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Abstract—This study introduces a new design for the drivetrain
of a robotic ball. An application for the robotic ball is a
rehabilitation device for young children. With these children,
movement can be stimulated in a more intuitive way when a
robotic ball is used compared to other training programs. Since
the ball will be kicked and played with, an important requirement
is the ability to handle multiple impacts, i.e. the ball is impact
resistant. Additional requirements are the ability to roll like a
normal ball (the center of gravity is in the center of the ball)
and maintain low weight and cost. The final design is found
through iterative testing and shape optimization of the individual
components. The impact resistance of the final design is met by
protecting from torque overload and the possibility to absorb
shocks, however, the latter still requires testing to confirm the
drivetrain’s impact resistance. The proposed design successfully
fulfills the size and weight requirements for implementation in
a robotic ball, representing a promising step toward creating a
robotic ball with enhanced impact resistance. A subject for future
research remains the development of the complete robotic ball,
with a shell and suspension mechanism.

I. INTRODUCTION

A. Motivation

Maintaining regular exercise and learning basic motor skills

are essential for the development of young children [1] [2] [3].

However, it can be restricted when children are forced to be in

hospitals or immobilized in bed due to their illness or injury.

Exercise programs are in place, but focus on predetermined

movements and include screen time [4]. A more intuitive way

is proposed by a company called Luuno in collaboration with

the Delft Technical University and Erasmus Medical Institute.

The aim is to let the children interact with the environment

and stimulate movement by using a robotic ball, named Fizzy.

The current design of Fizzy has similar characteristics to

commercial alternatives, where the movement is generated

with an off-center moving mass and the outer shell is rigid.

A difference is the application of these commercial balls, for

example, the GroundBot (Rotundus AB, Sweden) [5] is used in

surveillance. The Wicked Ball SE (Cheerble, USA) [6] is used

for pets and the Sphero BOLT (Sphero Inc. USA) [7] is used

as educational tool. The latter has also been used in studies to

test the effect a robotic ball has on children’s behaviour [8] [9].

The study’s preliminary results are in favor of using a spherical

robot, however, further research is required with larger group

sizes. Another study with a noncommercial ball, Roball [10],

also indicates improvements in mobility through a spherical

robot [11]. These studies show the potential of a robotic ball

being used for rehabilitation. The hypothesis is that with a

new robotic ball design the interaction with the children will
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be enhanced, which together with a cost-effective design could

result in a promising solution for a new rehabilitation toy.

Literature reviews already show multiple design options and

sensors that can be used in robotic balls [12] [13] [14]. The

proposed design for Fizzy differs from the state of the art

in multiple aspects. The first is the use of only one motor

to accommodate all movement directions. Second, the axis

around which the moving mass is rotating is not in the center

of the ball. This will enable the ball to have a ’folded’ position

with the center of mass in the middle of the sphere (Fig. 1).

Third, the electronics are used as moving mass, making the

whole system lighter by not having to add additional weights.

And lastly, the shell of the ball will be deformable, like a

normal soccer ball. The deformable shell and the interaction

with children impose an important requirement on the internal

mechanism of the ball, namely being capable of handling

multiple impacts. The need for an impact-resistant drivetrain

becomes clear.

S

F
Electronics

Shell

Fig. 1. Proposed mechanical layout of the new Prototype of Fizzy. The robotic
ball has a deformable shell with electronics inside connected to an axis that
has an off-set with the center of the ball S. The shell can transfer impact force
F to the electronics under certain loads.

B. Impact scenarios

The drivetrain, including the motor, transmission, and elec-

tronics is exposed to the impact a child can impose on

the robotic ball. This study considers two worst-case impact

scenarios. The first scenario is a fast deceleration of the

complete drivetrain, with critical stresses on the motor axis

and connection points (Fig. 2(a)). Conventional options to

include a buffer layer between the impacting surface and the

component that needs protecting can not be applied in this

case. The reason is the limited amount of space (weight close

to the surface) and weight-saving requirement.

For the second scenario, the drivetrain is horizontal with

respect to the fixed axis around which it can rotate. When

the ball hits an object in this configuration, the motor axis
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and with it the transmission from the motor is exposed to a

critical torque (Fig. 2(b)).

(a) (b)

Fig. 2. Two different impact scenarios. (a) Fast deceleration, where the
shock is absorbed through the structural connections. (b) Torque overload,
with critical torque on the motor axis.

C. Robust drivetrain

The state of the art in impact-resistant drive trains can also

be divided into the previously mentioned impact scenarios

shock absorption and torque overload. Shock absorption can

most efficiently be achieved by a system that exerts a constant

force while displaced, e.g. the crumple zone of a car [15].

More information on constant force mechanisms is given

in Appendix A. Examples of advanced suspension systems

that use constant force mechanisms are found in a gravity

compensator [16] or in the landing gear on a Mars rover

[17]. In the case of the gravity compensator, the suspension

system is limited by the need for an active system. An active

suspension system can not be implemented in small designs

that require low battery usage. The landing system of the

Mars rover fixes this problem by being passive. However, the

compactness of this design is low. Defining compactness as the

stroke length divided by the build-in height. A solution with

higher compactness has the potential to absorb more energy

and reduce weight.

Instead of a mechanical mechanism a material layer can

also be used as an energy absorber. Examples are the padding

of a shin guard, the rubber casing of a mobile phone, or

the more advanced metamaterial as proposed by Yang and

Ma [18]. General impact absorbing systems use a spring-

damper system together with rigid components to guide the

movement, e.g. the four-bar linkages design in cars. Impact

mitigation with only an impact-absorbing material layer solves

this problem. However, the amount of material needed to

replace the structural properties of the guiding system make

the design big and heavy. Therefore, the layered materials

that absorb impact do not suffice in a minimal-weight design.

Metamaterials are lighter compared to solid material layers

but have a limited stroke compared to their size, i.e. low

compactness.

The protection for torque overload can be solved by a

torque limiter. Examples of torque limiters are a shear pin,

friction coupling [19] [20], a tolerance ring [21] [22], hydraulic

coupling [23], ball-detent coupling [24] or magnetic coupling

[25] [26]. The main limitation of current torque limiters is the

added length to the motor axis. A shear pin is an exception

in this case but needs replacement after the first impact. Since

space is limited inside a robotic ball the added length with the

torque limiter is not desirable.

