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How Archaeopteryx could run over water

Abstract

Archaeopteryx may have exploited the running over water technique used by Basilisk lizards in
combination with lift generated by its wings.*

Direct measurements of the dimensions of the hind limbs of the Berlin specimen of Archaeopteryx
with an estimated mass of 0.25 kg, are compared with predictions of the leg sizes of a Basilisk lizard
with the same body mass using GLASHEEN and MCMAHON's (1996b) allometric equations. GLASHEEN
and McMaHON’s (1996a,b) model of the Basilisk technique is applied to estimate the impulses pro-
duced by the hind legs in interaction with the water during the slap and stroke phases of the running
cycles of Archaeopteryx and of the lizard.

Lift and drag forces generated by Archaeopteryx running at 2 m.s-! with its wings and tail in fixed
gliding position are estimated using an approximate mass flux model (SUNADA & ELLINGTON 2000)
for a range of downwash angles (¢). Extra lift due to ground effect is included in the predictions.
Results show that the legs of Archaeopteryx are longer than those of Basilisk lizards of the same
body mass; the feet are of similar size. The stride frequencies achieved by Archaeopteryx are the
crucial parameter determining the impulse needed. According to the model, a 0.25 kg Archaeopteryx
using a stride frequency of 10 Hz generates 29 % more impulse from slap plus stroke than needed
while running over seawater. However, if it used a more realistic stride frequency of 5 Hz, a lift force
of 0.9 N, generated by the wings and tail, would be required to make surface running possible.
The lift and induced drag force estimates for the Berlin Archaeopteryx (wingspan 0.6 m) gradually
increase with increasing downwash angles. The lift force of 0.9 N required at a stride frequency of 5
Hz was generated at £=26°. At that downwash angle Archaeopteryx would need an increase of the
backward stroke angle of only 7.5° to produce the thrust impulse required to overcome the drag of
0.16 N mainly induced by the generated lift.

Archaeopteryx might have used the running over water technique using wings and tail in gliding
stance to generate lift to increase the foraging area and to have an extra possibility to escape from
terrestrial predators.

*  Comment of the editors: A few years ago, this model has already been proposed in this journal (VIDELER 2000),
provoking a critical comment by MA et. al. (2002). J. VIDELER now presents new evidence from physics. The editors
are aware that VIDELER's model is highty controversial, however considering the very favourable comments of one
of our reviewers, a highly respectable physicist, we feel that discussion of this model should continue in this journal.
For your, the reader’s, information we print here the relevant portion of Prof. Dr. Stefan BORNHOLT’s (University of
Bremen, Germany) review with kind permission of the author: “The manuscript'How Achaeopteryx could run over
water by J. J. VIDELER presents a biomechanical analysis of the possibility for Archaeopteryx to run over water
as observed in many birds today. The strategy taken in the manuscript is to use an existing and very detailed
model of this ability in basilisk lizards and to adapt it to the conditions of Archaeopteryx by careful modifications.
While | cannot judge the palaeontological details of the paper, from a physicists perspective the analysis
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Introduction

Archaeopteryx plays a key role in our understanding of the evolution of birds despite the recent
discovery of many other bird-like fossils (VIDELER 2005). Because these are either non-flying
feathered dinosaurs or already possess many necessary key features for flapping flight shown by
modern birds (WITMER 2002). However it remains uncertain, whether Archaeopteryx really was a
typical representative of the early birds of the Jurassic, or whether it was a specialist, surviving in
a particular ecological environment, equipped with rather derived biological features. | proposed
that Archaeopteryx may have generated lift with its wings and tail kept in a gliding position during
runs over water while using the Basilisk lizard technique (VIDELER 2000). This hypothesis received
positive but also negative reactions (MA et al. 2002). 1t has been noted before that Archaeopteryx
has an almost sacred status (WITMER 2002). From my own experience | know that newcomers with
aberrant ideas explaining the fossil facts are forcefully attacked.

We still do not know if the 10 Archaeopteryx fossils (excluding the single feather) belong to a single
species. They have long legs and a not fully developed flapping flight apparatus in common. How-
ever, the anatomical features should not be used to teleologically demonstrate a halfway stage in the
evolution of flight but should be looked at as the properties of animals which were well adapted to a
specific ecological niche. We need to find out how they actually lived before we will be able to fully
appreciate the relationships between their form and function. The environment where Archaeopteryx
lived and died is reasonably well known (VIOHL 1985) and the vast collection of contemporary fossils
offers a unigue opportunity to obtain insight into Archaeopteryx as part of that ecosystem. Let us try
to envisage Archaeopteryx as a specialist for this local environment.

