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Walking robot: better robustness with compliant legs?
Marco Blaazer (1194615), Erik Jansen (1181696), Jasper de Kruif (1178369), Martijn van Til (1181777)

Abstract: Robots walking with rigid legs are influenced by its foot impact on landing. To reduce this effect a robot is equipped with compliant legs. The influence of spring stiffness on robustness has been investigated. This has been done by varying mass at given spring stiffness. By using Adams© the boundary conditions have been determined. We expect that a robot with compliant legs will show increasing robustness with decreasing spring stiffness.  Robustness has been determined by counting successful runs. Preliminary literature research determines that a gait of at least 10 steps is stable. Results show increasing robustness with increasing spring stiffness thus the hypothesis is falsified.
Introduction

In the Delft Biorobotics Laboratory (DBL)
 research is carried out into walking robots. An important aspect of these robots is the so-called ‘passive dynamic stability’. This means that these robots can obtain a stable walking gait without use of an extensive control system. 
The robots developed so far have been based on models with a simple walking gait. The computer models as well as the prototypes all walk with stiff legs to simplify the analysis, however, this also has drawbacks. With every step, the robot produces a large amount of impact force on the floor. This impact force is considered undesirable, because it could damage the prototype, but more importantly, it is assumed the impact has a negative influence on the robustness(. In this paper we test this assumption by equipping a robot with compliant legs which will have a positive influence on robustness.
Walking models
The model used by DBL so far has been the ‘simplest walker’ model
, see figure 1a. This is an inverted pen-dulum, with the entire mass attached to the hip joint, the legs are rigid and massless. In Germany ‘Lauflabor’
 is researching a ‘compliant spring-mass model’ 
, further referred to as “Lauflabor”, see figure 1b. 
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Figure 1a: Simplest Walker Figure 1b: Compliant spring-mass model

The Lauflabor research is suited as a basis of investigation for walking with a compliant gait. Lauflabor exhibits leg compliance on ground-impact and needs sufficient spring stiffness to recover. The general expectation is that with lower spring stiffness, the ground impact when walking will be smaller because of leg compliance. This leads us to posing the following hypothesis:
A walking robot with compliant legs will show in-creasing robustness with decreasing spring stiffness. 
Methodology
To investigate the hypothesis, prototype Mike weighing 4.6 kg (figure 3a) has been used. Mike is a 2D-robot which means he has four legs and cannot fall sideways. To adapt Mike to the Lauflabor model, Mike has been equipped with tension springs attached to the front side of the upper and lower legs (figure 2). This exhibits the exact same behaviour as the Lauflabor model this is represented schematically in figure 2. 
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Figure 2a: The way in which Mike complies with the compliant spring mass model. Figure 2b: The way in which Mike actually walks, compression springs replaced by tension springs on the front side. 
This redesign was investigated in an Adams© simulation study of model dynamics (figure 3b). The  knee-bending is limited (see arrow in figure 3a) to ensure that Mike buckles his knees, on impact, and springs back. 


[image: image5]
Figure 3a: Prototype Mike, figure 3b: Adams model of Mike
The simulation showed stable stepping for a maximum knee angle of 20° relative to the upper leg. 
Experiment
To investigate the hypothesis, test runs have been conducted with Mike, using spring stiffnesses within a range of 0.42 to 0.85 N/mm, determined as statically stable by the Adams© simulation, while keeping pretension force constant (20N). Experiments were not conducted in Adams©, because correct program-ming of the model controller required the use of more advanced programming techniques which were not available. For each spring stiffness, the robustness has been measured by increasing mass with 25 grams until the model shows unstable behaviour. This mass is added at the hip joint. Walking more than 10 steps means Mike has obtained a stable gait
, all initial disturbances (e.g. starting push) have damped away. For each setting 5 runs are performed. The test runs are performed with the starting leg alternating between inner and outer leg. 

