

Pin TP1 on the connector board should be connected to the “7..30 V” supply voltage
pin on the PIC connector board. GND is connected through the 14-pin flat cable.

A 6 V power supply is to be connected to pins TP2 (GND) and TP3 (VCC) - exactly
how much power is required is not sure at the moment, at least 8 A current should be
provided to power all the motors.

Figure 33: Schematics of the power supply connector board

12Note that if the connectors are both on the same side of the cable, either the connector on the PIC or
the connector on the connector board has to be mounted the wrong way around (turned by 180◦)
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15 Annex III - Code

15.1 Matlab

The matlab files used to produce the plots shown troughout the report are on the
CD-ROM that was handed in with this report.

15.2 Manual control program

The manual control program used to send simple commands over the serial bus in
order to test the robot is on the CD-ROM that was handed in with this report.

It requires Qt 4.3.3 (http://www.trolltech.com) and QExtSerialPort (http:
//qextserialport.sf.net) and should work both on Windows and Linux/Posix
systems.

15.3 Pic 18F2580 PWM

This code compiles with the CCS C Compiler - Version 4.062 was used. It is also
included on the CD-ROM that was handed in with this report.

15.3.1 main.h

1 /∗
2 ∗ Author : Simon Ru t i shau s e r <simon . r u t i s h a u s e r @ e p f l . ch>
3 ∗ Date : 09−JAN−08
4 ∗/
5
6 #ifndef include_main
7 #define include_main
8
9 #include <18F2580 . h>

10 #dev ice adc=8
11
12 #FUSES NOWDT //No Watch Dog Timer
13 #FUSES WDT128 //Watch Dog Timer u s e s 1:128 ⇒

⇒ P o s t s c a l e
14 #FUSES H4 // High speed o s c with HW enab led 4X⇒

⇒ PLL
15 #FUSES NOPROTECT // Code not p r o t e c t e d from read ing
16 #FUSES BROWNOUT // R e s e t when brownout d e t e c t e d
17 #FUSES BORV21 // Brownout r e s e t at 2.1V
18 #FUSES NOPUT //No Power Up Timer
19 #FUSES NOCPD //No EE p r o t e c t i o n
20 #FUSES STVREN // Stack f u l l / under f low w i l l cause ⇒

⇒ r e s e t
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21 #FUSES NODEBUG //No Debug mode f o r ICD
22 #FUSES NOLVP //No low v o l t a g e prgming , B3( PIC16 )⇒

⇒ or B5( PIC18 ) used f o r I /O
23 #FUSES NOWRT // Program memory not w r i t e ⇒

⇒ p r o t e c t e d
24 #FUSES NOWRTD // Data EEPROM not w r i t e p r o t e c t e d
25 #FUSES IESO // I n t e r n a l E x t e r n a l Switch Over ⇒

⇒mode enab led
26 #FUSES FCMEN // Fa i l−s a f e c l o c k monitor enab led
27 #FUSES PBADEN //PORTB p in s are c o n f i g u r e d as ⇒

⇒analog input channe l s on RESET
28 #FUSES BBSIZ2K //2K words Boot B lock s i z e
29 #FUSES NOWRTC // c o n f i g u r a t i o n not r e g i s t e r s w r i t e⇒

⇒ p r o t e c t e d
30 #FUSES NOWRTB // Boot b l o ck not w r i t e p r o t e c t e d
31 #FUSES NOEBTR //Memory not p r o t e c t e d from t a b l e ⇒

⇒ r eads
32 #FUSES NOEBTRB // Boot b l o ck not p r o t e c t e d from ⇒

⇒ t a b l e r eads
33 #FUSES NOCPB //No Boot B lock code p r o t e c t i o n
34 #FUSES LPT1OSC // Timer1 c o n f i g u r e d f o r low−power ⇒

⇒ope ra t i on
35 #FUSES MCLR // Master C l ear pin enab led
36 #FUSES NOXINST // Extended s e t e x t e n s i o n and ⇒

⇒ Indexed Addre s s ing mode d i s a b l e d ( Legacy mode)
37
38 #use delay ( c lock =40000000)
39 #use rs232 (baud=115200, p a r i t y=N, xmit=PIN_C6 , rcv=PIN_C7 , b i t s =8)
40
41 #endif include_main

15.3.2 main.c

1 /∗
2 ∗ Author : Simon Ru t i shau s e r <simon . r u t i s h a u s e r @ e p f l . ch>
3 ∗ Date : 09−JAN−08
4 ∗
5 ∗ Thi s program reads v a l u e s from the s e r i a l bus and ou tpu t s e i g h t ⇒

⇒PWM s i g n a l s
6 ∗ (may be changed by tuning PWM_COUNT) f i t f o r Kondo KRS 2350 ICS ⇒

⇒ s e r v o s on
7 ∗ the p in s s e t in pwm. c , a f t e r a l l e i g h t PWM s i g n a l s are r e c e i v e d .
8 ∗
9 ∗ Value Ac t i on