This paper is biomechanically orientated and provides arguments for the view that Archaeopteryx
was a marine shorebird, capable to run across water and mudflats in search for food. Running over
water is a fairly widespread technique in the animal kingdom and does not require a miracle to be
performed. The surface tension of the water provides enough force to carry many insects but is not
sufficient to carry larger animals. Basilisk lizards run over water supporting the body weight by repeat-
edly hitting the water surface with their feet. Many shore birds show the same ability prior to take off

is a refreshing and reasonable approach with the clear potential of providing new information about the
biomechanics and -dynamics of the fossil species. Methodologically the study appears to be sound and
carefully done. The choice of the lizard’s model with a clear priority for similar size is reasonable, as it avoids
further complications due to differing sizes and subsequent possibly strong scaling effects. While clearly such
biodynamical models depend on numerous parameters, my clear impression is that they have been chosen
carefully. Results are presented well, the graphs give a good picture of the range of possible resulting forces.
In particular, the reply to the earlier work of Ma et al. 2002, is in my view appropriate as e.g. Fig. 3 gives
a more complete picture of the model’s predictions. A further important point of the manuscript is dis-
cussing whether flapping is necessary in the scenario considered here, and the example of the Western
Grebe is important here from a physics point of view: The step from static to dynamic biomechanical
models often is far from trivial, and e.g. one could argue that flapping could play a role in dynamically
stabilizing the axis of the animal (as we humans do when balancing a broomstick on our finger by an
oscillatory motion: This is one example of a simple dynamical control mechanism). By pointing to existing
static wing scenarios, an important point is made in favour of the model in the context of Archaeopteryx.
The discussion w.r.t. functional anatomy appears to be a controversial topic to the non-specialist. However, |
follow the author’s argument in his discussion that “The point is that more interpretations are possible”, particu-
larly in the context of the anatomy of the hind legs: In my point of view, when opposing views about functional
interpretations exist, models and “gedankenexperiments” as the one discussed in this paper may provide new
information and eventually advance the discussion. Finally, | should point out that modern techniques of computer
simulation are advanced enough to possibly help in the simulation of the scenario discussed in this paper. Three-
dimensional simulation techniques as used in virtual reality environments (mostly applied in games and movies),
while not yet broadly applied in the palaeontology community, do in fact have the ability to accurately model the
physical laws and their dynamics in biomechanicat models. | could imagine that this paper with its interesting
scenario may motivate such a methodologically advanced approach to the biodynamics of Archaeopteryx.
To conclude, the physical aspects of the Archaeopteryx run over water scenario are interesting, the model
presented in this paper shows that such a scenario may be possible from the physical conditions and should
be further discussed in the community. | therefore suggest publication of this manuscript. [...]"

24



but they use flapping wings to provide part of the lift and thrust. Western Grebes characteristically
perform the rushing ceremony as part of their courtship display. These large birds, weighing up to
1.2 kg, manage to run across the water surface with their wings spread but without beating them.
The mechanics of that behaviour awaits investigation.

Whether Archaeopteryx used a similar technique to run across soft mudflats and water will be
difficult to find out. It is however possible to use the detailed mechanical analysis available for the
technique used by the Basilisk lizard to see if Archaeopteryx could have used that in combination
with lift generated by its wings spread in a static gliding position. A quantitative assessment balanc-
ing the forces involved is required to substantiate this hypothesis. The running over water capacity of
Archaeopteryx can be assessed in comparison with Basilisk lizards of the same weight. The gliding
performance during runs at a realistic speed will be investigated.

Results of a detailed study modelling the size-dependence of the water-running ability of Basilisk
lizards (GLASHEEN & MCMAHON 1996b) are adopted to compare the skeletal dimensions of the
hind legs of these lizards with those of the Berlin Archasopteryx. The same model approach offers
the opportunity to predict the impulses that could have been produced by Archaeopteryx slapping
the water surface with its feet. During each step Basilisk lizards hit the water surface with the flat
foot during the slap phase and subsequently push the foot down creating an air cavity in the water
during the stroke phase. At the end of the step the foot is retracted quickly before the air cavity col-
lapses. The stride frequencies the animals are able to perform are crucial because these determine
the minimal required vertical impulses per step. The size of the foot and the length of the legs are
important parameters determining the effectiveness of this form of locomotion.

