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1. History of Bone Studies in Spaceflight and
Earth-based Analogs 
Given the right political motivation and an appropriate investment of 
resources, astronauts could be exploring the surface of Mars as early as 
10 years from now. During the 6 to 12 month journey the astronauts 
could experience bone loss that would put them at serious risk of 
fracture upon return to a gravitational environment, either on Earth or on 
Mars. This section explores the history of studies on space flight bone 
loss and assesses what we know to date about the problem. 

1.1 Background 

1.1.1 Measurement of bone mineral density 

The parameter that is most often used to describe loss of bone mass, 
stiffness, and strength, is bone mineral density (BMD). This is not a 
"density" in the traditional engineering sense, that is, total mass divided 
by volume (gm/cm3), but is instead an "areal density" of mineral mass 
(gm/cm2). Its value is derived from dual-energy X-ray absorptiometry 
(DXA), in which a two-dimensional projection of a bone is divided up into 
regions in which the bone-mineral content (BMC, calculated from the 
amount of X-ray absorptance) is divided by the projected area of the 
region to yield the BMD value for that region. This technique has several 
limitations in terms of assessing the strength of bone. Specifically, by 
collapsing the bone to two dimensions, information about its three 
dimensional geometry, and three dimensional density distribution are 
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lost. It is thus difficult to reconstruct an engineering model of the bone 
that takes into account these three-dimensional attributes. To date, all of 
the measurements of bone mineral loss in the proximal femora of 
astronauts (and subjects in Earth-based space flight simulations) have 
used DXA as the sole imaging technique. To assess strength, the BMD 
values obtained from DXA are correlated with in vitro mechanical tests of 
cadaveric femora. Applying more accurate techniques of assessing bone 
strength, such as the three-dimensional finite element analysis described 
in this thesis, is greatly hindered in the case of space flight studies due to 
the absense of three dimensional bone information, such as can be 
obtained by computed tomography (CT), for instance. Many of the 
limitations of the work described in this thesis stem directly from this lack 
of three-dimensional data and it is hoped that future space flight bone 
studies will fill this information gap. 

1.1.2 Bone Loss in Spaceflight and Earth-based Analogs 

During space flights lasting longer than one month, astronauts undergo 
significant losses of bone mass and bone mineral density in the weight 
bearing areas of the skeleton, particularly the spine and lower limbs, as a 
result of the unloading produced by weightlessness in the microgravity 
environment (LeBlanc et al., 1998; Holick, 1998; Vico et al., 1998). Due 
to the relatively small number of human subjects who have flown in 
space, the limited duration of missions to date, and the inaccuracy of 
early measurement techniques, the problem of bone loss during 
weightlessness is not yet well quantified or well understood. Enough 
evidence has been gained, however, to raise concern about the risk of 
fracture, particularly in the hip, during skeletal loading following return to 
Earth (1 G), during activities on the surface of Mars (3/8 G), or even 
during strenuous activities performed in weightlessness, such as 
extravehicular (EVA) construction of the International Space Station 
(ISS). 

The results of studies conducted during the space flights of the 1960’s 
and early 1970’s are highly variable due to poor measurement 
techniques employed in some cases. Following the Gemini 4, 5, and 7 
missions, lasting from 4 to 14 days, investigators noticed a distinct 
increase in calcium excretion (Lutwak, 1966; Whedon et al., 1967) and 
initially thought that the astronauts had experienced a dramatic 10-20% 
loss in calcaneus and metacarpal bone density (Mack and Lachance, 
1966; Mack et al., 1967). However, through reevaluation, these losses 
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were reduced to about 2-4% for five astronauts and 9% for one astronaut 
(Vose, 1974). The 18-day Soyuz 9 mission produced a 8-10% decrease 
in heel bone density for both cosmonauts (Birykov and Krasnykh, 1970). 
Bone density measurement techniques were improved during the three-
man Apollo flights, lasting up to 13 days, but in only one of these flights 
were investigators able to measure a significant amount of bone loss 
from the heel (Rambaut et al., 1975). 