10 ∗ −−−−−−−−−−−−−−−−−−−−
11 ∗ 0 x f f R e s e t − the nex t va lue w i l l be the s e t p o i n t f o r s e r v o nr⇒

⇒ . 1
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12 ∗ 252−4 Change ope ra t i on mode o f Kondo motor ( e x a c t meaning ⇒
⇒unknown)

13 ∗ 251 Free mode − s e r v o s apply no torque
14 ∗ 0−250 P o s i t i o n s e r v o (0 means extreme p o s i t i o n in counter−⇒

⇒ c l o c k w i s e d i r e c t i o n ,
15 ∗ 250 i s the extreme in c l o c k w i s e ⇒

⇒ d i r e c t i o n ) . L i m i t s may
16 ∗ be e n f o r c e d by s e t t i n g minima/maxima in ⇒

⇒pwm_setpoints_min /max below .
17 ∗/
18
19 #include " main . h "
20 #include "pwm. c "
21
22 unsigned i n t8 pwm_setpoints [PWM_COUNT] ; // b u f f e r f o r pwm ⇒

⇒ s e t p o i n t s read from s e r i a l bus
23
24 // pwm_setpoint va lue l i m i t s e n f o r c e d by v a l i d a t e _ s e t p o i n t s ()
25 unsigned i n t8 pwm_setpoints_min [PWM_COUNT] = { 0 , 0 , 0 , 40 ,⇒

⇒ 0 , 20 , 0 , 0 } ;
26 unsigned i n t8 pwm_setpoints_max [PWM_COUNT] = { 250 , 125 , 250 , 250 ,⇒

⇒ 250 , 250 , 250 , 90 } ;
27
28 /∗ Timer2 timeout , r e s o l u t i o n was s e t to 1.6 us ,
29 but on ly a r e s o l u t i o n o f 4∗1.6 us = 6.4 us i s a c t u a l l y
30 used
31 SET_TIMER2 (0) == 409 us
32 SET_TIMER2(255 − 4) ; == 6.4 us
33 ∗/
34 #int_TIMER2
35 void TIMER2_isr ( void )
36 {
37 pwm() ;
38 }
39
40 /∗
41 ∗ e n f o r c e l i m i t s on s e t p o i n t s in pwm_setpoints
42 ∗/
43
44 void v a l i d a t e _ s e t p o i n t s ()
45 {
46 unsigned i n t8 i = 0;
47 for ( i = 0; i < PWM_COUNT; i++)
48 {
49 i f ( pwm_setpoints [ i ] <= 250) // s p e c i a l v a l u e s
50 {
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51 i f ( pwm_setpoints [ i ] > pwm_setpoints_max [ i ])
52 pwm_setpoints [ i ] = pwm_setpoints_max [ i ] ;
53 else i f ( pwm_setpoints [ i ] < pwm_setpoints_min [ i ])
54 pwm_setpoints [ i ] = pwm_setpoints_min [ i ] ;
55 }
56 }
57 }
58
59 /∗
60 ∗ i n f i n i t e loop , read from s e r i a l bus
61 ∗
62 ∗ i f 0 x f f i s read the f o l l o w i n g va lue i s a s e t p o i n t f o r the s e r v o ⇒

⇒on the f i r s t
63 ∗ channe l ( s end ing t h i s i s not n e c e s s a r y − a f t e r having r e c e i v e d ⇒

⇒PWM_COUNT v a l u e s
64 ∗ the loop r e s t a r t s with read ing a s e t p o i n t f o r the f i r s t s e r v o )
65 ∗/
66 void r e a d _ s e r i a l ( ) {
67 s t a t i c i n t1 led = 0;
68 unsigned char c ;
69 s t a t i c unsigned i n t8 i = 0;
70
71 while (TRUE) {
72 c = getchar () ;
73
74 i f ( c == 0 x f f )
75 i = 0 x f f ;
76 else
77 {
78 pwm_setpoints [ i ] = c ;
79
80 i f ( i == PWM_COUNT−1)
81 {
82 v a l i d a t e _ s e t p o i n t s () ;
83 pwm_set_values ( pwm_setpoints ) ;
84 }
85 }
86
87 i++;
88 i %= PWM_COUNT;
89
90 led=~led ;
91 outpu t_b i t (PIN_C2 , led ) ;
92 }
93 }
94
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95 void main ()
96 {
97 setup_adc_por t s (NO_ANALOGS|VSS_VDD) ;
98 setup_adc (ADC_OFF|ADC_TAD_MUL_0) ;
99 se tup_sp i ( SPI_SS_DISABLED ) ;

100 setup_wdt (WDT_OFF) ;
101 setup_t imer_0 (RTCC_INTERNAL) ;
102 setup_t imer_1 (T1_DISABLED) ;
103 setup_t imer_2 (T2_DIV_BY_16 ,255 ,1) ;
104
105 se tup_v re f (FALSE) ;
106
107 pwm_init ( ) ;
108
109 e n a b l e _ i n t e r r u p t s ( INT_TIMER2) ;
110 e n a b l e _ i n t e r r u p t s (GLOBAL) ;
111
112 r e a d _ s e r i a l ( ) ;
113 }