Lift and drag forces generated during slow gliding over the water surface at uniform speed will be
estimated using a novel approximate mass flux model approach (SUNADA & ELLINGTON 2000). The
model ignores details of the structures in interaction with the airflow. It uses reasonable estimates
of the direction and velocity of the resulting airflow behind the animal. Estimates of the lift forces
therefore include the effects of wings, body and tail. The fact that the wings are close enough to the
water surface to make use of lift enhancing ground effects will be taken into account. The maximum
bipedal running speed of 2 m-s™' of an Archaeopteryx sized dinosaur estimated by ALEXANDER
(1976) is used in the calculations.

The minimum impulse required by the body weight for each step must be smaller than the sum of
the vertical impulses produced during the slap and stroke phases. The lift force reduces the body
weight of Archaeopteryx. The thrust impulse produced by the feet during a slightly oblique stroke
should exceed the drag impulse estimates for the duration of one step. The resulting impulse balances
will answer the question if it was physically possible for Archaeopteryx to run over water. Peculiar
anatomical features supporting the proposed mode of locomotion will be examined.

Material and methods

Measurements of the length of the skeletal elements of the legs are taken directly from the Berlin
fossil. The right leg is almost completely preserved and measurements can be taken from it without
correction because it is situated in one plane over its entire length. RIETSCHEL’s (1985) wing recon-
struction was checked against the fossil remains and found to be accurate. YALDEN (1984) made
educated guesses of the mass range of Archaeopteryx. A value of 0.25 kg seems to be a reasonably
accurate estimate for the Berlin specimen. This figure will be used here.

To compare the size of the legs and feet of Archaeopteryx with equally sized Basilisk lizards the
following morphometric equations of GLASHEEN & MCMAHON (1996b) were used. The leg length L
of Basilisk lizards scaled close to isometry over an almost 100-fold range in body mass:

L, =0.1704M,233% (m) )]
The foot length L. of these lizards scaled also isometrically as:
Le = 0.1321M,0392  (m) (2)

The body mass M, is expressed in kg (the mulitiplication factors differ from those of GLASHEEN &
McMAHON (1996b) because they specified mass in grams in the allometric equations).The scaling
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model approach of GLASHEEN & MCMAHON (1996b) divides each step of a Basilisk lizard running
over water into three phases: (1) slap, (2) stroke and (3) protraction. The maximum slap impulse
was estimated using:

maximum slap impulse = (*5)Pyater leti® * Upeak  (NS) (3)

Where p,,.., IS the density of fresh water (Pyesnwater) IN Case Of the lizards and that of sea water (p.awater)
when the model is applied to Archaeopteryx (Table 1). The radius of a disk that would generate the
same slap impulse as a physical model of a Basilisk foot is indicated as r,,. The value of r,; comes
from the allometric relationship:

Iy = 0.0249M,°2%2  (m) (4)

It will be used for Archaeopteryx as well. The peak downward velocity, U, Of the lizard feet was
extremely variable and not a function of body size. The reasonable upper limit of 3.75m.s' is 1.5
times the root mean square value of the downward velocity of the foot during the stroke (u,.}, used
by GLASHEEN and McMarHON (1996b). There is no obvious reason to assume that this value could
not be used for Archaeopteryx.

The model for the maximum stroke impulse is given as:

maximum stroke impulse = 0.5C; - S Pyt Ums®+9- L){L1/Uims)  (NS) (5)

The product of the drag coefficient C, and surface S of the model feet and the body mass of the
lizards was significantly related as:

Cp- S = 0.0014ML57  (m2) (6)

We assume that the equation can be applied to Archaeopteryx. GLASHEEN and MCMAHON use a U
of 2.5 m-s' during the stroke to a depth equal to the leg length L, . The gravitational acceleration gis
fixed at 9.81 m -s2.The movement of the stroke is considered close to vertical. GLASHEEN & MCMAHON
(1996a) found it difficult to judge the obliqueness of the stroke from their high-speed photographs. In
theory the stroke should be slightly oblique to accommodate the generation of thrust to propel the
animal forward and to overcome its drag at the running speed. Here we assume the stroke to be at
some small angle 3 backwards. The vertical component of the maximum stroke impulse in that case
is found by multiplication with cosine 3 and the horizontal component by multiplication with sine B.
The minimum needed vertical impulse is the product of the body weight and the period between
Steps (Toep):

minimum needed vertical impulse = M,-g- Ty, (Ns) (7)