Results
For every stable run the success percentage increases with 20%. For example 3 runs stable within a set 5 results in 60% success.
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Figure 4: percentage of success per spring stiffness and mass added
The transition lines between 0% and 100% success represent configurations for which Mike shows critical behaviour, here Mike is more sensitive to small disturbances (e.g. push-off, uneven floor, system temperature). From this data, a stability region can be drawn. Critical configurations are represented by the singly hatched region. This is presented in figure 5.  
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Figure 5: robustness increase with spring stiffness
Discussion
The points between 0% and 100% success are scattered. This is caused, as expected, by initial disturbances (figure 4). With increasing spring stiffness, Mike is stable for a larger range of added mass (figure 5), this is the opposite of what was expected. Increasing spring stiffness results in a higher knee-torque, letting Mike recover more easily. Of course this does not apply indefinitely: in the limit case, stiffness is infinite and legs are no longer compliant. 
During experiments, we observed that, in most situations when there is failure, Mike falls backward because the hip is slowed down and does not pass the apex of its trajectory.

A second observation is that pretension force of the springs also has impact, robustness increases with increasing pretension. This was found while experimenting and is not accounted for any further.
Conclusion

Results prove that the exerted knee torque is an important factor in walking stability but behaves opposite to what was expected. The hypothesis there-fore is falsified. 
Recommendations for further research

Foot-contact force should be measured to obtain accurate data on the impact force when landing, it is expected that compliant legs will show less impact.

Influence of pretension on compliant walking should be researched. 

To conduct research more accurately than we have done, a new prototype should be used, mainly because mechanisms and control systems are slightly damaged on Mike. 
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( Robustness: the ability of a passive dynamic robot to keep on walking while applying changes to the model parameters (including applying external disturbances).
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gegevens

		aantal veren		3

		Meting		C		T		aant massa

		C=0.76 T=20		0.76		20		7

		C=0.69 T=20		0.69		20		7

		C=0.42 T=20		0.42		20		9





C=0.76 T=25,5

		Meting tabel Mike				Veer 1		0.76		N/mm		bestel nr:		E 0240 037 2750S						Voorspanning		25.5		N		Mike		4.55		kg

		Aantal massa's		6

		25-Apr

		dm+		427		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.977		kg				1		9		2		N		M		12:11		bu

		film		0:00:10		0:01:30				2		14		0		J		M				bi

										3		16		0		J		M				bu

										4		14		0		J		J				bu

										5		16		0		J		M		12:30		bi

		dm+		872		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.422		kg				1		14		0		J		M		12:30		bu

		film		0:01:30		0:02:30				2		12		0		J		M				bi

										3		16		0		J		M				bu

										4		16		0		J		M				bu

										5		16		0		J		M		13:57		bi

		dm+		1172		kg				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.722		kg				1		8		1		N		M		14:40		bu

										2		4		1		N		M				bi

										3		11		0		J		M				bu				zie opm hieronder.

										4		6		1		N		M				bi

										5		5		1		N		M		14:50		bu

		dm+		1015		kg				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been				Bij 1015, 1134, 1172 gram heeft Mike erg veel last van een vertraging van het buitenbeen (en een versnelling van het binnenbeen???)

		totaal		5.565		kg				1		13		0		J		M		14:40		bu				Met name bij 1015 gram zie je dan dat Mike rond de 10-12 stappen bijna altijd omvalt, hoewel de meting dan van stabiel gedrag spreekt.

										2		10		0		J		M				bi

										3		9		1		N		M				bu

										4		11		0		J		M				bu

										5		8		1		N		J		15:00		bi

		dm+		1134		kg				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.684		kg				1		5		1		N		M		14:40		bu

										2		4		1		N		M				bi

										3		4		1		N		M				bu

										4		13		0		J		M				bi

										5		7		1		N		M				bu

		dm+		0		kg				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.55		kg				1		20		0		J		M				bu

										2		20		0		J		M				bi

										3		20		0		J		M				bu

										4		20		0		J		M				bi

										5		20		0		J		M				bu

		Veerstijfheid		Massa		dm+		Stabiel?