A solution that does not add extra components to the

drivetrain is a direct drive motor or the use of a low in-

ertia gearbox. The inertia of a gearbox is coupled with the

transmission ratio, a lower transmission ratio means lower

inertia. The MIT cheetah design is an example of a low-

geared system (gear ratio of 1:5.8) [27]. The drivetrain is

highly backdrivable and has the advantage of a high control

bandwidth. When impacted the inertia of the drivetrain is

low enough to mitigate the acceleration force imposed on the

gears. The use of highly backdrivable joints is not only seen

in robot dogs but also in the field of exoskeletons [28] [29]

and robotic devices interacting with humans [30] [31]. The

downside of a low-geared motor is the need for a high-torque

motor in order to meet the torque requirements. High-torque

motors are big, heavy, and costly, compared to traditional

geared motors. Another factor that needs consideration is the

power consumption of the motor. With a highly backdrivable

drivetrain a constant energy consumption is required to hold

the desired position.

D. Design objective

An impact-resistant drivetrain that can be implemented in

a robotic ball and meets the requirements of Fizzy, has not

presented itself in literature. The shock-absorbing solutions are

either too heavy, bulky, costly, or require continuous power.

The same holds for the solutions for torque overload, as the

proposed designs add extra weight, costs, or length to the

system. Therefore, the following design objective is set for this

study: design a drivetrain that is resistant to torque overload

and peak deceleration and meets the design requirements of

the robotic ball, Fizzy.

With an impact-resistant drivetrain, Fizzy can be made

more reliable and sustainable. The design can last longer

with the shock absorption protecting the internal mechanism

and can give a new look upon the use of robotic devices in

rehabilitation, or in general in toys.

The proposed design is constructed by first setting up the

requirements, which are shown in Section II-A. From these

requirements, a design is proposed with the working principle

and the shape optimization explained in Sections II-B and

II-C respectively. The tests and test setup that are required

to validate the proposed design are shown in Section II-D.

Section III holds the result from the tests as well as the final

design configuration. Lastly, a review of the performance of

the design and concluding take-home message is found in

Sections IV and V.
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II. METHODS

A. Requirements

1) Fizzy: The requirements for the design of Fizzy are

based on the dimensions of a soccer ball and the specifications

of the previous prototype of Fizzy. The restriction on the total

weight and size is similar to an official youth soccer ball, 400 g

and a diameter of 200 mm.

Fig. 3 shows an overview of the layout and the dimensions

of the system. The internal mechanism consists of an axis that

is fixed to the shell (A). The axis has an offset (a) from the

center of the sphere (S). The electronics that rotate around the

fixed axis have a center of gravity (D) and the distance to the

fixed axis and sphere center are (b) and (c) respectively. Length

(c) should not be larger than 70 mm, taking into account a

5 mm thick shell, a 5 mm distance between the shell and

drivetrain, and a maximum thickness of the drive train of

40 mm (assuming a balanced mass distribution).

Additional wishes for the design are low manufacturing

and material cost, controllability, safe materials and safe

destruction.

R

S

S

A

A

D

D

a

b

c

θ

Fig. 3. Dimensions of fizzy, with S the center of the sphere, R the radius of
the phere, A the fixed axis, D the center of gravity of the drivetrain, a the
distance between A and D, b the distance between S and A, c the distance
between S and D and θ the angle between a and the horizontal line.

2) Impact: The system must be robust against the playful-

ness of a child, i.e. the ball is able to withstand the maximum

forces a child can impose on the ball. In this case study the

force resulting from an 8-year-old is considered. To find the

maximum force, an assumption is made on the worst-case

scenario. It is assumed that kicking the ball will result in the

highest forces compared to other interaction forces that can

occur between the ball and the child.

According to literature, the maximum speed an 8-year-old

can kick a ball ranges from 13.2 m/s to 13.6 m/s [32] [33]

[34]. See Appendix B for the calculations on the ball speed.

An overview of ball speeds and their corresponding forces

can be seen in Table II. It is observed that the contact time,

testing method, and ball speed have a great influence on the

measured peak force. To get an estimate of the impact force,

the worst-case scenario is assumed to be a ball kicked by a

child instead of the ball hitting a wall. The maximum value

measured by the kicking robot (1027 N) [35] forms the basis

for the requirement for Fizzy.

The peak force is transferred back to a peak deceleration

using the mass of the ball and Newton’s second law, resulting

in 2334 m/s2. With this deceleration an assumption is made

that the connection between the shell and fixed axis from the

drivetrain is rigid, resulting in an equal deceleration for both

components. The final step to get the peak force imposed

on the drivetrain is using the mass of the drivetrain and

multiplying it with the deceleration. In a similar manner

the maximum torque can be acquired, only taking an extra

multiplication with the maximum moment arm (θ = 0). See

Table I for an overview of the requirements.

TABLE I
DESIGN REQUIREMENTS

Variable Value Unit

c 70 mm

R 100 mm

Mass 0.2 kg

Peak force 350 N

Peak torque 14 Nm

B. Design

The proposed solution for an impact resistant drivetrain

in the robotic ball, combines a stretchable belt drive and

a constant force mechanism (CFM). The belt drive has the

function of the torque transfer between two parallel axis, the

possibility to slip (torque limiter) and because it is stretchable,

a series elastic actuation. On the other hand, the constant

force mechanism complements the belt drive by keeping the

belt tension constant even if the belt is stretched (realizing a

reliable slip torque), as structural component to absorb the

impact, and by providing sideways stiffness to enable the

drivetrain to hold a horizontal position (θ = 0 in Fig. 3).

Constant force 
compression 
springs

Belt

Motor

Bearing

Rigid 
connection

Fixed axis

Motor axis

Pulley

(a) (b)

Fig. 4. Working principle of the belt drive. (a) Side view of the belt drive.
(b) Front view of the belt drive.

1) Belt drive: The peak torque that the drivetrain can with-

stand is limited by the gearbox of the motor. The minimum

torque is governed by the weight of the drivetrain and the

distance between the fixed axis. With the peak and minimum

torque, a region can be defined in which the torque must

be transferred but not slip. The parameters that influence the

slip torque are the friction coefficient between the pulley and

belt, the pretension of the belt, the wrap angle of the belt

around the pulley, the pulley diameter, and pulley geometry.
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TABLE II
CHARACTERISTIC BALL IMPACT

Reference
Ball speed

(m/s)

e

(CoR)

Contact time

(m/s)

Ball pressure

(bar)

Peak force

(N)

Ball weight

(g)
Testing method

[36] 14 0.825 7.5 0.9 - - Finite element model

[37] 14 - 8 0.9 2362 426 Ball impact on force plate

[38] 15 0.835 8.2 0.9 2600 444 Ball impact on force plate

[39] 5.94 0.824 9.33 0.7 1117 - Ball impact on force plate

[35] 15 - 13 - 1027 440 Force plate impacted on ball (kicking robot)

[40] 24 - 10.7 0.686 1610 ⋄ 434.8 high speed camera (human kick)

[41] 29.3 0.76 9 0.882 2926 430 high speed camera (human kick)

⋄ Calculated peak force, the measured average force is multiplied by π/2,
as stated in the paper.