GLASHEEN & MCMAHON (1996b) found that stride frequencies between 5 and 10 Hz were used with
no clear dependence on body mass. There was always one foot in the water and therefore T, varied
between 0.1 and 0.05 s. These conditions are accepted for Archaeopteryx assuming that there is no
gliding phase without a foot in the water.
The sum of the vertical part of the maximum stroke impulse and the maximum slap impulse must
be greater than the minimum needed vertical impulse to make running over water possible. The
horizontal components of the stroke impulse must be larger than the impulse needed to overcome
the drag at the running speed.
Note that Ma et al. (2000) used the same model but restricted their analysis to a T, of 0.1 s. The
- only other differences with the present approach
are that they did not use the U, and the U,

Table1. , values suggested by GLASHEEN and MCMAHON

Physical dimensions used in the model approaches. and did not consider any lifting forces from the
wings.

Gravitational acceleration (g) 9.81 m-s?  An approximate mass flux method based on Su-

Air density (p.) 1.23 kg-m™  NaADA & ELLINGTON (2000) estimates the amount

Es;"q” astre?illsnlgn(/p (SSTZ‘:;LH) 1909284 tg m:z of lifting force the wings and tail of Archaeopteryx

in gliding position could generate during a run at
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Fig. 1.

Artist impression of Archaeo-
pteryx running over water at
speed U. The oncoming flow
of air with velocity U relative
to the animal is deflected
downward over an angie €
by the combined action of the U
wings in gliding position, the
body and the feathered tail.
A cylinder of air with a diam-
eter B equal to the wingspan
is affected. The air is acceler-
ated downward to reach a
velocity w. The aerodynamic
reaction force L is directed
upward. See text for further
explanation.

a uniform speed U (Figure 1). The running animal pushes air down with its wings and tail to gener-
ate lift. Relative to the animal the oncoming horizontal airflow will be deflected downward over the
downwash angle £. The mass of air involved (M,) equals the mass of air in a cylinder with a diameter
equal to the wing span B and a length equal to the product of the running velocity U and time t.

M, = py- - (eBP?-U-t (kg) (8)

Where p,, represents the air density (Table 1). Over time 1, air is accelerated downward reaching
velocity w. The downward momentum imparted to the air is

M, -w=pu nt-(eB)? U t-w (Ns) (9)

This expression is divided by f to get the rate of change of the momentum, which equals the aero-
dynamic reaction force on the animal in upward direction:

L=pum-(RB2-Uw (N) (10)
The unknown variable is w. Figure 1 shows that w is related to € and U by:
w=U-tang (m-s7) (11)
Combining equations 10 and 11 turns L into the form:
L=pu-n-(2B2-U2-tane (N) (12)

The gliding wings moved at a short enough distance over the water surface to benefit from the ground
effect G. This can create a lift enhancement without drag increase of:

G=2L/AR (N) (13)

Where AR is the aspect ratio of the wings equal to the span B squared divided by the surface area
of the wings (ANDERSON & EBERHARDT, 2001).

The drag on the animal consists of profile drag on the wings and the tail, of parasite drag on the head,
the body and the legs and of induced drag associated with the generation of lift. Profile drag is the
drag on the wings and tail when kept in such a position that the air would not be deflected downward.
Parasite drag is associated with pressure and friction on the rest of the body during the movemnent
through the air. Profile and parasite drag are difficult to assess. They are in the order of:

Dpar+prof =05 Pair A. Cpar+prof Uz (N) (14)

Where A is the frontal area while running without generating lift and C,,...« the fraction of the area
effectively blocking the air flow.
The induced drag is due to the downward deflection of air. The induced power for the generation of
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The effect of the downwash
angle on Lift and Drag forces 0.4 et Lft
experienced by Archaeopte- ' e ]
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2m-.s'. Total lift is the sum 0.24 T e - e
of lift and ground effect. Force T T e -
calculations are based on Su- T T Induced drag
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as shown in the text. Downwash angle & (°)

lift, P4, equals the kinetic energy imparted in downward direction to the mass of air divided by t:

Pra = 05M,- w2 t-' (W) (15)
Using (8) removes t and gives:
Prg =0.5p,, (B2 -w2-U (W) (16)
The induced power also equals the induced drag times the velocity U:
Pra = Dng-U (W) (17)
Hence the expression for the induced drag is:
D,y =05p, n-("2B)2-w? (N) (18)

The downwash angle ¢ is the only unknown variable in the aerodynamic model equations. Results
will be calculated for a range of values of ¢.