		0.76		4.55		0		stabiel

		0.76		4.977		427		semistabiel

		0.76		5.422		872		stabiel

		0.76		5.565		1015		semistabiel

		0.76		5.684		1134		semistabiel

		0.76		5.722		1172		semistabiel





k=0.85 T=20

		Meting tabel Mike				Veer 5		0.85		N/mm		bestel nr:		E 0240 037 2500S						Voorspanning		19.8		N		Mike		4.55

		Aantal massa's		10

		9-May

		dm+		475		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been				m				%

		totaal		5.025		kg				1		10				J		M						1		475				100

										2		10				J		M						1		525				100

										3		10				J		M						1		550				60

										4		10				J		M						1		600				40

										5		10				J		M						1		700				0

																								100		775				0

		dm+		700		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.25		kg				1		8				N		M						0

										2		8				N		M						0

										3		8				N		M						0

										4		7				N		M						0

										5		6				N		M						0

																								0

		dm+		775		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.325		kg				1		6				N		M						0

		film								2		6				N		M						0

										3		5				N		M						0

										4		4				N		M						0

										5		6				N		M						0

																								0

		dm+		600		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.15		kg				1		10				J		M						1

		film								2		8				N		M						0

										3		8				N		M						0

										4		10				J		M						1

										5		7				N		M						0

																								40

		dm+		550		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.1		kg				1		10				J		M						1

		film								2		10				N		M						1

										3		10				J		M						1

										4		8				N		M						0

										5		7				N		M						0

																								60

		dm+		525		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.075		kg				1		10				J		M						1

										2		10				J		M						1

										3		10				J		M						1

										4		10				J		M						1

										5		10				J		M						1

																								100

		Veerstijfheid		Massa		dm+		Stabiel?

		0.42		4.55		0		stabiel

		0.42		4.763		213		stabiel

		0.42		4.85		300		stabiel

		0.42		4.875		325		semistabiel

		0.42		4.9		350		instabiel

		0.42		4.975		425		stabiel

		0.42		5.065		515		instabiel

		0.42		5.21		660		instabiel

		0.42		5.285		735		instabiel

		0.42		5.4		850		instabiel





k=0.85 T=20

		0

		0

		0

		0

		0

		0



C=0,85

dM [g]

Succes [%]

0

0

0

0

0

0



k=0.76 T=20

		0

		0

		0



C=0,85

dM [g]

Succes [%]

0

0

0



k=0.69 T=20

		Meting tabel Mike				Veer 1		0.76		N/mm		bestel nr:		E 0240 037 2750S						Voorspanning		20		N		Mike		4.55		kg

		Aantal massa's		7

		26-Apr

		dm+		875		g				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.425		kg				1		4		1		N		M				bu		0

										2		4		1		N		M				bi		0

										3		4		1		N		M				bu		0				m				%

										4		5		1		N		M				bi		0				0				100

										5		4		1		N		M				bi		0				425				100

																								0				450				100

		dm+		675		g				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been						475				40

		totaal		5.225		kg				1		7		1		N		J				bu		0				500				20

										2		3		1		N		M				bi		0				675				0

										3		3		1		N		M				bu		0				875				0

										4		5		1		N		J				bi		0

										5		4		1		N		M				bi		0

		27-Apr																						0

		dm+		500		g				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.05		kg				1		4		1		N		M		9:30		bu		0

										2		10		3		J		M				bi		1

										3		5		3		N		M				bu		0

										4		3		1		N		M				bu		0

										5		4		1		N		M				bi		0

																								20

		dm+		425		g				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.975		kg				1		10		0		J		M		10:00		bu		1

										2		10		0		J		M				bi		1

										3		10		0		J		M				bu		1

										4		10		0		J		M				bu		1

										5		10		0		J		M		10:20		bi		1

																								100

		dm+		450		g				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5		kg				1		10		1		J		M		12:00		bu		1

										2		10		0		J		J				bu		1

										3		10		3		J		M				bi		1

										4		10		0		J		M				bu		1

										5		10		1		J		M		12:00		bi		1

																								100

		dm+		475		g				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.025		kg				1		4		1		N		M		11:30		bu		0

										2		10		1		J		M				bu		1

										3		3		3		N		M				bi		0

										4		10		1		J		M				bu		1

										5		5		1		N		M		11:30		bi		0

																								40

		dm+		0		kg				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.55		kg				1		10		1		J		M		11:45		bu		1

										2		10		1		J		M				bu		1

										3		10		3		J		M				bi		1

										4		10		1		J		M				bu		1

										5		10		1		J		M		11:30		bi		1

																								100

		Veerstijfheid		Massa		dm+		Stabiel?

