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2.7×10-4m2 and the compressive strength σ of the bone is 
about 170 MPa, giving the maximum gravity the human can 
support as                                

 (2) 2

              
This is indeed a large number, corresponding to more than 90 
times Earth’s gravity! However, this maximum value needs to 
be reduced since it considers only static compressive stress on 
the bone. Once we start moving, the dynamic stress takes over 
due to bending of the bones subject to gravitational torques. It 
has been shown experimentally2,4 that the total stress increas-
es approximately by a factor of 10 during normal running, 
thus reducing the maximum gravity to about 10 times Earth’s 
gravity. The same studies suggest that a factor of 10 might be 
too large; however, as these were conducted on larger animals 
(such as cows), they cannot be reliably extrapolated to hu-
man-sized mammals. Further, an increased compressive force 
acts on the bones due to a ground reaction force during run-
ning or jumping. Since we accelerate vertically when running, 
the normal force on the bones of the legs is greater than the 
force due to gravity. However, studies5 show that this increases 
the stress on the bone by at most a factor of two, so it doesn’t 
modify our result. 

Muscle strength 
A criterion for muscle strength will be the ability of the hu-

man to get up while seated or lying down. A visual representa-
tion of the problem is given in Fig 1. 

We consider the entire mass M of the human to be located 
at their center of gravity. The quadriceps connect the massless 
femur and tibia and are responsible for getting up. In order to 
do so, the force with which the quadriceps must pull has to be 
at least 

Effects of Exoplanetary Gravity on 
Human Locomotion Ability  
Nikola Poljak, Dora Klindzic, and Mateo Kruljac, Faculty of Science, University of Zagreb, Croatia

At some point in the future, if mankind hopes to settle 
planets outside our solar system, it will be crucial to 
determine the range of planetary conditions under 

which human beings could survive and function. In this arti-
cle, we apply physical considerations to determine the limita-
tions that gravity imposes on several systems governing the 
human body.  Initially, we examine the ultimate limits at which 
the human skeleton breaks and muscles become unable to lift 
the body from the ground. We also produce a new model for 
the energetic expenditure of walking, by modeling the leg as an 
inverted pendulum. Both approaches conclude that, with rig-
orous training, humans could perform normal locomotion at 
gravity no higher than 4gEarth.

Introduction
With the discovery of many new potentially habitable exo-

planets, one needs to consider which ranges of planets’ physi-
cal parameters are suitable for immediate human settlement. 
Aside from the average temperature, insolation, pressure, 
atmospheric composition, etc., all of which can be solved 
with spacesuits, the basic parameter of a planet is its surface 
constant of gravity, which will determine if a person can stand 
upright and move safely and at a reasonable pace from one 
place to another. 

Studies of animal sizes1 have already determined many 
physical limits the animals can reach in conditions existing on 
Earth. In this text, we aim to take another approach, fixing the 
size of the animal, in this case a human, and determining the 
range of gravitational accelerations g in which it can stand and 
move. To do so, we will look at the largest g in which our skel-
eton still won’t fail and in which our muscles can still perform 
the basic movements of standing up and walking. 

Methods and results 
Bone failure 

Let us, for the sake of simplicity, imagine the whole human 
weight being supported by a single upright bone, in this case 
representing the entire skeleton. The weight Mg of the entire 
human mass acts on the bone with a diameter D and a cross 
section A and produces an axial compression equal to 

                                                  (1)
    

where we used the fact that the cross section of the bone is 
proportional to the square of its dimension and the mass of 
the human to its cube. Since we want to obtain a numerical re-
sult, it is not enough to deal with proportionalities. Measure-
ment data2,3 show that for an average 50-kg mammal, which 
we can take as a first approximation of a human, the cross-sec-
tional area A of a tibia (which we consider to be at least under 
the same pressure as the rest of the skeleton) equals  

Fig. 1. A representation of the human leg. The human has a 
mass M. The distances denoted in the image are discussed 
in the text.
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to get up from the floor using your muscles. However, assum-
ing that vehicle-assisted transportation is unacceptable for 
long-term settlement on planets, we must also examine the 
energetic expenditure of walking. 