Results

The relevant dimensions of the Berlin Archaeopteryx are given in Table 2. GLASHEEN & MCMAHON’S
(1996b) allometric equations are used to compare the dimensions and the running over water ability
of an Archaeopteryx of 0.25 kg with a Basilisk lizard of the same mass. Table 3 presents the results
for stride frequencies of 10 and 5 Hz for each
animal. The lift generating capacity of wings and

Table 2.
Relevant dimensions of the Berlin Archaeopteryx used @il of Archaeopteryx are not yet taken into ac-
in the calculations. count. Archaeopteryx has a shorter foot length
but the total leg length is longer. The maximum
Body mass (M,) 0.25 kg slap impulse of Archagopteryxis a fraction higher
Weight 245N due to the fact that it was slapping seawater,
Span (B) 0.6 m which has a higher density than fresh water. The
Wing area 0.06 m2 longer legs of Archaeopteryx mainly cause the
Aspect Ratio (AR) 6 higher maximum stroke impulse. With a stride
Length upper leg (femur) 0.054 m frequency of 10 Hz (step duration of 0.05 s) the
tg:g:: :g‘;"te(rl_";g (tibiatarsus) 8-8;23 m total maximum impulse exceeds the minimum
Distance hip tg heel (L)) 0125 m impulse needed for both animals. The impulse

surplus of Archaeopteryxis larger than that of the
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Fig. 3.

The impulse surplus a 0.25 kg
Archaeopteryx would be able
to generate while running at
2 m-s~' across the water sur-
face using the technique of
the Basilisk lizard and gen- 0
erating lift force by deflecting

air downwards with steady

wings and tail. Model predic-

tions for three step durations

are shown. -50 -

impulse surplus (%)
[8)]
S
1

Basilisk lizard of the same mass, again due to the difference in leg length. With a stride frequency
of only 5 Hz the impulse surplus is negative for both Archaeopteryx and the Basilisk which means
that they are unable to run at the water surface. The model predicts that a Basilisk lizard of 0.25 kg
needs a minimum stride frequency of 9.2 Hz to perform the trick. Archaeopteryx has the possibility
to generate lift which reduces the required impulse.

The results of the calculations of the aerodynamic forces for values of £ between 0° and 35° are
shown in Figure 2. The total lift force generated by deflecting a cylinder shaped virtual mass of air,
enhanced by the ground effect gradually increases with the downwash angle. The induced drag on
Archaeopteryx running at 2 m-s™' increases also but remains small compared to the values lifting
the animal. The consequences for the ability to run at the surface are shown in Figure 3 for three
stride frequencies. We already saw that with a step period of 0.05 s Archaeopteryx could run on
water even without the help of a lifting force. A step period of 0.1 s requires slightly less than 0.16 Ns
of impulse due to lift forces from the wings and the tail. That amount would be generated according
to our model with downwash angles exceeding 26°. The consequences of the average step period
value of 0.075 s are also indicated in Figure 3, showing that downwash angles larger than about
11° are required in that case.

The sum of profile and parasite drag (D,,..on €quation 14) is estimated to be in the order of 0.006 N
using an A value of 0.008 m2 and a C,,..,.+ 0f 0.25 and is considered small enough to be further ig-
nored. The forward directed impulse that must be produced during each step to overcome the induced
drag of 0.165 N at e=26° is about 0.017 Ns. That value is reached with a backward stroke angle B
of only 7.5° and leaves 0.129 Ns of the 0.130 Ns for the vertical component of the stroke impulse
showing that surplus percentages are hardly affected by such small backward stroke angles.

The analysis shows that a 0.25 kg Archaeopteryx could run over water if it could use stride frequen-
cies as high as 10 Hz or else could generate lift.