		0.76		4.55		0		instabiel

		0.76		4.985		435		instabiel

		0.76		5.01		460		instabiel

		0.76		5.035		485		stabiel

		0.76		5.085		535		semistabiel

		0.76		5.235		685		instabiel

		0.76		5.425		875		stabiel
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k=0,52 T=20

		Meting tabel Mike				Veer 2		0.69		N/mm		bestel nr:		E 0240 037 3000S						Voorspanning		19.3		N		Mike		4.55		kg

		Aantal massa's		7

		26-Apr

		dm+		400		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.95		kg				1		10		0		J		M		14:30		bu		1

										2		10		0		J		M				bi		1

										3		10		0		J		M				bu		1

										4		10		0		J		M				bu		1

										5		10		0		J		M		14:45		bi		1

																								100				m				%

		dm+		875		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been						225				100

		totaal		5.425		kg				1		4		1		N		M		14:45		bi		0				300				100

										2		3		1		N		M				bu		0				400				100

										3		5		1		N		M				bi		0				425				60

										4		4		1		N		M				bi		0				525				0

										5		4		1		N		M		15:00		bu		0				650				0

																								0				875				0

		dm+		650		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.2		kg				1		4		1		N		M		15:00		bu		0

										2		4		1		N		M				bi		0

										3		4		1		N		M				bu		0

										4		5		1		N		M				bi		0

										5		4		1		N		M		15:10		bu		0

																								0

		dm+		525		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.075		kg				1		5		1		N		M		15:10		bi		0

										2		4		1		N		M				bu		0

										3		4		1		N		M				bi		0

										4		5		1		N		J				bu		0

										5		4		1		N		J		15:20		bi		0

																								0

		dm+		425		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.975		kg				1		10		1		J		M		15:20		bu		1

										2		10		1		J		M				bi		1

										3		10		1		J		M				bu		1

										4		4		1		N		M				bi		0

										5		4		1		N		M		15:25		bu		0

		27-Apr																						60

		dm+		225		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.775		kg				1		10		1		J		M		15:40		bu		1

										2		10		1		J		M				bi		1

										3		10		1		J		M				bu		1

										4		10		1		J		M				bi		1

										5		10		1		J		M		15:50		bu		1

																								100

		dm+		300		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.85		kg				1		10		1		J		M		15:50		bu		1

										2		10		1		J		M				bi		1

										3		10		1		J		M				bu		1

										4		10		1		J		M				bi		1

										5		10		1		J		M		16:00		bu		1

																								100

		Veerstijfheid		Massa		dm+		Stabiel?

		0.69		4.762		212		stabiel

		0.69		4.85		300		stabiel

		0.69		4.977		427		stabiel

		0.69		5.025		475		instabiel

		0.69		5.075		525		instabiel

		0.69		5.21		660		instabiel

		0.69		5.425		875		instabiel





k=0,52 T=20

		0

		0

		0

		0

		0

		0

		0



C=0,69

dM [g]

Succes [%]

0

0

0

0

0

0

0



k=0.42 T=20

		0

		0

		0



C=0.69

dM [g]

Succes [%]

0

0

0



Statisch moment

		Meting tabel Mike				Veer 4		0.60		N/mm		bestel nr:		E 0240 034 2250S						Voorspanning		20.1		N		Mike		4.55

		Aantal massa's		10

		9-May

		dm+		300		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been				m				%

		totaal		4.85		kg				1		10		0		J		M				bi		1		300				100

										2		10		0		J		M				bu		1		375				100

										3		10		0		J		M				bi		1		400				40

										4		10		0		J		M				bu		1		425				40

										5		10		0		J		M				bi		1		450				0

																								100

		dm+		375		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.925		kg				1		10		0		J		M				bi		1

										2		10		0		J		M				bu		1

										3		10		0		J		M				bi		1

										4		10		0		J		M				bu		1

										5		10		0		J		M				bi		1

																								100

		dm+		450		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5		kg				1		8		1		N		M				bi		0

		film								2		6		1		N		M				bu		0

										3		10		1		N		M				bi		1

										4		10		1		N		M				bu		1

										5		6		1		N		M				bi		0

																								40

		dm+		425		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.975		kg				1		4		1		N		M						0

		film								2		5		1		N		M						0

										3		6		1		N		M						0

										4		5		1		N		M						0

										5		4		1		N		M						0

																								0

		dm+		400		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.95		kg				1		10				J		M						1

		film								2		8		1		N		M						0

										3		9		1		N		M						0

										4		6		1		N		M						0

										5		10				J		M						1

																								40

		Veerstijfheid		Massa		dm+		Stabiel?