Locomotion 
Walking can be 

accurately represent-
ed by the “inverted 
pendulum gait,” as 
in Fig. 2. The leg that 
supports the weight 
is stiff and behaves 
like an inverted 
pendulum, with the 
body’s center of mass 
on top. The free leg 
swings forward as 
a free pendulum, 
although in reality 
it’s not a completely 
conservative sys-
tem—we know we 
have to use energy to 
swing it. In an ideal 
scenario, though, 
once an organism 
started walking in 
such a stance, it 
would not require 
any energy to maintain the walk. Therefore, walking in the 
inverted pendulum gait is the most energy-efficient means of 
limb-assisted locomotion, and since it appears in every land 
animal on Earth, we can assume that it will be present in ex-
traterrestrial life, too. 

Now, we may consider that most of the work is spent on 
making the center of mass (COM) “bob” up and down.8 In 
that case, the COM repeatedly oscillates between maximum 
kinetic energy, at the bottom of the movement arch, and max-
imum gravitational potential energy at the top. The ratio of 
those two energies is proportional to 

               
 (6)

              
where v is the traveling speed, g is the surface gravitational 
constant, and L is the limb length. The number F is called 
the Froude number, and studies have conclusively found that 
animals with nearly the same F exhibit the same gait.9,10 That 
is, the ratio of kinetic and potential energy of the COM deter-
mines if an animal will walk, run, trot, or gallop at a certain 
speed, regardless of species. 

How does this apply to the walk of bipedals, quadrupedals, 
or other creatures with an even number of legs? At the high 
point of the COM “bobbing” at each pair of legs, there is a 
centrifugal force lifting it upwards, and at the same time a 
gravitational force downwards. If the centrifugal force exceeds 

                                                    (3)
      

in order to at least balance the gravitational torque on mass M. 
In this expression, D is the torque arm of the muscle force and 
L is the torque arm of the gravitational force. The factor two 
arises since humans have two legs and each needs to lift only 
half of the total mass. Another way to express the maximum 
force the quadriceps produce is with the help of the maximum 
isometric stress σm muscles can produce: 

                   (4)

where the indices m denote the muscle and A is the muscle 
cross section, expressed in the second equation with the help 
of muscle mass M, its density ρ, and its length L. Once again, 
the values for these parameters are known for a mammal of 
50 kg.2,6 Finally, the torque arm L is longer than the muscle 
length and approximated by L = 1.5 Lf , where Lf is the femur 
length. Plugging in all the numerical values, we obtain the 
limiting value of g:

         .
          

 (5)

Note that this result is reproduced for a “worst-case scenar-
io.” It is very difficult to get up from a sitting position based 
only on muscle strength without bending forward or pushing 
your feet slightly backwards. Still, we think this is an extraor-
dinary result, showing how well our muscle system is adapted 
to life on Earth! It would appear that living on planets with 
increased gravity would be very difficult due to our relatively 
weak muscles. However, we could either try to increase our 
muscle strength or move around with the help of technology. 
Evidence from Earth suggests that increase in muscle strength 
is possible within some limits. Looking at isometric squat 
standards for 50-kg men,7 one can see that an average person 
can lift about 36 kg, while an elite athlete can lift 145 kg, which 
is an increase of a factor of approximately four. Of course, we 
also use our arms and other muscles when getting up, which 
we have to factor in and choose as an extra 20-50%. We choose 
to take the lower limit to this estimate since we believe that 
an increase of factor of four that we included earlier could be 
a slight overestimate since not everyone can become an elite 
athlete. Thus, one could assume that with rigorous training, 
we could get up at gravity values of ≈ 10.7 × 4 × 1.2 m/s2 g < 
5gEarth. One could argue that we could have used the world 
squat record for a 50-kg man, but that’s a result only one per-
son can achieve, while there are quite a few elite athletes. The 
latter is far more useful information if we wish to colonize a 
planet. Since the quoted strength increase factor of approxi-
mately four is the same for all weight classes,7 5gEarth should 
be the maximum gravity for them as well. 