In Appendix C influence of these parameters on the slip torque

and mass distribution is shown. The dimensions of the pulley

diameter and groove types are based on the available material,

manufacturing possibilities, and their influence on the slip

torque. The same holds for the different belt options. Since

the friction coefficient is the most influential, different belt

materials as well as pulley materials are considered to find

the best combination that fits the slip conditions.

2) Constant force mechanism: An overview of a specific

selection of constant force mechanisms is illustrated in Fig. 5.

These mechanisms distinguish themselves from other constant

force mechanisms by being passive, working in compression,

and handling multiple impacts. In this study the inherent

constant force mechanism (Fig. 5d) is most suitable for the

robust drivetrain. The inherent constant force mechanism is

compact, adjustable, low in weight, and can be made out of

one part. A more detailed overview of the possible CFM that

can be used in multiple impact scenarios can be found in

Appendix A.

Fig. 5. Overview of constant force mechanisms that can handle multiple
impacts. (a) Combination of negative and positive stiffness, (b) Negative
stiffness elements in series, (c) Linear spring combined with a varying lever
arm, (d) inherent zero stiffness.

C. Model for shape optimization

The model for the inherent CFM is based on the paper from

Radaelli and Herder [42]. The model uses an isogeometric,

geometrically nonlinear Bernoulli beam, with a linear material

constitutive law. The model is adapted to accommodate the

design requirements of Fizzy. The design is defined as a B-

spline with 6 control points, as shown in Fig. 6. The whole

system is made symmetrical around the center line x = 0,

to ensure a straight movement up and down and to save on

computational time. The locations of the control points are

shown in Table III. Choosing two control points at the end

instead of one enables a smooth sideways connection to the

output. The spline is further divided into 50 nodes following

the example of Radaelli and Herder [42].

-0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

x (m)

0

0.01

0.02

0.03

0.04

0.05

0.06
z
 (

m
)

B-spline and control points

Control points

Nodes

B-spline

C1

Ci

Cn

Fig. 6. Half of the shape of the constant force mechanism. With Cn control
points where n = 6 and 50 nodes divide the B-spline. The layout of the
figure is adapted from the paper by Radaelli and Herder [42]

A rectangular profile for the spline is chosen, because of its

ease of manufacturing and scalability. The width and thickness

can be adjusted to increase or decrease the constant force

without having a large impact on the overall shape of the force

profile [42]. An optimal design can be found by changing the

thickness of the spline with every beam segment. However,

this will increase the computational time significantly, since it

will add 50 new variables to optimize. For this prototype, the

thickness is set to one value over the entire length of the spline

except for the end sections. The end section is thicker because

this will hold the connection to the axis. The selected values

for the thickness and width are 3 mm and 10 mm respectively.

The deformation of the design is modeled by setting a

displacement of 15 mm on the end node. The first node is

fixed and cannot rotate or translate. The end is only restricted

in rotation because the mirrored other half of the mechanism

will counter the rotational forces. The optimized design and

how it deforms are shown in Fig. 7.

The main goal of the model for the constant force mecha-

nism is to find an optimized design that exhibits constant force
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Fig. 7. Deformation profile CFM, sequence of 20 steps with a total
compression of 15 mm, applied at the middle node of the mechanism. The
undeformed and deformed configurations mark the beginning and end of the
compression.

TABLE III
CONTROL POINTS OPTIMIZATION

Control

points (mm)
Variables

Lower

bound

Upper

bound

Optimized

values

C1x q1 6 15 12.4

C1y 0 - - 0

C2x q2 9 60 9

C2y q3 0 30 30

C3x q4 9 60 14.6

C3y q5 20 60 50.6

C4x q6 9 60 9

C4y q7 20 60 60

C5x q8 9 60 9.5

C5y 35 - - 35

C6x 6 - - 6

C7y 35 - - 35

over a large range of motion. Therefore, the objective function

that is used for the optimization should minimize the error

between the prescribed ideal CFM and the proposed design.

A way of comparing the two mechanisms is by looking at

their potential energy functions. A constant force spring has

a linearly increasing potential energy function, which is not

the case for a non-ideal CFM. Taking the normalized sum of

the squared errors between the ideal energy function and the

normalized energy function, results in the following objective

function

f =
(Ũ − Û)(Ũ − Û)T

Û ÛT
, (1)

with Û the reference energy of the ideal CFM and Ũ the

normalized potential energy of the design that has to be

optimized. The objective function and the derivation can be

found in more detail in the paper by Radaelli and Herder [42].

An extra constraint is added to the optimization to in-

crease the probability of a feasible design. By constricting the

minimum distance between nodes, sharp edges and loopings

are less likely to occur. The constraint follows the following

formula for a negative null constraint: g = dmin/dnodes − 1.

With dmin the minimal distance between the nodes and dnodes
the calculated distance between the nodes. The optimization

is run using 50 random starting points with the MultiStart

option in the Global Optimization Toolbox in Matlab. The

optimization algorithm implemented is Sequential Quadratic

Programming. The variable’s lower and upper bounds as well

as the extra constraint are added to the optimization and the

results of the optimized control points are given in Table III.

D. Testing

1) Material choice: The combination of different belts,

pulley materials, and pulley geometries is tested to find out

if there is an optimal solution for the slip conditions of the

drivetrain. The available belt materials are two types of o-

rings, Nitrilbutadieenrubber (NBR) with shore hardness 70 and

90, and a stainless steel garter spring. The pulley materials

and geometry are bound by the manufacturing capabilities.

The manufacturing options available for this study that can

create high strength and roundness are a Formlabs SLA printer

and a lathe. The materials used for the pulleys are Grey

Resin (Formlabs, USA) [43] and Aluminium 7075. The pulley

geometries that can be made on a lathe are flat, 55 deg, and

35 deg v-grooves. For comparison, the same geometries are

used for the Grey Resin pulleys. An overview of the different

belts and pulleys can be seen in Fig. 8.

(a) (b) (c)

(d) (e) (f)

Fig. 8. Different pulleys and belts. (a) flat pulley, (b) 55 deg v-groove pulley,
(c) 35 deg v-groove pulley, (d) Stainless Steel garter spring, (e) NBR shore
70, (f) NBR shore 90.

2) Test specifications: In order to get an overview of

the characteristics of the different belt materials three tests

are performed: tension, cyclic loading, and creep. Important

parameters that follow from the tests are the yield strength,

the hysteresis curve, and settling time. The belt characteristics

together with the slip conditions can be used to find an optimal

design.

To compare the CFM model with a physical prototype a

CFM out of Thermoplastic Polyurethaan (TPU) is printed.