		0.42		4.55		0		stabiel

		0.42		4.763		213		stabiel

		0.42		4.85		300		stabiel

		0.42		4.875		325		semistabiel

		0.42		4.9		350		instabiel

		0.42		4.975		425		stabiel

		0.42		5.065		515		instabiel

		0.42		5.21		660		instabiel

		0.42		5.285		735		instabiel

		0.42		5.4		850		instabiel





Statisch moment

		0

		0

		0

		0

		0



C=0,60

dM [g]

Succes [%]

0

0

0

0

0



resultaten

		0

		0

		0



C=0,60

dM [g]

Succes [%]

0

0

0



		Meting tabel Mike				Veer 6		0.52		N/mm		bestel nr:		E 0240 034 2500S						Voorspanning		19.65		N		Mike		4.55

		Aantal massa's		10

		9-mei dan leggen alle vogels een ei

		dm+		375		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been				m				%

		totaal		4.925		kg				1		4		1		N		M						0		150				100

										2		4		1		N		M						0		225				100

										3		3		1		N		M						0		275				100

										4		3		1		N		M						0		300				100

										5		4		1		N		M						0		350				60

																								0		375				0

		dm+		300		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.85		kg				1		10				J		M						1

										2		10				J		M						1

										3		10				J		M						1

										4		10				J		M						1

										5		10				J		M						1

																								100

		dm+		225		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.775		kg				1		10		1		N		M						1

		film								2		10		2		N		M						1

										3		10		1		N		M						1

										4		10		2		N		M						1

										5		10		1		N		M						1

																								100

		dm+		150		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.7		kg				1		10				J		M						1

		film								2		10				J		M						1

										3		10				J		M						1

										4		10				J		M						1

										5		10				J		M						1

																								100

		dm+		350		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.9		kg				1		10				J		M						1

		film								2		10				J		M						1

										3		6				N		M						0

										4		8				N		M						0

										5		10				N		M						1

																								60

		dm+		275		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.825		kg				1		10				J								1

										2		10				J								1

										3		10				J								1

										4		10				J								1

										5		10				J								1

																								100

		Veerstijfheid		Massa		dm+		Stabiel?

		0.42		4.55		0		stabiel

		0.42		4.763		213		stabiel

		0.42		4.85		300		stabiel

		0.42		4.875		325		semistabiel

		0.42		4.9		350		instabiel

		0.42		4.975		425		stabiel

		0.42		5.065		515		instabiel

		0.42		5.21		660		instabiel

		0.42		5.285		735		instabiel

		0.42		5.4		850		instabiel





		0

		0

		0

		0

		0

		0



C=0,52

dM [g]

Succes [%]

0

0

0

0

0

0



		0

		0

		0



C=0,52

dM [g]
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0

0

0



		Meting tabel Mike				Veer 3		0.42		N/mm		bestel nr:		E 0240 034 3000S						Voorspanning		19.5		N		Mike		4.55		kg

		Aantal massa's		10

		25-Apr

		dm+		0		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.55		kg				1		10		0		J		M		16:30		bu		1

										2		10		0		J		M				bi		1

										3		10		0		J		M				bu		1				m				%

										4		10		0		J		M				bi		1				0				100

										5		10		0		J		M		16:35		bu		1				225				100

																								100				300				100

		dm+		225		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been						325				60

		totaal		4.775		kg				1		10		0		J		M		16:35		bu		1				350				0

										2		10		0		J		M				bu		1				525				0

										3		10		0		J		M				bu		1				650				0

										4		10		0		J		M				bu		1				725				0

										5		10		0		J		M		16:45		bi		1				850				0

		26-Apr																						100

		dm+		850		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.4		kg				1		4		1		N		M		12:45		bu		0