Studies conducted during the longer-term Skylab, Salyut and Mir space 
station missions allowed for better measurement of calcium homeostasis 
and bone density, but were confounded by other factors such as variable 
compliance with prescribed exercise countermeasures intended to 
minimize bone loss. Skylab metabolic data indicate that over a three 
month period, the total negative calcium balance from excess urine and 
fecal excretion is as much as 25 grams (Rambaut et al., 1979b; 
Rambaut et al., 1979a), but later estimates reduced this value to 12.8 
grams or 1% of the 1250 grams in the average skeleton (Cann, 1993). 
Reduced losses during the Skylab 4 mission have been attributed to 
increased exercise by the astronauts. Both US and Soviet investigations 
estimated that the average bone loss from the calcaneus was 1% per 
month (Stupakov et al., 1984). A combined US / USSR study of long-
term spaceflight, in which quantitative computed tomography (QCT) 
scans were taken of the spine found no significant loss of density in the 
vertebral bodies (Oganov et al., 1990), apparently validating the exercise 
countermeasures. Closer inspection, however, revealed that there was 
an 8% loss of density in the posterior elements of the vertebrae, which 
correlated with a 4% loss of volume in the attached muscles, perhaps 
demonstrating the limited effectiveness of exercise countermeasures in 
space. Further evidence of this limitation came from QCT scans of one 
cosmonaut after a 366-day Mir mission, which showed a 10% loss of 
trabecular bone mass in L1, L2, and L3 vertebrae (Grigoriev et al., 
1991). When investigators started looking at other regions in the body, 
they found even more distressing losses. Most significantly, a 
quantitative digital radiography (QDR, equivalent to DXA) study of 
cosmonauts after 4.5—6 month long missions on Mir found bone mineral 
density (BMD) losses of as much as 14% in the femoral neck and 
greater trochanter of the hip (Oganov et al., 1992). A study of US 
astronauts found that even in relatively short flights (1 to 2 weeks), the 
vertebrae L2-4 could lose as much as 3% of baseline BMD (Miyamoto et 
al., 1998). 
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Spaceflight Bone Loss in Humans 

Flight / 
Study 

Finding References 

Gemini 4,5, 
and 7 

4-14days; Calcaneus and 
metacarpal bone density 

losses of 2-4% for 5 

Vose, 1974 

Soyuz 9 18 days; 8-10% decrease in 
calcaneus density for both 

cosmonauts 

Birykov and 
Krasnykh, 

1970 

Skylab 2 
Mission 

No significant bone mineral 
content changes in arm; 

calcaneus loss returned to 

Rambaut, et 
al. 1975 

Long Term 
Follow-Up of 
Skylab Bone 

Statistically significant loss of 
os calcis mineral in nine 
Skylab crewmembers, 5 

Tilton, et al. 
1980 

Combined 
U.S. / U.S.S.R 
Study of Long 

QCT of spine; Up to 8 
months; No loss in vertebral 

bodies, but 8% loss in 

Oganov, et al. 
1990 

Mir 366-Day 
Mission 

One cosmonaut averaged 
10% loss of trabecular bone 

from L1, L2, L3; measured by 

Grigoriev, et 
al. 

Mir 4.5 - 6 
Month Flights 

QDR assessment of BMD; 
total body mineral losses 

averaged 0.4%; most marked 

Oganov, et al. 
1992 

Mir 1 and 6 
Month Flights 

pQCT; noticeable loss of 
trabecular and cortical bone 
in the tibia after 6 months 

Collet, et al. 
1997 

NASDA Study 
of 2 NASA 
Astronauts 

42 year old femaleand 32 
year old male; short flight; 
negative calcium balance; 

Miyamoto, et 
al. 1998 

of 2 NASA 
Astronauts 
of 2 NASA 
Astronauts 

year old male; short flight; 
negative calcium balance; 
3.0% loss of BMD in L2-4 

year old male; short flight; 
negative calcium balance; 
3.0% loss of BMD in L2-4 

year old male; short flight; 
negative calcium balance; 
3.0% loss of BMD in L2-4 

al. 1998 
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The seriousness of the losses in BMD during spaceflight is evident when 
compared with the losses attributed to aging. On average, the rate of 
BMD loss for the proximal femur and lumbar vertebrae in men and 
women over 55 years of age has been estimated to be around 0.5—1% 
per year (Burger et al., 1998; Greenspan et al., 1996; Ensrud et al., 
1995; Jones et al., 1994). These rates of loss are believed to increase 
the risk of hip fracture in elderly individuals at the rate of about 4% per 
year and beyond age 75 the risk of hip fracture increases exponentially. 
As mentioned above, the rates of loss from the same skeletal areas 
during spaceflight are about 1 - 2% per month, 10 or more times greater 
than the rate occurring in normal aging. From another perspective, an 
estimated loss of 20% in femoral neck BMD during a year of spaceflight 
would correspond to the average BMD loss in the femoral neck of a 
woman aging from 50 years to almost 80 years (Looker et al., 1995). 
While the mechanisms responsible for bone loss in ageing and 
spaceflight are probably different (LeBlanc and Schneider, 1991), the 
similarities in the observed changes may be of mutual benefit to the 
study of either case (Hughes-Fulford, 1991). 