The TPU is chosen mainly due to its elasticity and ease of

manufacturing. However, a downside of 3D printing is the
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variety in stiffness. To overcome this, a dogbone tensile test

is conducted to find the Young’s Modulus of the specific

3D-printed TPU. Following the example of Xu et al. [44],

the Young’s modulus is found by testing a dogbone profiles

as indicated in standard ISO37 [45]. The dimensions and

geometry of the dogbone, as well as the testing conditions,

can be found in Appendix D.

3) Test setup: Two different test setups are used to measure

the belt and pulley characteristics and to validate the CFM

model. The first test setup is illustrated in Fig. 9. It consists

of two parallel axes mounted straight above each other. The

lower axis is fixed and cannot rotate, while the upper axis is

supported by bearings and can be rotated with the leverarm.

The fixed axis is mounted on a linear guide and can therefore

only move vertically up and down. The two axes are connected

via a belt and two pulleys. The pretension in the belt can be set

to a desired value by applying weights to the lower axis. In a

similar manner the torque on the rotating axis can be applied,

only here the weights are applied at the end of the leverarm.

Two pointers are attached to the setup to indicate the middle

of the two axis, and in combination with a caliper, the exact

elongation of the belt can be measured. Alternating the pulley

and belt material as well as the weight combinations will lead

to different testing scenarios. The tests performed with this

test setup are the creep test of the different belt materials and

the slip torque test.

Fig. 9. Test setup, with NBR o-ring as belt and Grey resin pulley. The
construction parts connecting the fixed and rotating axis as well as the
leverarm are all from 3D-printed PLA. The complete test setup is mounted
on a wooden block.

The second test setup is a ProLine Z010 (ZwickRoell, NL)

[46], with a 500 N load cell. This is a universal test bench,

which has a high stiffness and precise guidance of the load cell.

The samples can be placed inside the test setup with a gripper

or in case of a compression test between two parallel blocks.

This test bench is used for the tensile test on the dogbone

and belt materials, the compression test of the CFM, and the

cyclic loading of the belts. The tests are executed following

the protocol in Appendix D, taking into account the safety

regulations the test setup requires.
4) Case study: To investigate the size, mass, and mass

distribution of the proposed design a functioning prototype

is built. The prototype uses a similar battery to the previous

prototype of Fizzy, Lithium Ion INR18650 MJ1 3500mAh (LG

Chem, Korea) [47]. Also, the PCB design holds the same

components only changing the configuration to fit the form

factor of the new design. For the actuation of the drivetrain, the

servo motor TS90M Micro servo 360°ANALOG (TIANKON-

GRC, China) is used [48]. This servo is inexpensive and has

the required torque and speed specifications. Additionally, the

gearbox is made from metal gears increasing the maximum

torque the servo can handle. The complete prototype will be

used to validate the mass distribution by measuring the mass

and lengths between the fixed axis and center of gravity of

the drivetrain. The minimal torque requirement and speed are

tested by setting the maximum speed on the speed controller

and measuring the number of rotations per minute. With the

drivetrain initial impact resistance can be demonstrated. By

statically compressing the drivetrain an indication of its ability

to absorb impacts is felt.

III. RESULTS

A. Belt characteristics

The tensile test of the belt shows a clear difference in

stiffness between the three belts. With NBR Shore 90 showing

the highest stiffness over the whole displacement. The tensile

test is shown in Fig. 10. The breakpoint of the two NBR belts

is around the same force. Whereas the SS Tension spring does

not fail within the given displacement. The test is stopped

prematurely at 150 mm displacement. It is clear that the belt

will follow the trend of plastically deforming until the spring

is completely stretched. The test setup is not capable of such a

large displacement and the extra data is not required to make

an assesment on the tensile behaviour of the belt.

In Fig. 12 the cyclic loading test is shown. The first loading

cycle of the NBR belts shows a different behaviour compared

to the following cycles. A stiffer response is seen, and in

the case of NBR Shore 70 the response is also more linear.

The hysteresis curve is visible in all belt types, with the SS

tension spring having the smallest hysteresis curve. Similar

to the findings from the tensile test, the NBR Shore 70 belt

shows a clear increase in stiffness at around 30 N.

The results of testing the creep in the NBR o-rings are

shown in Fig. 12. The NBR Shore 70 and 90 both settle at

around 6 percent elongation. With an initial length of 35 mm,

the resulting elongation is 2.1 mm. The initial length of the

belt is taken directly after loading and is measured between

the two axes in the test setup as shown in Fig. 9.

B. Friction between belt and pulley materials

The result of the friction test is seen in Fig. 13. The

feasible region where enough torque can be transferred but
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Fig. 11. Cyclic loading comparison between (NBR) Nitrilbutadieenrubber
Shore 70, Shore 90 and (SS) Stainless Steel tension spring. De diameter of
the belts are all set to 26 mm

does not overload the motor is marked by the upper and lower

limit lines in the graph. The measurements are taken with

increments of 0.0078 Nm, resulting in the discrete steps as

seen in the graph. The maximum standard deviation of the

measured combinations is 0.0039 Nm,

The combination of Stainless Steel with Aluminium has a

higher slip torque value compared to the combination with

Grey resin. This is the other way around with the NBR belts.

The NBR belts have higher slip torques with the Grey resin

pulleys compared to the Aluminium ones. The trend that spans

all combinations is the increase in slip torque with decreasing

v-groove angle.

The highest average slip torque, of 0.120 Nm, is measured

with the 35 deg Grey resin pulleys in combination with an

NBR Shore 90 belt.
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Fig. 12. Creep test of an o-ring (NBR) Nitrilbutadieenrubber Shore 90 and
70. The diameter of the o-rings are 27 mm and the constant load during the
testing phase was 2 kg
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Fig. 13. Slip torque of the different belt types and pulley materials. Pulley
geometry: (flat) flat surface contact with the belt, (55 deg) v-groove with an
angle of 55 degrees, and (35 deg) v-groove with an angle of 35 degrees.
Pulley materials: (GR) Grey Resin and (Al) Aluminium.

C. TPU Constant force mechanism

The tensile test with the dogbone samples is shown in

Fig. 21. The dogbone samples show a large deformation path

of which only the first segment is completely elastic. The

average Young’s Modulus over this elastic region is 50 Mpa.

The Matlab model is adjusted with the Young’s Modulus

found by the dogbone tensile test. The model together with

the measurements of the TPU compression test are shown

in Fig. 15. The model shows a similar trend as the TPU

Undeformed for the first part of the compression this is not

the case for the TPU deformed for 1 day and 2 weeks. The

TPU shows a decreasing trend in force when compressed for

a longer period of time. The force at the desired displacement

drops from around 19 N to 10 N when compressed for 2

weeks.
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D. Final design

The final design is shown in Fig. 16. The prototype is

connected via the fixed axis to a stand, enabling the drivetrain

to rotate freely. The weight of the drivetrain is 142 g and the

weight distribution matches the requirement to move the center

of mass to the middle of the ball. Furthermore, the drivetrain

is capable of rotating a full turn and has a maximum speed

of 105 rpm. With continuous rotation at maximum speed, the

current drawn by the motor is around 1 A. With this current

draw the battery would last around 3.4 hours of continuous

spinning. The prototype has the potential to absorb an impact

without component failure. This potential is shown by the

ability to compress the drivetrain in the direction of the fixed

axis and by the compliance in torsion, bending, and stretching.