15.3.3 pwm.h

1 /∗
2 ∗ Author : Simon Ru t i shau s e r <simon . r u t i s h a u s e r @ e p f l . ch>
3 ∗ Date : 09−JAN−08
4 ∗
5 ∗ Thi s f i l e implements a l l the f u n c t i o n s n e c e s s a r y f o r c r e a t i n g ⇒

⇒ the PWM s i g n a l s .
6 ∗ I t r e q u i r e s Timer2 to be s e t up c o r r e c t l y (1 .6 us s t e p s ) and the⇒

⇒ i n t e r r u p t r o u t i n e
7 ∗ must c a l l the f u n c t i o n pwm() .
8 ∗/
9

10 #ifndef include_pwm
11 #define include_pwm
12
13 #include " main . h "
14
15 // Number o f PWM channe l s
16 const unsigned i n t8 PWM_COUNT = 8;
17
18 /∗
19 I n i t i a l i z e PWM to d e f a u l t v a l u e s ( Robot i s s tand ing )
20 ∗/
21 void pwm_init ( ) ;
22
23 /∗
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24 ISR f o r TIMER2 − do a l l the PWM l o g i c s
25 ∗/
26 void pwm() ;
27
28 /∗
29 ∗ Se t PWM v a l u e s
30 ∗ IN : P o i n t e r to uns igned in t8 [PWM_COUNT] con ta in ing s e r v o ⇒

⇒ang l e s 0 . . . 2 5 0
31 ∗ or s p e c i a l v a l u e s 251..254
32 ∗/
33 void pwm_set_values ( unsigned in t ∗ va lues ) ;
34
35
36 #endif include_pwm

15.3.4 pwm.c

1 /∗
2 ∗ Author : Simon Ru t i shau s e r <simon . r u t i s h a u s e r @ e p f l . ch>
3 ∗ Date : 09−JAN−08
4 ∗/
5
6 #include "pwm. h "
7
8 #include <s t d i o . h>
9

10 // m u l t i p l y t ime count e r va lue with t ime_to_us to g e t us
11 const double TIME_TO_US = 6 .4 ;
12
13 // output p in s
14 const unsigned in t16 pins [] = { PIN_B0 , PIN_A0 , PIN_A1 , PIN_A2 , ⇒

⇒PIN_A3 , PIN_A4 , PIN_A5 , PIN_C0 } ;
15
16 // kondo c h a r a c t e r i s t i c s
17 const unsigned in t16 PWM_PULSE_BASE = 700/TIME_TO_US ; // ⇒

⇒minimum p u l s e l e n g t h
18
19 // s p e c i a l p u l s e widths
20 const unsigned in t16 PWM_PULSE_FREE = 50/TIME_TO_US ; // sw i t ch⇒

⇒ to f r e e mode
21 const unsigned in t16 PWM_PULSE_100 = 100/TIME_TO_US ;
22 const unsigned in t16 PWM_PULSE_150 = 150/TIME_TO_US ;
23 const unsigned in t16 PWM_PULSE_200 = 200/TIME_TO_US ;
24
25 // t ime from PWM p u l s e s t a r t to nex t one
26 const unsigned in t16 PWM_CYCLE_TIME = 8000/TIME_TO_US ;
27
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28 const unsigned in t16 PWM_MIN_DELTA_T = 50/TIME_TO_US ; // PWM does ⇒
⇒not r e s o l v e ou tpu t s with t ime d i f f e r e n c e s below t h i s due to ⇒
⇒hardware l i m i t a t i o n s

29
30 // t ime counter , one s t e p == TIME_TO_US = 6.4 us
31 s t a t i c unsigned in t16 time = 0;
32
33 // t ime count e r v a l u e s at which we have to s e t p in s to ze ro
34 s t a t i c unsigned in t16 pwm_values_values [PWM_COUNT] ;
35 // co r r e spond ing p in s
36 s t a t i c unsigned in t16 pwm_values_pins [PWM_COUNT] ;
37 // array index − which i s the nex t va lue to t r e a t in pwm_values_∗
38 s t a t i c unsigned i n t8 pwm_values_pos = 0;
39
40 void pwm_sort_values () ;
41 signed in t pwm_values_compare ( char ∗arg1 , char ∗arg2 ) ;
42
43 /∗
44 ∗ i n i t i a l i z e pwm v a l u e s − robo t should be s tand ing
45 ∗/
46 void pwm_init ( ) {
47 unsigned i n t8 va l [PWM_COUNT] = { 90 , 0 , 170 , 250 , 170 , 250 , 90 , ⇒