		film		6:43						2		4		1		N		M				bi		0

										3		4		1		N		M				bu		0

										4		4		1		N		M				bi		0

										5		4		1		N		M		12:55		bu		0

																								0

		dm+		725		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.275		kg				1		4		1		N		M		12:55		bu		0

		film		6:43-7:20						2		4		1		N		M				bi		0

										3		4		1		N		M				bu		0

										4		4		1		N		M				bi		0

										5		4		1		N		M		13:05		bu		0

																								0

		dm+		650		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.2		kg				1		4		1		N		M		13:05		bu		0

		film		7:20-7:39						2		5		1		N		M				bi		0

										3		4		1		N		M				bu		0

										4		5		1		N		M				bi		0

										5		5		1		N		M		13:15		bu		0

		27-Apr																						0

		dm+		525		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		5.075		kg				1		5		1		N		J		13:30		bu		0

										2		4		1		N		J				bi		0

										3		5		1		N		J				bu		0

										4		6		1		N		J				bi		0

										5		4		1		N		J		13:35		bu		0

																								0

		dm+		350		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.9		kg				1		10		1		J		J		13:50		bu		1

										2		5		1		N		J				bi		0

										3		8		1		N		J				bu		0

										4		6		1		N		J				bi		0

										5		10		1		J		J		14:00		bu		1

																								40

		dm+		300		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.85		kg				1		10		0		J		M		14:10		bu		1

										2		10		0		J		M				bi		1

										3		10		0		J		M				bu		1

										4		10		0		J		M				bi		1

										5		10		0		J		M		14:15		bu		1

																								100

		dm+		325		gr				Meting		aantal stappen		Type faalgedrag		Stabiel?		Afzet door		Tijdstip		Been

		totaal		4.875		kg				1		7		1		N		M		14:20		bu		0

										2		10		0		J		M				bi		1

										3		10		0		J		M				bu		1

										4		8		1		N		M				bi		0

										5		10		0		J		M		14:25		bu		1

																								60

		Veerstijfheid		Massa		dm+		Stabiel?

		0.42		4.55		0		stabiel

		0.42		4.763		213		stabiel

		0.42		4.85		300		stabiel

		0.42		4.875		325		semistabiel

		0.42		4.9		350		instabiel

		0.42		4.975		425		stabiel

		0.42		5.065		515		instabiel

		0.42		5.21		660		instabiel

		0.42		5.285		735		instabiel

		0.42		5.4		850		instabiel





		0

		0

		0

		0

		0

		0

		0

		0

		0
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		meting 20-4										SCHETSEN MAKEN

		Statisch moment "veer knie"

		Beschrijving:

		Arm x van de veer is variabel (niet lineair moment). Het moment neemt toe met toenemende doorbuiging

		Veer wil het been weer terug trekken in de strekstand

		Gemeten wordt de benodigde veerkracht bij een bepaalde hoek van het been

		Er wordt gemeten met een elektronisch veerunster en ter controle met een handmatige veerunster

		Het unster geeft een waarde in kg, dit vermenigvuldigd met de zwaartekracht levert de kracht in Newton

		De arm van het unster t.o.v. de knie is 0,3 m

		Hoek alpha		Waarde unster (kg)*										F (N)		arm unster (m)		Moment unster (Nm)				arm veer (m) **

		180		0		0		0		0		0		0		0.3		0

		170		0.18		0.18		0.18		0.16		(0,15)		1.75		0.3		0.525

		160		0,3		0,28		0,34		0,3		(0,275)		2.8		0.3		0.84

		150		0,44		0,4		0,4		0,4		(0,38)		3.9		0.3		1.17

		---

		110		0,86		0,86		0,86		0,86		(0,825)		8.4		0.3		2.52

		* de laatste meting tussen haakjes is de meting met een handmatige veerunster

		** de arm is bepaald met behulp van een berekening, zie ???????????????

		Statisch moment "McKibben muscle knie"

		Beschrijving:

		De McKibben muscle trekt de knie onder een hoek

		Met veerunster terugtrekken tot strek

		De arm van het unster t.o.v. de knie is 0,3 m

		De arm van de McKibben muscle t.o.v. de knie is 0,02 m

		Hoek alpha		Waarde unster (kg)*										F (N)		arm unster (m)		Moment unster (Nm)		lengte muscle (m)		arm muscle (m)		Kracht muscle (N)