Some investigators have used bed rest as an analog for the skeletal 
unloading experienced in spaceflight. One early study put 90 healthy 
young men through 5-36 weeks of bed rest and found that not only was 
there an average 5% loss of calcaneal mineral each month, but that 
mechanical and biochemical countermeasures were unsuccessful at 
preventing this loss (Schneider and McDonald, 1984). During another 17 
week bed rest study, subjects lost an average of 0.21 +/- 0.05% per 
week of bone mineral density in the femoral neck, and 0.27 +/- 0.05% 
per week in the trochanteric area (LeBlanc et al., 1990). Other studies 
have shown similar mineral losses, slowing of mineralization, and 
limitations of countermeasures. Some studies have also encountered 
contradictory results demonstrating the difficulties of bed rest as an 
analog for spaceflight (Vico et al., 1987; Zaichick and Morukov, 1998). 
The combined results of space flight and bed rest studies, in terms of 
measured BMD loss, are summarized in Table 1.1. The last column is a 
normalized parameter indicating the actual or projected BMD loss per 
year. 
normalized parameter indicating the actual or projected BMD loss per 
year. 
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Bedrest / Hypokinesia Studies 

Models for Weightlessness of 


Spaceflight

Study Finding References 

5-36 Weeks 
Bedrest 

90 healthy young men; 5% 
loss of calcaneal mineral 

each month; mechanical and 
biochemical 

countermeasures not 
successful 

Schneider 
and 

McDonald, 
1984 

120-Day 
Bedrest 

Mineralization rate slowed; 
contradictory results 

demonstrate difficulties of 
bedrest as space analog 

Vico, et al. 
1987 

17-Week 
Bedrest 

6 healthy young males; 6 
months of reambulation; 
BMD % change (p<0.5): 
femoral neck (FN) -3.6 

trochanter (t) -4.6; % /week 
(p<0.5): FN -.21 +/- .05, T-

.27 +/- .05; Reambulation % 
recovery: FN 0.00 +/- .06, T 
0.05 +/- .05 (prox. femur did 

not recover well) 