⇒0 } ;
48 pwm_set_values ( va l ) ;
49 }
50
51 /∗
52 ∗ TIMER2 ove r f l ow i n t e r r u p t t r ea tment − do a l l the PWM l o g i c s
53 ∗
54 ∗ How i t works : We keep our own 16−b i t t imer " t ime " . A l l the t ime ⇒

⇒ v a r i a b l e s used
55 ∗ work with a r e s o l u t i o n o f 6.4 us ( whereas TIMER2 has a ⇒

⇒ r e s o l u t i o n o f 1.6 us ) .
56 ∗
57 ∗ A l l the PWM output dura t i on s are s o r t e d and s t o r e d in ⇒

⇒pwm_values_values , the
58 ∗ program s t a r t s by s e t t i n g a l l output p in s ( to 1) at t ime = 0
59 ∗
60 ∗ I t l o ok s at pwm_values_values [0] to s e e i f i t has to s e t ⇒

⇒pwm_values_pins [0] to
61 ∗ ze ro . I f not i t ch e ck s how long i t has to wait :
62 ∗ − l ong e r than a comple t e TIMER2 c y c l e (−> increment t ime by 64⇒

⇒ (∗6.4 us ) )
63 ∗ − s h o r t e r than a comple t e TIMER2 c y c l e (−> s e t TIMER2 ⇒

⇒a c c o r d i n g l y to g e t the
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64 ∗ next t imeout when we have to r e s e t pwm_values_values [0] and ⇒
⇒ inc rement t ime )

65 ∗ I f i t has to r e s e t pwm_values_pins [0] i t does so , ch e ck s i f i t ⇒
⇒a l so , in c r emen t s

66 ∗ pwm_values_pos , and che ck s i f i t has to r e s e t pwm_values_pins [1 ,⇒
⇒ 2 , 3 , i ]

67 ∗ Then the whole r e s t a r t s , on ly tha t the program now lo ok s at ⇒
⇒pwm_values_values [ i ] .

68 ∗/
69 void pwm() {
70 unsigned i n t8 i = 0;
71 unsigned in t16 dt = 0;
72
73 // r e s e t a l l the PWM output p in s tha t have to be r e s e t now
74 while ( pwm_values_pos < PWM_COUNT && ( time + PWM_MIN_DELTA_T >= ⇒

⇒pwm_values_values [ pwm_values_pos ] ) ) {
75 outpu t_b i t ( pwm_values_pins [ pwm_values_pos ] , 0x00) ;
76 pwm_values_pos++;
77 }
78
79 // s e t a l l the p in s and s t a r t new PWM c y c l e
80 i f ( time >= PWM_CYCLE_TIME) {
81 for ( i = 0; i < PWM_COUNT; i++) {
82 outpu t_b i t ( p ins [ i ] , 0xFF ) ;
83 }
84 time = 0;
85 pwm_values_pos = 0;
86 }
87
88 // a l l ou tpu t s are zero , wa i t ing f o r t ime to reach ⇒

⇒PWM_CYCLE_TIME
89 i f ( pwm_values_pos == PWM_COUNT) {
90 time += 64;
91 }
92 else {
93 // d i f f e r e n c e between our 16−b i t t imer and the nex t PWM va lue ⇒

⇒change
94 dt = pwm_values_values [ pwm_values_pos ] − time ;
95
96 i f ( dt >= 64) {
97 // l e t TIMER2 r e s t a r t at 0 f o r another c y c l e
98 time += 64;
99 }

100 else {
101 // nex t PWM output change i s due f a s t e r than nex t TIMER2 ⇒

⇒over f l ow ,
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102 // s e t TIMER2 a c c o r d i n g l y
103 // l e f t s h i f t due to 1.6 us r e s o l u t i o n o f TIMER2 , " our " t imer⇒

⇒−v a r i a b l e s
104 // only use 6.4 us = 4∗1.6 us r e s o l u t i o n
105 SET_TIMER2(256 − ( dt<<2) ) ;
106 time += dt ;
107 }
108 }
109 }
110
111 /∗
112 ∗ change s e t p o i n t s o f the PWM
113 ∗/
114 void pwm_set_values ( unsigned i n t8 ∗ va lues ) {
115 unsigned i n t8 i ;
116
117 for ( i = 0; i < PWM_COUNT; i++) {
118 pwm_values_pins [ i ] = pins [ i ] ;
119
120 i f ( va lues [ i ] <= 250) {
121 pwm_values_values [ i ] = va lues [ i ] + PWM_PULSE_BASE;
122 }
123 else {
124 switch ( va lues [ i ] ) {
125 case 251:
126 pwm_values_values [ i ] = PWM_PULSE_FREE;
127 break ;
128 case 252:
129 pwm_values_values [ i ] = PWM_PULSE_100 ;
130 break ;
131 case 253:
132 pwm_values_values [ i ] = PWM_PULSE_150 ;
133 break ;
134 case 254:
135 pwm_values_values [ i ] = PWM_PULSE_200 ;
136 break ;
137 case 255:
138 pwm_values_values [ i ] = 0;
139 break ;
140 }
141 }
142 }
143
144 pwm_sort_values () ;
145 }
146
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147 /∗
148 ∗ compare f u n c t i o n f o r the pwm_sort_values () q u i c k s o r t a lgor i thm
149 ∗/
150 signed in t pwm_values_compare ( char ∗arg1 , char ∗arg2 ) {
151 int16 val1 , val2 ;
152
153 val1 = ∗(( unsigned in t16 ∗) arg1 ) ;
154 val2 = ∗(( unsigned in t16 ∗) arg2 ) ;
155
156 i f ( val1 < val2 )
157 return −1;
158 else i f ( val1 == val2 )
159 return 0;
160 else
161 return 1;
162 }
163
164 /∗
165 ∗ Adapted q u i c k s o r t , s o r t s pwm_values_values in as c end ing order ;
166 ∗
167 ∗ the same move o p e r a t i o n s are a l s o a p p l i e d to pwm_values_pins ⇒