		180		1.1		1.2		1.14				(1,1)		11,5		0.3		3.45		0.112		0.02		172.5

		170		0,86		0,86		0,86				(0,78)		8		0.3		2.4		0.1		0.02		120

		160		0,64		0,64		0,64				(0,55)		6		0.3		1.8		0.105		0.02		90

		150		0,5		0,5		0,5				(0,425)		4.8		0.3		1.44		0.102		0.02		72

		stapgr		10

		massa [kg]		k=0.85		k=0.76		k=0.69		k=0.60		k=0.52		k=0.42

		0		100		100		100		100		100		100

		10		100		100		100		100		100		100

		20		100		100		100		100		100		100

		30		100		100		100		100		100		100

		40		100		100		100		100		100		100

		50		100		100		100		100		100		100

		60		100		100		100		100		100		100

		70		100		100		100		100		100		100

		80		100		100		100		100		100		100

		90		100		100		100		100		100		100

		100		100		100		100		100		100		100

		110		100		100		100		100		100		100

		120		100		100		100		100		100		100

		130		100		100		100		100		100		100

		140		100		100		100		100		100		100

		150		100		100		100		100		100		100

		160		100		100		100		100		100		100

		170		100		100		100		100		100		100

		180		100		100		100		100		100		100

		190		100		100		100		100		100		100

		200		100		100		100		100		100		100

		210		100		100		100		100		100		100

		220		100		100		100		100		100		100

		230		100		100		100		100		100		100

		240		100		100		100		100		100		100

		250		100		100		100		100		100		100

		260		100		100		100		100		100		100

		270		100		100		100		100		100		100

		280		100		100		100		100		100		100

		290		100		100		100		100		100		100

		300		100		100		100		100		100		100

		310		100		100		100		100		96.67		83.33

		320		100		100		100		100		71.67		63.33

		330		100		100		100		100		46.67		43.33

		340		100		100		100		100		21.67		23.33

		350		100		100		100		100		0		3.33

		360		100		100		100		100		0		0

		370		100		100		100		100		0		0

		380		100		100		100		100		0		0

		390		100		100		100		100		0		0

		400		100		100		100		100		0		0

		410		100		100		100		88.656		0		0

		420		100		100		100		75.402		0		0

		430		100		100		100		62.148		0		0

		440		100		100		100		48.894		0		0

		450		100		100		88.665		35.64		0		0

		460		100		99.856		76.884		22.386		0		0

		470		100		84.092		65.103		9.132		0		0

		480		100		68.328		53.322		0		0		0

		490		100		52.564		41.541		0		0		0

		500		100		36.8		29.76		0		0		0

		510		100		21.036		17.979		0		0		0

		520		100		5.272		6.198		0		0		0

		530		80		0		0		0		0		0

		540		60		0		0		0		0		0

		550		40		0		0		0		0		0

		560		20		0		0		0		0		0

		570		0		0		0		0		0		0

		580		0		0		0		0		0		0

		590		0		0		0		0		0		0

		600		0		0		0		0		0		0

		610		0		0		0		0		0		0						k=0.85		k=0.76		k=0.69		k=0.60		k=0.52		k=0.42

		620		0		0		0		0		0		0						0.85		0.76		0.69		0.6		0.52		0.42

		630		0		0		0		0		0		0				Stable		525		450		400		375		300		300

		640		0		0		0		0		0		0				Unstable		700		675		525		450		375		350

		650		0		0		0		0		0		0						5.075		5		4.95		4.925		4.85		4.85

		660		0		0		0		0		0		0						5.25		5.225		5.075		5		4.925		4.9

		670		0		0		0		0		0		0

		680		0		0		0		0		0		0

		690		0		0		0		0		0		0

		700		0		0		0		0		0		0

		710		0		0		0		0		0		0

		720		0		0		0		0		0		0

		730		0		0		0		0		0		0

		740		0		0		0		0		0		0

		750		0		0		0		0		0		0

		760		0		0		0		0		0		0

		770		0		0		0		0		0		0

		780		0		0		0		0		0		0

		790		0		0		0		0		0		0