Discussion

The results presented here refute the biomechanical part of the criticism against the current hypothesis
by Ma et al. 2000. In fact they use the same model as is used here and reach the same conclusion
but only take a stride frequency of 5 Hz (7,,,=0.1 s) into account without considering faster strides
and, more importantly, the possibility of lift generation. Figure 3 shows the full range of possible solu-
tions for Archaeopteryx and makes clear that lift generation is needed for stride frequencies below
10 Hz. GLASHEEN & MCMAHON (1996b) indicate that a 200 g Basilisk lizard is capable to produce an
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impulse that is just slightly greater than that needed to support its body weight. The application of
their model to the 250 g lizard in Table 3 illustrates the consequences of the weight limit.

The functional anatomy of Archaeopteryx is still a disputed topic. Interpretation of the details of the
fossils usually depends highly on the personal view and background of the investigator. Opposing
views have been generated over the last century about the function of every part of the enigmatic
remains (see for example the recent overview by ELZANOWSKI (2002)). It is therefore not surprising
that MA et al. (2000) present a number of arguments regarding the anatomy of the hind legs that
are supposed to oppose the current hypothesis. These arguments are justified as long as their
interpretation of the relation between form and function of the legs is right. The point is that more
interpretations are possible.

The feet of Archaeopteryx are slightly shorter than those of Basilisk lizards of the same body mass.
The fossil remains of the London, Berlin and Eichstatt specimen show that the feet can be flexed
over more than 90° which is sufficient to enable the movements required to slap the water surface.
Basilisk lizards possess narrow fringes along the toes increasing the surface during the slap and
stroke phases. The fringes roll up during the retraction phase. The toes are stretched and folded
together during that phase to make a fast withdrawal possible. The foot must have left the air cavity
before it closes. Archaeopteryx might have possessed fringes but no fossilised remains of that soft
tissue have been recognised so far. Anatomical details of the hind limbs show no obvious reasons
why Archaeopteryx would not be able to perform the foot folding action executed by the Basilisk
lizards. The comparatively longer leg size of Archaeopteryx increases the maximum stroke depth
and the maximum stroke impulse. The slap impulse of Archaeopteryx and a Basilisk lizard of the
same body mass could be approximately equal. The higher density of the seawater is the only dif-
ferentiating factor in favour of Archaeopteryx. There is no convincing fossil evidence showing that
Archaeopteryx could not stretch its foot in line with the lower leg. There are some indications that the
upper legs were feathered. MA et al. (2002) use this as an argument against the current hypothesis.
However, according to their structure feathers of Archaesopteryx could well have been water repellent
and bare upper legs are therefore not a conditio sine qua non.

The large wings and the feathered tail of Archaeopteryx provide the ability to glide at low speeds. The
cylinder of air deflected down is of course a simplification of the actual morphology of the affected
air mass. The interaction between the oncoming air and the wings and the long sideways-feathered
tail must have been rather complex. The model takes the net downward component of the virtual
mass of air behind the animal into account.

RIETSCHEL's (1985) reconstruction of the wing suggests the presence of several advanced charac-
teristics for high performance at low speeds. The arm wing had a rounded leading edge and a sharp
trailing edge and it probably was cambered to obtain high lift at low speeds. The flow over this part
of the wing was attached, generating lift as a classical aircraft wing. The hand wings were in fact

Table 3.

A comparison of the water running abilities of Archaeopteryx and a Basilisk lizard. Parameter values used for
both animals are: My=0.25Kg; Ume=2.5 M-8 Uy =3.75 m-57"; r,;=0.018 m; C,8=0.00068 m2. The table
compares stride frequencies of 10 and 5 Hz for each animal. The lift generating capacity of Archaeopteryx is
not taken into account.

Berlin specimen Basilisk lizard
Length foot (L) 0.076 0.076 0.087 0.087 m
Distance hip to heel (L) 0.125 0.125 0.107 0.107 m
Max. slap impulse 0.028 0.028 0.027 0.027 Ns
Max. stroke impulse 0.130 0.130 0.106 0.106 Ns
Total maximum impulse 0.158 0.158 0.133 0.133 Ns
Stride frequency 10 5 10 5 Hz
Tetep 0.05 0.10 0.05 0.1 s
Minimum needed impulse 0.123 0.245 0.123 0.245 Ns
Surplus impulse 29.0 -35.5 8.6 —45.7 %
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