Fig. 16. The final prototype with integrated PCB and battery. The prototype
is connected to a stand. The stand holds the fixed axis in place to allow rations
of the drivetrain.

IV. DISCUSSION

A. Main findings

The goal of this research is to design a drivetrain that can be

implemented in the robotic ball, Fizzy and is impact resistant.

The proposed design meets the weight and space requirements

of the robotic ball. And an important feature of Fizzy, the

’folded’ configuration, is also achieved with the proposed

drivetrain. The masses and the locations of the drivetrain and

fixed axis are balanced when folded, such that the centre of

gravity is in the middle of the ball, resulting in a ’normal’

rolling ball. The final design with motor, PCB and battery

provides a platform, which can be used to implement and test

control algorithms or sensors.

The proposed design shows great resistance against torque

overload. The test on the slip torque shows the capability to

handle torque overloads. But the impact mitigation of a direct

hit is yet to be investigated, with the connections between the

components assumed to be the most critical areas. The first

step in the direction of a robust robotic ball is made with the

proposed drivetrain.

B. Slip conditions belt drive

The belt drive’s slip conditions ensure the drivetrain’s

robustness in torque overload. The belt will slip only when

there is an excessive torque, in other situations it will have

enough friction to transfer the torque of the motor and rotate

the drivetrain around the fixed axis. The slip test shows several
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combinations within the feasible range. However, a closer

look at the conditions and characteristics of the slip torque

test will show the importance of a slip torque close to the

upper limit. Enhancing mobility has always fascinated me,

together with a mechanical design aspect becomes a great

motivator. Therefore, I’m grateful for this master thesis project

and hopefully stimulate movement with the design made.

My thesis could not have worked without the help of my

two supervisors, Heike Vallery and Marco Rozendaal. I would

like to thank them both for their insights and feedback. Despite

the difficulty of scheduling a meeting with them together, it

was motivating to see how they balanced a good mixture of

creativity and functional design.

Last year Heike introduced me to Giuseppe Radaelli. The

meetings with Giuseppe were very helpful and would like to

thank him for taking the time for my questions. Heike also

introduced me to the DBL lab, which got me a new workplace,

friends, and the organization of a cleanup day. I would like

to express my gratitude to the people in the lab and a special

thanks to Bob for the short feedback moments and fun in the

office.

Lastly, I would like to thank my parents for their support

and I would like to thank my girlfriend who can cheer me

up as well as tell me to get to work and will always be in

my mind. Over time the belt drive will be influenced by wear,

this will most likely reduce the slip torque. Additionally, the

sensitivity of the test with respect to a changing environment

is high. The grease of a human hand or the initial lubrication

of the NBR o-ring will decrease friction. Another limitation

of the slip torque test is that the load is applied statically.

With a dynamic change in applied load, the slip torque would

decrease. These limitations show the importance of choosing

a belt-pulley combination with a high slip torque.

An interesting behaviour is observed regarding the NBR o-

rings in combination with the 35 deg v-groove pulleys. When

loaded the NBR o-rings get wedged inside the pulley, to the

point it is stuck and requires extra force to pull out, which

lowers the efficiency of the drivetrain. Hence, a pulley with

a larger v-groove angle is more favourable when combined

with an NBR o-ring, especially with the negligible difference

between the slip torques. Taking the pulley geometry and

slip conditions into account, the following combinations are

considered the best solutions according to the slip torque test:

NBR Shore 70 with Grey Resin 55 deg pulley, NBR Shore

90 with Grey Resin 55 deg pulley, and the SS spring with

Aluminium 35 deg pulley.

In this study, the slip conditions are not modelled but tested.

To verify the experimental data a model could be made from

the belt drive similar to the model proposed by Kong and

Parker [49]. The proposed model uses creep theory with added

belt bending stiffness to describe the state of a continuous belt

drive. Adapting the model for sudden torque increases could

result in an accurate model describing the belt drive and can

be used for future adaptation to the belt drive.

C. Belt characteristics

1) Belt test results: The choice for the optimal belt material

is made according to the stretch, cyclic loading, and creep

tests. In general, a more predictable and stiff material is desired

for the belt drive in Fizzy, because it will react faster and it

is easier to model. The NBR Shore 90 shows these stretch

characteristics as well as the SS spring. The stiffness of the

NBR Shore 70 shows a clear nonlinear behaviour, with an

increase in stiffness at around 30 N. This increase in stiffness

is not observed with the NBR Shore 90 belts. A possible

explanation could be a difference on the molecular level. NBR

Shore 90 has a higherer degree of crosslinks between the

elastomer chains compared to NBR Shore 70 [50]. The larger

amount of crosslinks could prevent the initial movement of

the elastomer chains and result in the behaviour seen in the

tensile test.

In the cyclic loading test, the hysteresis in all belt materials

is visible. The test shows that the SS spring has the best

characteristics and would be preferable in a belt drive system.

The reason is the low energy loss, which is the difference

between the area’s enclosed by the load and unload cycles.

However, unexpected is the still visible amount of hysteresis

occurring in the SS spring belt. The hysteresis could be due

to the mounting of the spring in the test setup. A pulley is

used, like in the final design, to stretch both ends. The friction

between the belt and the pulley could cause the Stainless Steel

spring to show the observed hysteresis.

The creep test shows the result of rubber being stretched

over a longer time span. The result is similar to the cyclic

loading test, the rubber has to settle first before it reaches

a steady state. In the steady state, it could be used in an

application, like a belt drive. The benefit of the SS spring

is not having to deal with the settling time and no prediction

has to be made on the final settling distance, as is the case

with the NBR o-rings. With the goal of a durable design in

mind, the NBR o-rings have another drawback. The ageing of

NBR rubber results in more wear and lower tensile strength

[51], because of these characteristics the belt has to be changed

more often compared to a Stainless Steel option.

2) Final design: The final design uses a belt drive consist-

ing of a Stainless Steel spring and an Aluminium pulley. These

materials have the benefit of fast manufacturing and assembly,

due to the fact that the SS spring can be opened and closed

and the pulley can be precisely manufactured. The whole setup

has a high repeatability rate because it does not have the

uncertainty of the settling distance of NBR and the deviations

in the 3D print quality of the Grey resin. An additional benefit

is the increased efficiency of the SS spring with an Aluminium

pulley over the use of the NBR o-rings.