⇒such tha t
168 ∗ the pin addr e s s c o r r e spond ing to a t imeout in pwm_values_values ⇒

⇒ i s a t the
169 ∗ same array index in pwm_values_pins
170 ∗/
171 void pwm_sort_values () {
172 unsigned in t m, j , i , l ;
173 in t1 done ;
174 //BYTE t [16] ;
175 unsigned in t16 t ;
176
177 m = PWM_COUNT/2;
178 while ( m > 0 ) {
179 for ( j =0; j <(PWM_COUNT−m) ; ++j ) {
180 i = j ;
181 do
182 {
183 done=TRUE;
184 l = i+m;
185 i f ( pwm_values_compare ( pwm_values_values+i , ⇒

⇒pwm_values_values+l ) > 0 ) {
186 // sw i t ch v a l u e s in pwm_values_values
187 t = pwm_values_values [ i ] ;
188 pwm_values_values [ i ] = pwm_values_values [ l ] ;
189 pwm_values_values [ l ] = t ;
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190
191 // a l s o sw i t ch co r r e spond ing v a l u e s in ⇒

⇒pwm_values_pints
192 t = pwm_values_pins [ i ] ;
193 pwm_values_pins [ i ] = pwm_values_pins [ l ] ;
194 pwm_values_pins [ l ] = t ;
195
196 i f (m <= i )
197 i −= m;
198 done = FALSE ;
199 }
200 } while ( ! done) ;
201 }
202 m = m/2;
203 }
204 }

119



15 ANNEX III - CODE

120



16 Annex IV - Datasheets

16.1 Kondo Red Version technical manual

There is no official Kondo servo manual available. The following unofficial and incom-
plete translation from the Japanese manual can be found at http://www.robotshop.
ca/PDF/rbixs03-KRSmanual.pdf

16.1.1 Findings about the Kondo Servos

PWM modulation
Short pulses of 700 µs mean that the servo turns in counterclockwise direction, the
longer the pulse the more it turns in clockwise direction.

The 100 µs, 150 µs and 200 µs allow apparently to switch between different servo
configurations (PID parameters and other settings). However these configurations
can only be tuned using a proprietary interface, they are therefore not very useful in
practice.

Motor and Gear
Since Dynamixel, producing servo motors with performance slightly inferior to the
Kondo servos, officially states that they include Maxon motors it can be assumed
that Kondo also uses motors made by Maxon, Faulhaber, Escap or a similar high-
performance motor brand.

Diameter and length of the included motor are both 17 mm, the nominal voltage is
6 V. Checking in the catalogues of the forementioned fabricants, only Faulhaber has
a motor of these dimensions (it is not sure which brand of motors is used by Kondo,
though).

The exact gear reduction is not known - assuming r = 170 (commonly found in
servo motors) it is found from the Faulhaber motor data that:

ωout = 2π
nc,max

60
= 1047 rad/s (59)

where nc,max = 14′000tr/min. This gives a maximum velocity in the usual servo-units
(s/60◦ = s/rad) of

vmax =
1
ω
r

= 0.1623 s/rad (60)

Which corresponds exactly to the known maximum velocity of a KRS-2350 ICS motor.
The stall torque of MH = 5.34 mNm would result in an output stall torque of

M0 = r ·MH = 170 · 5.34 mNm = 0.9 Nm (61)

which is about half of what is given for the KRS-2350 (20 Kg · cm ≈ 2 Nm).
Thus it seems that Kondo does use a motor which, though similar in dimensions,

has characteristics that differ quite a bit from those of a Faulhaber 1717 SR motor.
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KRS Red Version Series technical manual 
Thank you for choosing KONDO KRS series servo. Please make sure this instruction manual using 
KRS series servo. This instruction describes the mutual contents for a KRS Red Version, please refer 
the each specification to each manual. 
 