LeBlanc, et al. 
1990 

370-Day 
Antiorthostatic 
Hypokinesia 

Test 

Highest losses in foot bones; 
remedial measures delay 
osteoporosis but do not 

completely exclude it; results 
obtained by different 

methods often conflicting 

Zaichick and 
Morukov, 

1998 

Results from animal studies of bone mineral loss in spaceflight and 
immobilization have been highly variable due to differences in study 
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design, duration, and measurement techniques. In addition, much of the 
variability may be due to the age of the animals, since many of the early 
studies were carried out on rats that were still growing (less than 5-6 
months old). Rats were flown on eight Russian Cosmos biosatellite 
missions, lasting from 5 days to 22 days, as well as on the US Spacelab 
3 mission (7 days). Juvenile male rhesus monkeys were flown on five 
Cosmos missions and an adult nemestria macaque monkey was flown 
on an early US mission (Biosatellite 3). Additional studies were carried 
out on rats and monkeys in various forms of suspension and 
hypokinesia. Bone formation was found to be reduced in the metaphyses 
of long bones during the first Cosmos mission (Yagodovsky et al., 1976). 
The Cosmos 782 and 936 missions resulted in a 40% reduction in the 
length of the primary spongiosa (Asling, 1978) and a 30% decrease in 
the femoral breaking strength (Spector et al., 1983). In addition, these 
missions revealed that an arrest line separating normal bone from 
defective and hypomineralized bone formed during spaceflight (Turner et 
al., 1985) and that osteoblast differentiation in non-weight bearing bones 
was suppressed during weightlessness (Roberts et al., 1981), thus 
yielding evidence that other bones in the body might be affected in long 
term flight. Rats flown for 5 days aboard the Cosmos 1514 biologic 
satellite incurred no measurable change in bone mass (Vico et al., 
1987), while calcium excretion studies on monkeys on the same flight 
showed evidence of increased resorption (Cann et al., 1986). After the 
slightly longer Cosmos 1667 mission, the flight rats showed a greater 
loss of trabecular bone in the proximal metaphyses of the tibia than rats 
undergoing tail suspension for the same duration on earth (Kaplansky et 
al., 1987; Vico et al., 1991). Rats undergoing tail suspension of their 
hindlimbs for 15 days showed reductions in calcium content to 86.2 ± 
2.5% for the tibia, and 75.5 ± 3.5% for vertebrae (Globus et al., 1984), 
while those exposed to hypokinesia and head-down suspension for 
periods of 35 to 60 days exhibited osteoporosis in the tibial and vertebral 
spongiosa (Durnova et al., 1986). Other tail suspension studies revealed 
a reduction of osteoblast number and growth and mineralization rates in 
the unloaded bones (Morey-Holton and Globus, 1998). Rhesus monkeys 
flown for 13 days on Cosmos 1887 and 2044, and 11.5 days aboard 
Cosmos 2229, showed reduced bone mineralization and growth and a 
significant decrease in whole body bone mineral content (BMC), with 
only partial recovery by one month post-flight (Cann et al., 1990; Zerath 
et al., 1996). In addition, during the Cosmos 2044 mission it was shown 
that the fracture repair process was impaired in rats (Kaplansky et al., 
1991). 
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Spaceflight Bone Loss in Animals


Flight /
Study 

Finding 

Rats; 40% reduction in length 
of primary spongiosa due to 

reduced formation and 
increased resorption 

Rats; Osteoblast 

Cosmos 605 

Cosmos 782 

Rats; Bone formation 
reduced in metaphyses of 

long bones 

References 

Yagodovsky, 
et al. 1976 

Asling, 1978 

Roberts, 1981 

Spector, et al. 
1983 

Tumer, et al. 
1985 

Globus, et al. 
1984 

Cann, et al. 
1986 

Cann, et al. 
1990 

Vico, et al. 
1991 

Cosmos 782? 

Cosmos 936 

Cosmos 782 
& 936 

Rat Tail 
Suspension, 

1984 

Cosmos 1514 

Cosmos 
1667, 1887, 

2044 

Cosmos 1667 

differentiation in non-weight-
bearing site suppressed 
during weightlessness 

Rats; 30% decrease in 
femoral breaking strength of 

femora with recovery of 

Rats; Arrest line separating 
bone formed during and 

post-spaceflight; defective 
and hypomineralized bone 

Up to 15 days; Calcium 
content: tibia = 86.2 +/- 2.5%, 

vertebra = 75.5 +/- 3.5% of 
control 

Primates; 5 days; resorption 
increased during flight 

Primates; 13 days; lower 
mineralization rate and less 

bone mineralized; 
longitudinal growth slowed 

Rats; 7 day spaceflight vs. 7 
day tail-suspension; loss of 
trabecular bone in prox tibial 

Cosmos 2044 Kaplansky, et 
al. 1991 

Rats; fracture repair process 
impaired during flight 
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Cosmos 2229 

Primates; 11.5 days, 
tendency toward decreased 

BMC during flight; only partial 
recovery 1 month after 

Zerath, et al. 
1996 

Rat-Tail 
Suspension 

1998 

Unloaded bones display 
reduced osteoblast number, 
growth, and mineralization 

rate in trabecular bone 

Morey-Holton 
and Globus, 

1998 

1.1.3 Summary of findings from spaceflight and immobilization 
studies 

The findings of these spaceflight and immobilization studies, conducted 
over the past 35 years, may be summarized as follows: 

• 	 Significant bone loss occurs in humans and animals exposed to 
weightlessness during spaceflight 

• 	 Urine and fecal calcium excretion is increased resulting in a 
negative calcium balance 

– Calcium resorption from bone is increased and 
absorption from gut is decreased 

• Bone mineral density decreases 

– Critical weight-bearing areas lose density most rapidly and 
the rate of loss is approximately 1-2% per month 

– Non-weight-bearing areas are affected in the 
long term 

• 	 Osteoblast proliferation and activity are reduced while osteoclast 
activity either remains the same or increases slightly 