		800		0		0		0		0		0		0

		810		0		0		0		0		0		0

		820		0		0		0		0		0		0

		830		0		0		0		0		0		0

		840		0		0		0		0		0		0

		850		0		0		0		0		0		0

		860		0		0		0		0		0		0

		870		0		0		0		0		0		0

		880		0		0		0		0		0		0

		890		0		0		0		0		0		0

		900		0		0		0		0		0		0

		910		0		0		0		0		0		0

		920		0		0		0		0		0		0

		930		0		0		0		0		0		0

		940		0		0		0		0		0		0

		950		0		0		0		0		0		0

		960		0		0		0		0		0		0

		970		0		0		0		0		0		0

		980		0		0		0		0		0		0

		990		0		0		0		0		0		0

		1000		0		0		0		0		0		0

		1010		0		0		0		0		0		0

		1020		0		0		0		0		0		0

		1030		0		0		0		0		0		0

		1040		0		0		0		0		0		0

		1050		0		0		0		0		0		0

		1060		0		0		0		0		0		0

		1070		0		0		0		0		0		0

		1080		0		0		0		0		0		0

		1090		0		0		0		0		0		0

		1100		0		0		0		0		0		0

		1110		0		0		0		0		0		0

		1120		0		0		0		0		0		0

		1130		0		0		0		0		0		0

		1140		0		0		0		0		0		0

		1150		0		0		0		0		0		0

		1160		0		0		0		0		0		0

		1170		0		0		0		0		0		0

		1180		0		0		0		0		0		0

		1190		0		0		0		0		0		0

		1200		0		0		0		0		0		0





		475		0		225		300		150		0

		525		425		300		375		225		225

		550		450		400		400		275		300

		600		475		425		425		300		325

		700		500		525		450		350		350

		775		675		650				375		525

				875		875						650

												725

												850



0,85 N/mm

0,76 N/mm

0,69 N/mm

0,60 N/mm

0,52 N/mm

0,42 N/mm

Added mass [g]
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100

100

100

100

100

100

100

100

100

100

100

100

60

100

100

40

100

100

40

40

60

40

100

60

0

20

0

0

60

0

0

0

0

0

0

0

0

0

0

0



		



Stable

Unstable

Spring stiffness [N/mm]

Added weoght [kg]

Stability Region



		Veerstijfheid		Massa		dm+		Stabiel?

		0.42		4.9		350		instabiel

		0.42		5.065		515		instabiel

		0.42		5.21		660		instabiel

		0.42		5.285		735		instabiel

		0.42		5.4		850		instabiel

		0.69		5.025		475		instabiel

		0.69		5.075		525		instabiel

		0.69		5.21		660		instabiel

		0.69		5.425		875		instabiel

		0.76		5.035		485		instabiel

		0.76		5.085		535		instabiel

		0.76		5.235		685		instabiel

		0.76		5.425		875		instabiel

		0.42		4.875		325		semistabiel

		0.69		4.99		460		semistabiel

		0.76		5.01		460		semistabiel

		0.42		4.55		0		stabiel

		0.42		4.763		213		stabiel

		0.42		4.85		300		stabiel

		0.69		4.762		212		stabiel

		0.69		4.85		300		stabiel

		0.69		4.977		427		stabiel

		0.76		4.55		0		stabiel

		0.76		4.985		435		stabiel

		k=0,85		475		5.025		100

				525		5.075		100

				550		5.1		60

				600		5.15		40

				700		5.25		0

				775		5.325		0

		k=0,76		0		4.55		100

				425		4.975		100

				450		5		100

				475		5.025		40

				500		5.05		20

				675		5.225		0

				875		5.425		0

		k=0,69		225		4.775		100

				300		4.85		100

				400		4.95		100

				425		4.975		60

				525		5.075		0

				650		5.2		0

				875		5.425		0

		k=0,60		300		4.85		100

				375		4.925		100

				400		4.95		40

				425		4.975		40

				450		5		0

		k=0,52		150		4.7		100

				225		4.775		100

				275		4.825		100

				300		4.85		100

				350		4.9		60

				375		4.925		0

		k=0,42		0		4.55		100

				225		4.775		100

				300		4.85		100

				325		4.875		60

				350		4.9		0

				525		5.075		0
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