Specification   
Dynamical Specification Setting Function 
It requires the ICS PC interface cable ( as an option ) for connecting with PC. You can download this 
application from KONDO website. 
◎ Connection with PC available!! 
Advanced interactive communication system inside. You can connect with PC using ICS PC 
interface cable ( No.01018  6,000yen). You can set the servo dynamics parameters as you like using 
GUI interface. 
<Setting parameters> 
● Pulse stretch ・・・・・・・・ Holding characteristic 
● Speed  ・・・・・・・・ Max speed 
● Punch  ・・・・・・・・ Initial response 
● Dead band  ・・・・・・・・ Neutral band 
● Damping ・・・・・・・・ Damping parameter 
● Pulse operation timer ・・・・ Time to free mode 
● Limit ・・・・・・・・ Operation angle 
● Reverse ・・・・・・・・ Reverse direction 

 
Specification   
Advanced Function 
New function 
◎ Characteristic change function 
Changeable setting parameter from the specific signal 
◎ Position capture function 
You can obtain current position from servo. 
◎ Power reduction function 
You can cut the power by command. 
 Danger !  It is postulated dangers such as death or heavy injury unless you keep in mind. 
● Do not touch servos during operation 
※ This servo outputs high torque, therefore, you will fracture and cutoff when you intervene 
between the mechanism. 
 Warning !  It is postulated dangers such as injury or damage something unless you keep in mind. 
● Please make sure the input signal and input voltage 
※ Do not input irregular signal and voltage. It causes malfunction or breakage. 
● Please make sure the direction of connector and insert correctly. 
※ It causes malfunction of servo. 
● Do not use on wet place. 
※ IT cause malfunction of servo. 
● Do not decompose and modify. 
 Operating remark  
● This is only for robot, you can not use for radio control car model and so on. 
● Please make sure a servo operate smoothly. A life of servo will be shorter if mechanism has 
deflection and gap. 
● Servo might be cause sufficient output torque if you select dry cell. 
● Operation angle range depends on an input signal. 
● This servo accepts the signal from 700 usec to 2300 usec, and these corresponds the minimum 
angle and maximum angle. Avoiding misoperation by noise and wrong input signal, you can set the 
limit value using ICS PC interface cable which is option. 
 Common Specifications  
● Input voltage : DC 6V   ● Maximum operation angle : 180 degree 



 Control signal  
 You can connect this servo to general receiver for radio control model。 

(neutral position is 1.5 msec,  signal period is from 8 to 20 msec ) 
 
 Technical instruction for advanced functions  
Characteristic change function ( changing parameters ) 
 Input signal for general servos is from 0.7 
to 2.3 msec signal and from 8 to 20 msec 
signal period. Servos control position 
corresponding to this input signal, 
furthermore, red version servos can change 
the pulse stretch, speed parameters. 

 
  Input signal : 100 usec      change to parameter 1 
  Input signal : 150 usec      change to parameter 2 
  Input signal : 200 usec      change to parameter 3 
 

Power reduction function ( free mode ) 
If you send 50 usec signal, servos becomes free mode until input signal from 700 to 2300 usec will 
be caused. When you send characteristic change function during free mode, a servo keeps free mode. 
Position capture function ( output a current position ) 
When a servo obtains 50, 100, 150 and 200 usec signal, it outputs a position signal corresponding to 
current position within 100 usec. You can calculate a current position monitoring this pulse on 
outside PC. After sending a position signal from a servo, it changes input mode. During output mode, 
a servo keeps current position. 
 
Input signal               100～200usec        50usec             700～2300usec 
 
 

Direction      Input   Output   Input   Output       Input 
 
Behavior       Normal mode     Keep position             free mode             Normal mode 

 
● Notice for using advanced function 
※ 3 characteristics are same initially. 
※ Please make sure the parameter number when you setup it. 
※ Please make sure the battery voltage and noise, they may cause irregular behavior. 
※ CPU boards are required pull up resister and change direction as input/output in order to use 
position capture function. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 for repair  
 Please send defect products with following 
message. 
(1) Status of your problem 
(2) Situation of your usage 
(3) Product number and quantity 
(4) Your name, address, telephone number 

 Contact  
Kondo Kagaku Co., Ltd. 
4-17-7 Higashi-nippori, Arakawa-ku, Tokyo 
116-0014 Japan 
TEL : +81-3-3807-7751 

M2.6 x 6 tapping screw 

Washer 

 Free hone 

M2.6 x 6 tapping screw 

Washer 

Bearing 

Free hone 

KRS-700 series has a
axis on bottom case, you
can use double holding
axis using free hone. 

KRS-2300 series
has a axis on bottom
case, you can use
double holding axis
using free hone with
bearing No.01025 ). 

How to use with double holding axis ( This is only for servo with bottom axis ) 



	 1
	 2
	 3
	 4

	 5
	 6
	 7
	 8

	 9
	10
	11
	12

	13
	14
	15
	16
	17

	18
	19
	20

	21
	22

	23

	24
	25
	26

	27
	28
	29

UN

R
P2 max.

η max.

no

Io

MH

MR

kn

kE

kM

kI

∆n/∆M
L
τ m

J
α max.