D. Constant Force Mechanism

The proposed constant force mechanism fits inside the

design size constrictions and is able to hold the drivetrain in

place when it rotates around the fixed axis, which was the

goal of the CFM. The tested TPU follows the model well for

the first loading part (up to 2.5 mm), after which it deviates

with a maximum of 2.1 N. The decrease in the compression

force of the TPU could be linked to the decrease in Young’s

Modulus at higher strains. The model only takes into account

a constant value, but the stiffness of the TPU material changes
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with an increase in stress. Another reason for the discrepancy

between the model and the TPU prototype could be the use of

an isotropic homogeneous linear material model, which does

not hold for the TPU prototype. For a better fit with the tested

TPU CFM, a material model proposed by Holzweber et al.

could be used [52]. Holzweber et al. analyze the properties of

the TPU and converted them to a material model.

The TPU, like the NBR o-rings, has a tendency to relax

when a constant load is applied. This can be seen in the

compression test, where the compressed TPU of one day and

one week are not comparable with the first load cycle and the

model. The difference between the results from the deformed

TPU of 1 day and 2 weeks shows a trend that could indicate

that a steady state is reached after two weeks. However, further

testing is needed to confirm this hypothesis. And similar to the

NBR o-rings, a complete material model is needed to predict

the deformed state after a given amount of time.

Overall, the TPU CFM does not show the desired constant

force behaviour, but it holds the drivetrain in place and

provides enough pretension at the desired displacement. The

use in further prototypes could be justified by the ease of

manufacturing and high adaptability of the material.

E. Future work

A recommendation for future tests is looking into the

robustness over time. Wear, creep, and contaminated belt drive

systems will influence the slip torque and impact capabilities.

The system can be placed in a testing rig that holds the

fixed axis in place and performs repeated impact tests. Testing

in a real-world scenario would make the claim of a robust

drivetrain stronger. But before the drivetrain can be tested in

a real-world application the outer shell and the suspension

between shell and fixed axis must be designed. The design of

the outer shell and suspension will therefore be an interesting

topic for future research. Inspiration can be derived from

the design of the FIFA world cup ball, Al Rihla (ADIDAS,

Germany) [53]. The ball has sensors inside that are suspended

from the shell and are not noticeable to the players. The

sensors weigh less compared to the proposed drivetrain, but a

similar mechanism could be adapted.

With the drivetrain implemented in the robotic ball, im-

provements can still be made in the direction of an autonomous

rolling ball. Implementing sensors that can detect the surround-

ings could be the first step. An extra feature of these sensors is

proposed by Wensing at al. [27]. When the sampling frequency

of the sensors is high enough, it is proposed that it can be used

to mitigate incoming impacts. The result is a relaxed constraint

on the impact resistance, potentially increasing the product’s

lifetime.

Other design modifications for future research on Fizzy

could be to look at a low-geared motor and use the belt drive as

a second transmission, not being 1:1 like the current version.

A low-geared motor that is highly backdrivable could also

potentially be used as a dynamo to regenerate energy. When

designing a new combination of motor and gearbox, the design

method proposed by Kojima et al. could be useful [54]. Kojima

at al. studied the trade-off between a bigger motor with a

smaller gearbox compared to a smaller motor with a bigger

gearbox. Based on mass and power requirements an optimal

design can be found.

Further research on the design of Fizzy is needed to achieve

the final goal, a robust robotic ball that can autonomously

roll and interact with the environment. The ball can be

programmed to mimic different emotions and new features can

be explored. For example, the ball can display happiness by

making the ball jump, or sadness can be simulated by reducing

the bounce of the ball when dropped. More features could

be found in the playfulness of the child and designer. This

approach creates an engaging platform that encourages and

inspires children to be more curious and active.

V. CONCLUSION

In the pursuit of a sustainable design, an impact-resistant

drivetrain is proposed. The drivetrain can handle torque over-

load and can be implemented in the robotic ball, Fizzy.

The slipping feature of a belt drive in combination with a

constant force compression spring makes a unique torque

limiter and results in an economical and lightweight solution.

Further research and development will be needed to finalize

the design of Fizzy, fulfilling its potential to advance the field

of robotic balls by making them robust. An important feature

of robustness is not only prolonging the lifespan of the product

but also impacting the feel of the ball. When considering the

interaction with the product, the influence of the feel of the

product, as well as the deformability of the product, play a

vital role in shaping user experiences end perceptions. When

the design purposefully incorporates deformability and tactile

engagement, new products can be produced that not only stand

the test of time but also resonate with the users on both

practical and emotional levels.
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APPENDIX A

LITERATURE STUDY ON CFM

An adaptation of the literature review on constant force mechanisms by Horstman is given in this section [55]. The relevant

information for understanding constant force mechanisms is filtered out, resulting in a brief summary of passive multiple-impact

constant force mechanisms.

A. Introduction to CFM

In order to avoid damage to an object a limit must be set to the amount of force it is exposed to. This is typically the aim

of impact protection systems, which use a certain amount of displacement to absorb the energy and prevent system failure.

The amount of energy a spring system can absorb is equal to the area underneath the curve of a force-displacement graph.

To illustrate this, three different systems are depicted in Fig. 17, with Fmax the maximum force that can be exerted before

system failure. Of the three systems, the non pre-loaded spring shows the least amount of energy absorbed (Fig. 17(a)). The

pre-loaded spring can be designed to have a larger area, but with that comes a bigger system, due to the large pre-tension

in the spring (Fig. 17(b)). The ideal behaviour of an impact protection system is depicted in Fig. 17(c), where the force is

constant and just below the force threshold. Systems that exert such behaviour can also be called constant force mechanisms

(CFM), which in this example almost doubles the energy absorption compared to the non pre-loaded spring

Fmax

(a)

Fmax

(b)

Fmax

(c)

Fig. 17. Force displacement curves of different stiffness profiles, with the area under the curve being the energy absorption during deformation. (a) Non
pre-loaded spring, (b) Pre-loaded spring and (c) Ideal CFM.