We can see that increased gravity induces stress on the 
muscular system much more so than on the skeletal system. 
This was to be expected, since we all know it is relatively easier 
to get strong than to break a bone. The limit on the surface 
gravitational constant therefore arises mostly from the ability 

Fig. 2. Whilst walking, one leg behaves as 
an inverted pendulum, and the other as a 
swinging pendulum. 
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square root has to be positive, i.e., F ≤ 0.6. As mentioned be-
fore, it’s been shown that the transition from walking to run-
ning occurs at F ≈ 0.5 and the pendulum model does not apply 
for larger values of F anyway. Thus, we can assume our model 
is accurate within the order of magnitude for all creatures with 
the inverted pendulum gait. The energetic contribution of the 
swinging leg to energy expenditure is a few joules at best, due 
to the leg’s small mass. 

Let’s try to find the maximum gravity at which we could 
make a step. For that purpose, we’ll look at the record set by 
a strongman who walked five steps with a 649-kg log on his 
back.15 We used the world record because there are no official 
elite athlete results for log carrying, as we’ve found for squat-
ting. Regardless, it is reasonable to assume this result is close 
enough to an elite athlete so that any error in setting him as 
our benchmark is probably negligible. We’ll use Eq. (9) to find 
the gravity at which the strongman’s “free” walking is the same 
as walking with that log here on Earth. Now, he was walking 
very slowly, meaning v2<< 1, i.e., F << 1. We will assume that 
Froude numbers on both planets are small and equal and use 
the Taylor expansion x x in Eq. (9), which then 
reduces to 

 (Mman + Mlog) gEarth =  Mman gmax ,         (10)

which, for the strongman’s mass of 179 kg, gives gmax ≈  
4.6gEarth. Comparing this result to the former result in the sec-
tion “Muscle Strength,” we find the models give a very similar 
result for the maximum bearable gravity. 

Discussion 
Even though we found some limits on the maximal surface 

gravitational constant on acceptable planets, there are other 
considerations that have to be taken into account. For ex-
ample, since increased gravity would be strongly pulling our 
blood down to our legs, the heart would have to work harder 
to pump it up into the brain. On the other hand, once we’re 
subject to low gravity, blood rushes from our legs into the 
face. To adapt, the heart would need to work differently and 
regulate the blood pressure. Following this line of reasoning, 
we can conclude that subject to high gravity, blood goes from 
the chest region into the legs, resulting in larger blood volume 
and higher blood pressure. Because blood cells are more eas-
ily destroyed than created, the body’s cardiovascular system 
should adapt sooner to low than to high gravity. Until enough 
blood cells are created in high gravity, we could feel weak, like 
after donating blood, in addition to having trouble standing 
and walking. 

We also know there are health risks due to low16 and high17 

blood pressure, meaning high-g planets could cause damage 
to the heart, arteries, kidneys, and the brain as well as leave us 
with dizziness, nausea, and fatigue. Studies have shown that 
the average human body could not withstand gravity greater 
than 5 gEarth without passing out,18 because the heart couldn’t 
pump enough blood into the head, so we’ll assume that 4gEarth 
is the maximum gravity the human body can withstand in the 
long run. Other health risks in a high-g environment could be 
as simple as falling down, since our weight would be substan-

it, it will become impossible to keep the foot on the ground. 
The condition for this is 

                                  (7)
    

     When the Froude num-
ber exceeds 1, walking 
becomes impossible. In 
reality, nature never push-
es physics to the limits, 
so humans and animals 
consistently adopt a trot 
or run at around F = 0.5. A 
study11 has shown that the 
transition from walking to 
running occurs at F ≈ 0.5 
regardless of gravity, by 
simulating a low-g environ-
ment and measuring the 
speed at which the transi-
tion occurs. This should 
work for every surface and 
every planet. 