• Bone growth is slowed 
• Fracture repair is impaired 
• Bone strength is reduced 

1.2 Significance 

Several conclusions may be drawn regarding the significance of these 
skeletal changes in terms of human spaceflight. 
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• 	 Astronauts and cosmonauts spending a significant period in 
weightlessness (> 1 month) will experience a loss of bone strength 
and a subsequent increase in fracture risk during: 

– Activities on Earth (walking / running, falls) 

– Intravehicular / extravehicular activity (IVA / 
EVA) on Mars or in weightlessness 

• 	 A fracture occurring on Mars (3/8 G) has serious consequences to 
the individual and crew due to: 

– remoteness (limited medical resources) 

– possible inhibition of fracture repair and 
immune respones associated with weightlessness 

– loss of functionality in terms of the crew 
member’s skills and duties (increased workload on 
remaining crew members) 

To date, hip fracture has risk has generally been estimated based on 
correlations between bone mineral density (BMD) and failure load for a 
given loading condition (usually associated with an specific activity, 
including traumatic activities such as falls). In the vast majority of cases, 
the failure load in this context is obtained through mechanical testing of 
cadaveric femora. Thus, while BMD correlates reasonably well with bone 
strength in vitro, actual fracture risk is harder to calculate due to in vivo 
factors (e.g. body mass). Consequently, there exists a need to better 
assess the in vivo fracture risk for astronauts performing normal and 
traumatic activities following a significant period of weightlessness (i.e., 
more than a month). 
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SBE 2006 Dynamics Homework Solutions 

Preamble 

Imagine you are a test director at Johnson Space Center (JSC). You are 
interested in testing a training version of SAFER (Simplified Aid For EVA 
Rescue) to be used on the Precision Air Bearing Floor (PABF). 

The training version of the SAFER is designed to work only in one plane (i.e., the 
plane of motion parallel to the plane of the floor). The SAFER can be controlled 
in two ways: translation or rotation, depending on which jets are active at any 
time. Balanced jets in one direction will result in a force applied in the opposite 
direction. Counteracting jets on either side of the SAFER will result in a torque 
about the center of mass of the SAFER. The SAFER uses “bang-off-bang” 
control, meaning each jet is either fully on or fully off. A diagram of the training 
SAFER can be found below. 

In order to evaluate the performance of this SAFER model, you want to track the 
motion of a subject wearing the SAFER training unit. To collect data for your 
test, you have setup a small, motion tracking system. The tracking system uses 
magnetic markers on the SAFER and provides noisy measurements of the planar 
X and Y positions as well as a rotation angle, theta, of the SAFER. 

This problem explores the dynamics of this situation, simulates it and leads you 
through the development of a simple Kalman filter for tracking the position, 
velocity, angle and angular rate of a subject using this training version of the 
SAFER. 

1
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Problem 2. 

Plots of SAFER position and rotation angle 
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Problems 3-5. 

After adding process noise and measurement noise into the Simulink model, we 
find a set of data that is less useful than the original ideal situation of Problem 2. 
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Figure 3.1 XY-position measurement of SAFER unit, with both dynamics 
disturbances (process noise) and sensor chatter (measurement noise) 
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Figure 3.2. Rotation angle of SAFER unit, over time with both dynamics 
disturbances (process noise) and sensor chatter (measurement noise) 
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Problem 6. 

To determine the matrices needed to create the Kalman filter, we want our 
dynamics to be represented in the form 

! 

˙ x = Ax + Bu , which is equivalent to: 

We will also need to determine the measurement matrix, H; the measurement 
covariance matrix, R; the continuous process noise covariance matrix, Q; the 
initial state covariance matrix estimate, P; and the initial state vector estimate, X. 