B. Categorization of CFM

For the categorization of CFM, a first distinction is made based on the model of a mass-spring-damper system. Only

considering one degree of freedom, the formula for the equation of motion is given by

F = Mẍ+ Cẋ+Kx, (2)

with the displacement of the system x, the external force F , the mass of the whole system M , the damping coefficient C
and spring constant K. The model is illustrated in Fig. 18. The terms related to the design can be separated by acceleration,

velocity, and deformation (right-hand side of equation 2). It is assumed that the mass of the CFM is neglectable compared to the

mass of the electronics. Consequently, the velocity (further called rate) and deformation term are the only two characteristics

of the design that can be altered to achieve a constant force mechanism.

x

F

K
C

Fig. 18. Mass-spring-damper model of a protection system under impacting force F , modelled with a spring constant K and damper coefficient C. The mass
of the CFM is neglected, compared to the mass of the electronics M . The system is compressed in positive x direction
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The rate dependence can be achieved in two ways, by using viscous fluids or viscoelastic material. Since the rate-depending

solution is not self-recovering on its own, it is not further considered this categorization. The same holds for the division of

the deformation-dependent solutions, it can be divided into non self-recovering and self-recovering deformation. The latter is

subsequently divided into passive and active designs. This distinction is made because the requirement for the robotic ball

demands a passive system in order to make it lightweight and low on energy consumption. The last classification is based

on the papers found in the literature search, where the difference is made in their geometric configurations with different

construction elements.

C. Working principles

An overview of the working principles is given in Fig. 19. Based on the included papers the deformation depending, self-

recoverable and passive solutions are divided into 4 methods. These methods all use different shapes and configurations to

achieve constant force.

The first method combines a negative stiffness element with a positive stiffness element. By placing the different components

in parallel, the stiffness is added up. This principle is used to approximate zero stiffness (Fig. 19(a)). In the ideal case, the

stiffness would cancel out and result in a finite length of perfect zero stiffness. In the last part of the displacement, the overall

stiffness increases significantly, because the two springs both have positive stiffness in this region. These designs consist mostly

of fixed guided beams for the negative stiffness component. Their behaviour is well known and can therefore lead to precise

force output. In the studies that use NS+PS, all designs show a planer solution to make a constant force mechanism.

The second method uses negative stiffness components and aligns them in series. This creates fluctuations in the output

force but can be designed to be small in contrast to the overall force. The method relies on the snap-through behaviour of

negative stiffness beams. A single beam will show limited impact absorption capabilities, but multiple layers form a fluctuating

pattern that can be tuned to stay in a certain force region (Fig. 19(b)). The behaviour of the systems is changed by tuning the

geometric parameters.

Standard linear springs can also be used in combination with a varying lever arm to construct CFM. The result of this

method is a varying transmission between the displacement of the end-effector and the strain of the spring (Fig. 19(c)). The

designed systems consist of large components with large stroke lengths. A drawback of these systems is the need for multiple

components needing assembly and introduce high friction levels between them.

The last method is about the design of a single element configured to show a constant force region by itself, also called

inherent zero stiffness. The element is shaped in a particular way to influence the force over the whole range of motion

(Fig. 19(d)).

Constant Force 
Mechanism

In�erent zero stiffness
Combined negative and 

positive stiffness
Negative stiffness in 

series

Rate dependent 

Viscous fluid Viscoelasticity

Linear spring connected 
to varying lever arm

Displacement

Force

Displacement

Force

Displacement

Force Negative 
stiffness

Positive 
stiffness

Displacement

ForceNegative 
stiffness

Deformation 
dependent

Non 
self-recoverable

Active

Self-recoverable

Plastic deformation
Geometry locking 

deformation 

Indirect controlDirect control

Passive

(a) (b) (c) (d)

Fig. 19. Categorization of CFM. With (a) combination of negative and positive stiffness, (b) Negative stiffness elements in series, (c) Linear spring combined
with a varying lever arm, (d) inherent zero stiffness.
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APPENDIX B

CALCULATIONS ON BALL SPEED

Knowing the ball speed will enable finding similar ball speeds in impact tests reported in the literature. The result from

impact tests with soccer balls is shown in Table II. Table IV shows the studies that report ball speed with the kick of a child.

The found ball speeds are compared to the calculated ball speed for validation. The ball speed can be calculated with the

formula for the Coefficient of Restitution (CoR) (3) and the conservation of momentum (4).

Cr =
|v2 − v1|

|u1 − u2|
, (3)

with Cr the CoR, v1 and v2 the speed of object 1 and 2 after impact, u1 and u2 the speed of object 1 and 2 before impact.

m1u1 +m2u2 = m1v1 +m2v2, (4)

with m1 and m2 the mass of object 1 and 2, u1 and u2 the speed of object 1 and 2 before impact, v1 and v2 the speed of

object 1 and 2 after impact. Separating the variable v2 from (3) and substituting it in (4) results in the following equation,

m1u1 +m2u2 = m1v1 +m2(Cr(u1 − u2) + v1). (5)

Solving (5) for v1 and rearranging the equation, the following equation can be derived,

v1 =
m1u1 +m2u2 +m2Cr(u1 − u2)

m1 +m2

. (6)

The speed after collisions can be calculated with (6). The mass of the ball is that of a size 4 football, 0.375 kg. The striking

mass of the leg is defined as the shank and the foot, with more stiffness in the leg the whole leg can be seen as the striking

mass [56].

The mass of the impacting object is considered the whole leg of the child, assuming a stiff leg when the ball is impacted.

Table V shows the percentage per body mass of the different parts of the leg. The mass of an 8-year-old according to Vieira

et al is 30.1 kg [32]. The initial velocity of the foot is taken similarly to the study by Teixeira and Teixeira [33]. Lastly, an

assumption is made on the CoR, considering it equal in the case of an impact on a force plate compared to a human kick.

The average CoR found in TableII is 0.83. Entering the values in (6) results in a ball velocity of 13.36 m/s. The result from

the calculations compares to the found result in the literature. With these ball speeds an estimation on the impact force can

be achieved. A sidenote must be placed on the speed that is taken as a reference point for the force on the ball. The studies

that measure the velocity of the kick, the child is instructed to kick as hard as possible. This most likely not be the case in

the robotic ball, resulting in a safety margin for the upper limit of the maximum ball speed.

TABLE IV
BALL SPEEDS OF CHILDREN (AGE 8)

Reference
v foot

(m/s)

v ball

(m/s)

# of

participants
ball type

[32] 13.63 13.48 11
Outdoor ball

size 4

[33] 8.6 - 8
Indoor ball

size 4

[34] - 13.6 84
Playground ball

20 cm ∅

TABLE V
WEIGHT OF THE LEG

Reference
Age

group

Thigh

⋄

shank

⋄

Foot

⋄

Total leg+foot

(30.1 kg)

[57] 6 year old 0.095 0.05 0.02 2.10

⋄ percentage of full body weight.
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APPENDIX C