Now that we have the 
link between movement 
speed and limb length, let’s see what we can say about the 
energetics of walking. The minimum work required to “bob” 
the COM upwards for a step that has the legs separated by an 
angle θ (Fig. 3) is equal to the difference of gravitational po-
tential energies of the feet, 

 Ws = mgL(1 – cos  θ).                                                                   (8)

To avoid dealing with angles and make a connection with the 
Froude number, we will use the step length s as a parameter, 
so we identify sin θ = s/L, and s = v ts, where ts is the time re-
quired for one step. 

Since the most energy-efficient way for the swinging leg to 
move is like a stiff pendulum, we can take the step time to be 
one quarter of the period of such a pendulum. Using Eq. (6) 
and the natural period of the human leg,  

4ts = T = 
22 ,
3

L
g

π
12

 
we get:
                                                  (9)

        
 

Let’s put this to the test. According to medical informa-
tion13 used by the Wolfram Alpha computational engine, a 
woman of 65 kg and 20 years of age, briskly walking at  
1.4 m/s, makes 100 steps per minute and spends 15 kJ of 
energy. That is roughly 150 J per step. Her Froude number 
should be around 0.3. By plugging all this into Eq. (9), we can 
estimate her leg size as 0.8 m. This turns out to agree with the 
average leg length for the female population of this age,14 as 
well as the popular “45% of total height” estimate. 

Notice that for Eq. (9) to hold, the expression under the 

Fig. 3. A sketch of our pendulum 
model. The legs have length L and 
are separated by an angle  before 
each step.
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planets in the universe. This restriction arises primarily from 
gravity, as the only environmental factor that we cannot ma-
nipulate. Being aware of this enables us to make our search for 
potential future exoplanetary colonies more precise. 
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tially increased, but we don’t consider those in detail here. In 
conclusion, all of the systems governing the human body we 
examined give the maximum gravity of about 5gEarth . This 
should only be considered as an upper limit that could only 
be achieved by a handful of astronauts. It is difficult to claim 
what the exact upper limit for an average person could be, but 
we can estimate that a number above 3.5gEarth would be rea-
sonable. 

Now that we have found 5gEarth as the upper limit of the 
surface gravitational constant on acceptable planets, we can 
look at real data19 and find out how many exoplanets satisfy 
our condition. Out of 3605 confirmed exoplanets (as of Janu-
ary 2018), 594 have known radii and masses, which are need-
ed to determine g. A short calculation shows that 469 of these 
fit our criterion. A chart of the distribution of g is given in Fig. 
4. We can easily notice the peak in the percentage of planets in 
the gravitational range from 0.5gEarth to 1.5gEarth, which rep-
resents the planets we could relatively easily adjust to. 

It should be noted that planets with gravity less than 5gEarth 
are in fact very low-g planets when compared to 125 planets 
discovered with gravity stronger than 50gEarth (some of them 
even go as high as 200gEarth). This shows that we can classify 
humans as low-g organisms on the galactic scale and predict 
most exoplanetary life we may encounter to far outweigh and 
outgrow us.20 Fortunately, the majority of discovered exo-
planets fit in the low sub-5gEarth group, which means a greater 
chance of colonization and, perhaps, meeting alien life forms 
that are in some ways similar to us. 

Conclusion 
In this study, we show that the human musculoskeletal 

system is well suited to Earth gravity, and would consequent-
ly have difficulty functioning under increased gravitational 
force. However, physical training effectively quadruples 
our available strength and enables us to raise the limit up to 
3-4gEarth. Our model of walking confirms this limit, with a 
strongman as our extreme example. Further it seems that, 
from the human perspective, the range of habitable planets is 
much narrower than the range of potentially life-supporting 

Fig. 4. Distribution of the gravitational constant g 
among confirmed exoplanets.19 The values displayed 
are rounded-off percentages of the total number of sub-
5gEarth exoplanets made up by exoplanets in a given 
range of surface gravity.
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