The measurement update and time update of the Kalman filter will be carried out 
according to the following matrix equations (Ferguson, 2006, SBE Dynamics 
Lecture Notes): 

We must put these into Matlab form, in a discrete time-step loop. To apply the 
Kalman filter to our simulated noisy data, we can use the following Matlab code: 

7
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% Clean up the environment

close all

clear all


% Constants

rad2deg = 180/pi;

deg2rad = pi/180;


% Set the time vector

start_time = 0;

stop_time = 10;

time_step = 0.01;

time_vec = start_time:time_step:stop_time;


% Force and torque values

on_force_val = 10;

on_torque_val = 3;


% Mass properties

mass = 125; % kg

inertia = 10;


% Buid the force and torque vectors as functions of time

x_forcev = zeros(size(time_vec));

y_forcev = zeros(size(time_vec));

torquev = zeros(size(time_vec));

for i = 1:length(time_vec)


if (time_vec(i) >= 7)

x_forcev(i) = x_forcev(i) + on_force_val;


end 
if (time_vec(i) <= 3) 

x_forcev(i) = x_forcev(i) - on_force_val; 
end

if ((time_vec(i) >=2)&(time_vec(i) <= 8))


torquev(i) = torquev(i) + on_torque_val;

end

if (time_vec(i) >= 6)


torquev(i) = torquev(i) - on_torque_val;

end

if (time_vec(i) <= 4)


y_forcev(i) = y_forcev(i) - on_force_val;

end

if (time_vec(i) >= 8)


y_forcev(i) = y_forcev(i) + on_force_val;

end 

end 

% Format the forces and torques for use with the source block 
torque = [time_vec' torquev']; 
x_force = [time_vec' x_forcev']; 
y_force = [time_vec' y_forcev']; 

% Process noise variances 
% Note that these are squares of standard deviations, so they look pretty 
% small 

8
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pos_proc_var = 0.01;

ang_proc_var = 0.001;


% Measurement noise variances

% Note that these are squares of standard deviations, so they look pretty

% small

pos_meas_var = 0.005;

ang_meas_var = 0.001;


% Run the dynamics from the Simulink model

% Check the simulation configuration dialog of the model to ensure that the

% following things are set:

%

% Start time: start_time

% Stop time: stop_time

% Type: Fixed-step

% Solver: ode3(Bogacki-Sharnpine)

% Periodic sample time constraint: Unconstrained

% Fixed-step size (fundamental sample time): time_step

% Tasking mode for periodic sample times: Auto

% Higher priority value indicates higher task priority: Unchecked

% Automatically handle data transfers between tasks: Unchecked

%

% After running the simulation, the following variables are available:

%

% truth

% meas

%

% Both are structures that contain the data we're interested in

% The structure is automatically created by Simulink and is needlessly

% complicated ... They are extracted below for simplicity

sim(‘your_simulink_model’)


% Extract the truth and the measurements from the Simulink data structures

meas_vecs = meas.signals.values;

truth_vecs = truth.signals.values;


% We now proceed with the setup of the Kalman Filter

% We assume that the state we want to estimate takes the following form:

% X = [x y theta x_dot y_dot theta_dot]'

%

% The measurement vector has the following form:

% y = [x_hat y_hat theta_hat]


% Form the measurement covariance matrix

R = diag([pos_meas_var; pos_meas_var; ang_meas_var]);


% Form the continuous process noise covariance matrix

% Note that process noise is only added to the velocity states because

% we're really adding this to the state equation:

%

% X_dot = Phi*X + B*u + Q

Q = diag([0, 0, 0, pos_proc_var, pos_proc_var, ang_proc_var]);


% Put the input vectors into a matrix for easy use

input_vectors = [x_forcev', y_forcev', torquev'];
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% Form the measurement matrix such that 
% y = H*X 
H = [1 0 0 0 0 0; 

0 1 0 0 0 0; 
0 0 1 0 0 0]; 

% Form the continuous dynamics matrix 
A = [0 0 0 1 0 0; 

0 0 0 0 1 0; 
0 0 0 0 0 1; 
0 0 0 0 0 0; 
0 0 0 0 0 0; 
0 0 0 0 0 0]; 

% The continuous B matrix for X_dot = AX + Bu depends on the state (angle)

% So, it needs to be computed at every time step


% Define the initial error variances on the estimate we start with

init_pos_err_var = 0.025;

init_vel_err_var = 1;

init_ang_err_var = 0.01;

init_ang_rate_err_var = 0.02;


% Initialize the state covariance estimate

P_init = diag([init_pos_err_var, init_pos_err_var, init_ang_err_var, init_vel_err_var, init_vel_err_var,

init_ang_rate_err_var]);

P = P_init


% Initialize the state estimate

X_init = truth_vecs(1,:)' + sqrtm(P)*randn(6,1);

X = X_init;


% Setup storage matrices for our estimates

Pdiag_store = [];

X_store = [];


% Run the filter

for i = 1:length(time_vec)