Rth 1 / Rth 2

τ w1 / τ w2

≤
≤

ne max.

Me max.

Ie max.

Volt
Ω
W
%
	 	
rpm
A
mNm
mNm

rpm/V
mV/rpm
mNm/A
A/mNm
	
rpm/mNm
µH
ms
gcm2

.103rad/s2

	
	K/W
s

°C
°C

mm
N
N
N

mm
mm

g

rpm
mNm
A

1717 ... SR

2 mNm

	 3	 6	 12	 18	 24
	 1,07	 4,30	 17,1	 50,1	 68,8
	 1,97	 1,96	 1,97	 1,50	 1,96
	 69	 69	 70	 68	 70

	 14 000	 14 000	 14 000	 12 300	 14 000
	 0,091	 0,046	 0,023	 0,013	 0,011
	 5,37	 5,34	 5,38	 4,66	 5,36
	 0,18	 0,18	 0,18	 0,18	 0,17

	 4 820	 2 410	 1 210	 709	 602
	 0,207	 0,414	 0,829	 1,410	 1,660
	 1,98	 3,96	 7,92	 13,50	 15,90
	 0,505	 0,253	 0,126	 0,074	 0,063

	 2 610	 2 620	 2 600	 2 640	 2 610
	 17	 65	 260	 760	 1 040
	 16	 16	 16	 16	 16
	 0,59	 0,58	 0,59	 0,58	 0,59
	 92	 92	 92	 80	 92

4,5 / 27
2,0 / 210

– 30 ...	+	  85
	 +	125

1,5	 	 1,5	 	 1,5
1,2	 	 5	 	 5
0,2	 	 0,5	 	 0,5
20	 	 10	 	 10

0,03	 	 0,015	 	 0,015
0,2	 	 0,2	 	 0

18

	 10 000	 10 000	 10 000	 10 000	 10 000
	 2	 2	 2	 2	 2
	 1,20	 0,60	 0,30	 0,18	 0,15

1717 T		  003 SR	 006 SR	 012 SR	 018 SR	 024 SR

1717 T

15A, 16A, 16/7

IE2 – 16 ... 512

 1,6

10

M1,6
Aø0,3

6x

±0,36

Aø0,05
0,02

1

2

17

1

±0,38,1

ø15,9
 
-0,052ø17

-0,004
ø1,5 -0,009

ø3,5

 
-0,05ø6

10,6

2

4,2 ±0,5

2,1
606x

A

00

www.faulhaber-group.com

Series

DC-Micromotors
Precious Metal Commutation

Nominal voltage
Terminal resistance
Output power
Efficiency

No-load speed	
No-load current (with shaft ø 1,5 mm)
Stall torque
Friction torque	

Speed constant
Back-EMF constant
Torque constant
Current constant

Slope of n-M curve
Rotor inductance
Mechanical time constant
Rotor inertia
Angular acceleration

Thermal resistance
Thermal time constant
Operating temperature range:
– motor
– rotor, max. permissible

Shaft bearings
Shaft load max.:
– with shaft diameter
– radial at 3 000 rpm (3 mm from bearing)
– axial at 3 000 rpm
– axial at standstill
Shaft play:
– radial
– axial

Housing material
Weight
Direction of rotation

Speed up to
Torque up to
Current up to (thermal limits)

sintered bronze sleeves    ball bearings                   ball bearings, preloaded
(standard)                        (optional)                        (optional)

steel, black coated

clockwise, viewed from the front face

(optional – 55 …	+ 125)

deep

Orientation with respect to motor 
terminals not defined

For combination with 	 (overview on page 14-15)
Gearheads:

Encoders:

Edition 2006-2007

Recommended values - mathematically independent of each other 

For details on technical information and lifetime performance 	 For options on DC-Micromotors refer to page 64.
refer to pages 28-34.	 Specifications subject to change without notice.



16.2 Piher PTC 10 LV

16.2 Piher PTC 10 LV

This is the datasheet for the Piher PTC 10 LV potentiometers to be used for angle
detection. Using a potentiometer with “E” option is advisable since these have higher
mechanical lifetime. The pin drawings fit to the “L” rotors.

125
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16 ANNEX IV - DATASHEETS

16.3 Cables

Cables used for force transmission from motors to the legs - part number 26 (d =
0.63, l ≈ 220): Câbles Inox AISI 316, Construction 7x7 (page 19)
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www.carlstahl.com 19

Mindestbruch-
kraft

Min. break. load
Charge rupt. min.

N

247
473
687

946
1279
1847

2100

Mindestbruch-
kraft

Min. break. load
Charge rupt. min.

N

152
270
417

613
765
976

1227
1590
2099

2768
3551
4690

8340
13000
18800

33300

Mindestbruch-
kraft

Min. break. load
Charge rupt. min.