INFLUENCE DESIGN PARAMETERS

The influences on the slip torque of the preload and pulley diameter versus the friction coefficient are shown in Fig 20(a)

and Fig. 20(b). It is seen that the friction coefficient between the pulley and belt has a greater influence on the slip torque

compared to the preload and pulley diameter. This result shows the significance of testing the drivetrain on slip torque with

varying material combinations. The region for a feasible solution is marked by the red lines. The upper limit is 0.15 Nm and

the lower limit 0.05 Nm. The preload the CFM can produce is around 10 N per string. When lower values are used for the

preload an increase in influence on the slip torque is seen. In this region the importance of a reliable constant force mechanism

is clear. This is not the case for the pulley diameter, which stays more constant over the possible design region. The distance

a is more sensitive to an increase in the weight of the fixed axis compared to an increase in the weight of the drivetrain, as

can be seen in Fig 20(c). The pretension, torque, and slip torque are not influenced by the mass of the fixed axis. This makes

it an ideal balance adjuster for tuning the system such that a folded configuration can be achieved.
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Fig. 20. (a) The influence of pulley diameter on the slip torque, (b) the preload on the slip torque and (c) the influence of the weights, of both drivetrain
and fixed axis, on the the placement of the center of gravity of the drivetrain. The region for a feasible solution is marked by the red lines. The upper limit
is 0.15 Nm and the lower limit 0.05 Nm.
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APPENDIX D

TEST PROTOCOL

A. Tensile belts test

The belts are loaded until failure in the test setup. The test is bounded by a maximum force and elongation of 400 N and

150 mm respectively. This is done to prevent damage to the load cell or test setup. The speed is taken similarly to the dogbone

test, 100 mm/min. The testing sequence is as follows:

1) Place the belt around the Aluminium pulleys and between the grippers from the test bench.

2) Set the safety glass in front of the test bench.

3) Start the tensile test.

4) Repeat 3 times for every belt type.

B. Cyclic loading test

The belt materials are all loaded until 60 N and then unloaded. The maximum load is chosen based on the findings from

the tensile test. The interesting behaviour of the belts is considered in the region until 60 N and does not yield, hence the

maximum force until which the belts are loaded. Test speed is similar to the dogbone test 100 mm/min. The test protocol:

1) Place the belt around the Aluminium pulleys and between the grippers from the test bench.

2) Set the safety glass in front of the test bench.

3) Start the cyclic loading test with 5 loading cycles.

4) Repeat for every belt type.

C. Creep test

An o-ring with a diameter of 25 mm is used to represent the final belt dimensions. 2 kg of weight as reload is taken to

represent the constant force compression spring. The weight is based on the force feedback from the CFM when compressed

to the desired length. Test protocol:

1) Place the belt around a pulley with a flat surface and in the test setup.

2) Apply the load to the fixed axis, pre-tensioning the belt.

3) Measure the elongation.

4) Repeat measurement keeping in mind the expected fast response in the first few hours and slower change after half a

day.

D. Slip torque test

The slip torque test is performed on the test setup as shown in Fig. 9. The applied pretension on the belt is 2 kg, the same

as for the creep test. The belt and pulleys are cleaned using a paper towel. This will ensure that no oil or grease is present

from the manufacturer or from the testing person. The testing protocol is:

1) Place the belt around a pulley and in the test setup.

2) Apply the load to the fixed axis, pre-tensioning the belt.

3) Apply a weight to the leverarm in increments of 20 g.

4) After every increase in load, wait 30 s.

5) If the leverarm moves down in this time frame, note the weight of the previous load case as the slipping torque. unload

the leverarm and turn the pulley and belt and repeat the loading sequence.

6) The whole cycle is done 4 times with every belt-pulley combination.

E. Dogbone test

The dogbone is tested as described in standard ISO37 [45]. The dimensions and geometry of the dogbone samples are

illustrated in Fig. 21 and Table. VI. The speed of the test is set to 100mm/min and repeated 3 times. The same 3D-print

settings are used for the printed dogbone as for the CFM. Settings: 80 percent infill with a Gyroid pattern, 230 °C print

temperature, 0 °C print bed temperature, and a speed of 25 mm/s. Default settings for TPU95A from Ultimaker in the

Ultimaker Cura program are used for the remaining settings. The testing protocol is:

1) Place the dogbone between the gripper with some extra sandpaper to increase the friction.

2) Set the safety glass in front of the test bench.

3) Start the tensile test.

4) Repeat for the three dogbone samples.
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TABLE VI
DOGBONE DIMENSIONS

Dimension Value (mm)

A 6

B 25

C 33

D 115

E (radius) 14

F (radius) 25

Thickness 2

Fig. 21. dogbone test specimen

F. TPU compression test

The compression spring is combined with a holder before it is place inside the testing bench. The holder and the

implementation in the test setup is shown in Fig. 22. The holder ensures the correct location where the force applies and

keeps the spring in place. The CFM is loaded at a quasi-static rate of 5 mm/min, to minimize the effect of viscoelasticity.

Nine TPU compression springs are loaded to their desired length (30 mm) and held in place with tie wraps. In pairs of three,

they are compressed for two weeks, two days, and one day. The result can be compared with uncompressed TPU springs. The

testing protocol is:

1) Place the CFM with holder between the compression blocks.

2) Set the safety glass in front of the test bench.

3) Start compression test.

4) Repeat for the nine CFM samples.

(a) (b)

Fig. 22. (a) The Proline Z010 with compression blocks and CFM in holder, (b) the CFM holder for compression test.
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APPENDIX E

MATLAB CODE

Table VII, Table VIII and Table IX show the Matlab scripts that are used for this study. Table VII shows the scripts related

to the Matlab code for data processing, Table VIII is a list of the scripts related to the Matlab code for shape optimization.

These scripts use a Nonlinear 3D beam FEM script that cannot be shared. The original code is made by Battini [58] and access

to the code is granted by Giuseppe Radaelli. Lastly, Table IX show the list of scripts used for calculations on the drivetrain

parameters.

TABLE VII
MATLAB CODE DATA PROCESSING

Script name Description

run me.m To run all scripts in this folder, displaying all figures

test figures tensile belts.m Tensile test of the three belt materials

test figures cyclic loading belts.m Cyclic loading of the three belt materials

test figures creep.m Creep test of the NBR o-ring materials

test figures slip torque.m Slip torque test results

test figures tensile TPU.m Tensile test of the dogbone samples

test figures comp TPU.m Compression test results of the CFM

CFM spline geometry.m Settup of the CFM model geometry

TABLE VIII
MATLAB CODE CFM GEOMETRY OPTIMIZATION

Script name Description

CFM optimization.m Optimization script to find the optimal shape of the CFM.

The script uses a 3D beam FEM Matlab script: solveNONLINstaticCOR.m from Battini [58].

CFM final.m The complete design of the CFM is calculated and compared with the experimental data.

TABLE IX
MATLAB CODE DRIVETRAIN CALCULATIONS

Script name Description

run me.m To run all scripts in this folder, displaying all figures

Belt characteristics.m Calculations on the influence of the belt parameters on the slip torque.

Influencemassa balance.m Calculations on the mass distribution of the drivetrain and fixed axis.

Impact calculation.m Calculations on the impact force and ball speed.
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