% Store the P diagonal 
Pdiag_store = [Pdiag_store, diag(P)]; 

% Do meas update 
K = P*H'*inv(H*P*H' + R);

X = X + K*(meas_vecs(i,:)' - H*X);

P = (eye(size(P)) - K*H)*P;


% Store the estimate 
X_store = [X_store, X]; 

% Do time update 
%First compute the continuous B matrix at this time step, recalling that X(3) is the current theta angle 
B = [0, 0, 0;


0, 0, 0;
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0, 0, 0;

(1/mass)*cos(X(3)), (-1/mass)*sin(X(3)), 0;

(1/mass)*sin(X(3)), (1/mass)*cos(X(3)), 0;

0, 0, (1/inertia)];


[Phi, Bk, Qk] = get_discrete_dyn(A, Q, B, time_step);

X = Phi*X + Bk*input_vectors(i,:)';

P = Phi*P*Phi' + Qk;


end 

% Compute the errors 
X_diff = truth_vecs' - X_store; 

11 
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%%%%%%%%%%%%%%%%%%%


% Here is the get_discrete_dyn function

% It needs to be stored as a separate .m file, with the filename get_discrete_dyn.m


function [Phi_full, Bk, Qk] = get_discrete_dyn(A, Q, B, time_step)


% Build Spectral Densities

full_state_size = length(A);

S = [-A Q; zeros(size(A)) A'];

C = expm(S*time_step);


% Discretize A and B into Phi and Bk

csys = ss(A, B, [], []);

dsys = c2d(csys, time_step, 'zoh');

Phi_full = dsys.A;

Bk = dsys.B;


% Form Qk

Qk = Phi_full*C(1:full_state_size,full_state_size+1:2*full_state_size);
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Problem 7. 

To create the plots of estimation error and covariance bounds, we can use the 
following Matlab code. 

% Make some plots

% The truth position

figure

plot(truth_vecs(:,1), truth_vecs(:,2))

grid

title('Subject motion in X-Y plane')

xlabel('X position (m)');

ylabel('Y position (m)');


% The truth angle

figure

plot(time_vec, truth_vecs(:,3).*rad2deg)

grid

title('Subject rotation angle')

xlabel('Time (s)');

ylabel('Rotation angle (degrees)');


% Position estimation errors and covariance bounds

figure

subplot(3,1,1)

plot(time_vec, X_diff(1,:), time_vec, sqrt(Pdiag_store(1,:)), 'k--', time_vec, -sqrt(Pdiag_store(1,:)), 'k--')

title('Position Estimation Errors and Covariance Bounds');

ylabel('X Position (m)');

grid

subplot(3,1,2)

plot(time_vec, X_diff(2,:), time_vec, sqrt(Pdiag_store(2,:)), 'k--', time_vec, -sqrt(Pdiag_store(2,:)), 'k--')

ylabel('Y Position (m)');

xlabel('Time (s)')

grid

subplot(3,1,3)

plot(time_vec, X_diff(3,:).*rad2deg, time_vec, sqrt(Pdiag_store(3,:)).*rad2deg, 'k--', time_vec, -

sqrt(Pdiag_store(3,:)).*rad2deg, 'k--')

ylabel('Rotation Angle (degrees)');

xlabel('Time (s)')

grid


% Rate estimation errors and covariance bounds

figure

subplot(3,1,1)

plot(time_vec, X_diff(4,:), time_vec, sqrt(Pdiag_store(4,:)), 'k--', time_vec, -sqrt(Pdiag_store(4,:)), 'k--')

title('Velocity Estimation Errors and Covariance Bounds');

ylabel('X Velocity (m/s)');

grid

subplot(3,1,2)

plot(time_vec, X_diff(5,:), time_vec, sqrt(Pdiag_store(5,:)), 'k--', time_vec, -sqrt(Pdiag_store(5,:)), 'k--')

ylabel('Y Velocity (m/s)');

xlabel('Time (s)')

grid

subplot(3,1,3)

plot(time_vec, X_diff(6,:).*rad2deg, time_vec, sqrt(Pdiag_store(6,:)).*rad2deg, 'k--', time_vec, -

sqrt(Pdiag_store(6,:)).*rad2deg, 'k--')
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ylabel('Rotation Rate (degrees/s)');

xlabel('Time (s)')

grid


The error in our position estimation and its covariance bounds are shown in 
Figure 7.1. 
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Figure 7.1 Position estimation errors and covariance bounds 
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The error in our velocity estimation and its covariance bounds are shown in 
Figure 7-2. 
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Figure 7.2 Velocity estimation errors and covariance bounds 
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Problem 8. 