N

10
15
59

103
162
235

324
422
440

647
785

1075

1274
1800
1820

2260
3360
5060

9010
14100
20300

Edelstahlseil 1.4401
Stainless steel wire rope AISI 316
Câbles Inox AISI 316

Konstruktion 7 x 7
Construction 7 x 7

Nenn-l

Nom. dia
Dia nom.

mm

0,12
0,18
0,27

0,36
0,45
0,54

0,63
0,72
0,81

0,90
1,00
1,20

1,35
1,50
1,80

2,0
2,5
3,0

4,0
5,0
6,0

Gewicht

Weight
Poids

kg/1000 m

0,060
0,130
0,290

0,520
0,800
1,200

1,600
2,100
2,600

3,200
3,900
5,000

7,200
9,200
12,7

15,7
24,6
35,4

62,9
98,3

142,0

Best.-Nr.

Ref. No.
Réf.

CG 077012
CG 077018
CG 077027

CG 077036
CG 077045
CG 077054

CG 077063
CG 077072
CG 077081

CG 077090
CG 077100
CG 077120

CG 077135
CG 077150
01551018

01551020
01551025
01551030

01551040
01551050
01551060

Edelstahlseil 1.4401
Stainless steel wire rope AISI 316
Câbles Inox AISI 316

Konstruktion 7 x 19
Construction 7 x 19

Nenn-l

Nom. dia
Dia nom.

mm

0,45
0,60
0,75

0,90
1,00
1,20

1,35
1,50
1,75

2,00
2,50
3,0

4,0
5,0
6,0

8,0

Gewicht

Weight
Poids

kg/1000 m

0,810
1,440
2,100

3,500
4,400
5,600

7,100
9,000

13,500

17,000
24,500
34,200

60,900
95,200

138,000

243,000

Best.-Nr.

Ref. No.
Réf.

CG 719045
CG 719060
CG 719075

CG 719090
CG 719100
CG 719120

CG 719135
CG 719150
CG 719175

CG 719200
CG 719250
01601030

01601040
01601050
01601060

01601080

Edelstahlseil 1.4401
Stainless steel wire rope AISI 316
Câbles Inox AISI 316

Konstruktion 8 x 19 + 7 x 7
Construction 8 x 19 + 7 x 7

Nenn-l

Nom. dia
Dia nom.

mm

0,57
0,76
0,95

1,14
1,33
1,52

1,76

Gewicht

Weight
Poids

kg/1000 m

1,170
2,120
3,200

4,720
6,400
8,340

10,360

Best.-Nr.

Ref. No.
Réf.

CG 819057
CG 819076
CG 819095

CG 819114
CG 819133
CG 819152

CG 819176

* Festigkeitsklasse 1570 N/mm2

* Tensile strength 1570 N/mm2

* Fils de résistance 1570 N/mm2

* Festigkeitsklasse 1570 N/mm2. **nur in Werkstoff 1.4301 lieferbar.
* Tensile strength 1570 N/mm2.  **only available in AISI 304
* Fils de résistance 1570 N/mm2. **Existe seulement en AISI 304

Diese und andere Sonderkonstruktionen 
fertigen wir auf Anfrage. Mindestmengen er-
forderlich.
This and other special constructions are avai-
lable on request. Minimum production quanti-
ties apply.
Cette construction ainsi que d’autres 
constructions spéciales sont fabriquées à 
la demande.

Diese und andere Sonderkonstruktionen 
fertigen wir auf Anfrage. Mindestmengen 
erforderlich.
This and other special constructions are 
available on request. Minimum production
quantities apply.
Cette construction ainsi que d’autres 
constructions spéciales sont fabriquées à 
la demande.

Alle Litzen und Drahtseile werden, falls nicht
anders angegeben, in der Festigkeitsklasse
von 1770 N/mm2 geliefert.
Unless otherwise specified, all strands and
ropes are manufactured with a tensile
strength of 1770 N/mm2.
Tous les torons et câbles sont réalisés avec
des fils de résistance 1770 N/mm2 sauf
mention contraire.

Edelstahlseil 1.4401
Stainless steel wire rope AISI 316
Câbles Inox AISI 316

Konstruktion 8 x 7 + 1 x 19
Construction 8 x 7 + 1 x 19

Nenn-l

Nom. dia
Dia nom.

mm

0,44
0,55
0,66

0,77
0,88
0,99

1,10
1,21
1,32

1,43
1,54

Gewicht

Weight
Poids

kg/1000 m

0,760
1,200
1,700

2,300
3,000
3,900

4,700
5,700
6,800

8,000
9,200

Best.-Nr.

Ref. No.
Réf.

CG 087044
CG 087055
CG 087066

CG 087077
CG 087088
CG 087099

CG 087110
CG 087121
CG 087132

CG 087143
CG 087154

Mindestbruch-
kraft

Min. break. load
Charge rupt. min.

N

172
270
387

495
696
824

1010
1226
1471

1716
1962

Stahldrahtseile aus Edelstahl rostfrei Stainless steel wire ropes
Câbles en Inox

**
**

*

*
*
*

*
*
*

*

*
*
*

*
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