If you suspect that the friction has a Gaussian white noise effect, increase the 
velocity elements of the Q matrix to be at least as big as you think the friction 
might be. If you don't have any idea what the friction might look like, you would 
probably just assume it was Gaussian so that you could do the above. 

If you knew exactly what the friction was, you could model it and incorporate it 
into the dynamics as part of the A matrix. 

However, if you suspected a particular form of the friction, but did NOT know the 
parameters, you could “augment” the state matrix, which means incorporating the 
B matrix into your state vector. For instance, maybe you know that it took the 
form of: 

F_friction = -B * velocity 

But you did not know what B was. The Kalman filter has the ability to estimate 
what B is based on the data. The way you would do this would be to include B 
into your state 
vector as a constant. The dynamics of B are nothing (because it is constant). 
You would need to incorporate this state into the measurement equation (so into 
H) also. 
This way, not only would your filter track the position and velocity of the 
astronaut on the SAFER unit, you would also be able to do some system ID too! 
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An Introduction to the Kalman Filter

Greg Welch  and Gary Bishop

Updated: Monday, April 5, 2004 

Abstract 
In 1960, R.E. Kalman published his famous paper describing a recursive solution
to the discrete-data linear filtering problem. Since that time, due in large part to ad
vances in digital computing, the Kalman filter has been the subject of extensive re
search and application, particularly in the area of autonomous or assisted
navigation. 
The Kalman filter is a set of mathematical equations that provides an efficient com
putational (recursive) means to estimate the state of a process, in a way that mini
mizes the mean of the squared error. The filter is very powerful in several aspects:
it supports estimations of past, present, and even future states, and it can do so even
when the precise nature of the modeled system is unknown. 
The purpose of this paper is to provide a practical introduction to the discrete Kal
man filter. This introduction includes a description and some discussion of the basic
discrete Kalman filter, a derivation, description and some discussion of the extend
ed Kalman filter, and a relatively simple (tangible) example with real numbers &
results. 
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1 

Welch & Bishop, An Introduction to the Kalman Filter


The Discrete Kalman Filter 
In 1960, R.E. Kalman published his famous paper describing a recursive solution to the discrete-
data linear filtering problem [Kalman60]. Since that time, due in large part to advances in digital
computing, the Kalman filter has been the subject of extensive research and application,
particularly in the area of autonomous or assisted navigation. A very “friendly” introduction to the
general idea of the Kalman filter can be found in Chapter 1 of [Maybeck79], while a more complete
introductory discussion can be found in [Sorenson70], which also contains some interesting
historical narrative. More extensive references include [Gelb74; Grewal93; Maybeck79; Lewis86;
Brown92; Jacobs93]. 
The Process to be Estimated 
The Kalman filter addresses the general problem of trying to estimate the state x ∈ ℜn of a
discrete-time controlled process that is governed by the linear stochastic difference equation 

xk = Axk 1 – + Buk 1 – + wk 1 – , (1.1) 

with a measurement z ∈ ℜm that is 
zk = H xk + vk . (1.2) 

The random variables wk and vk represent the process and measurement noise (respectively).
They are assumed to be independent (of each other), white, and with normal probability
distributions 

p w( ) ∼ N (0, Q) , (1.3) 
p v( ) ∼ N (0, R) . (1.4) 

In practice, the process noise covariance Q and measurement noise covariance R matrices might
change with each time step or measurement, however here we assume they are constant. 

×The n n  matrix A  in the difference equation (1.1) relates the state at the previous time step k 1 – 
to the state at the current step , in the absence of either a driving function or process noise. Note k 
that in practice A might change with each time step, but here we assume it is constant. The n l×l ×matrix B relates the optional control input u ∈ ℜ  to the state x. The m n  matrix H in the
measurement equation (1.2) relates the state to the measurement zk. In practice H might change
with each time step or measurement, but here we assume it is constant. 
The Computational Origins of the Filter 

-We define x̂ k ∈ ℜn (note the “super minus”) to be our a priori state estimate at step k given
knowledge of the process prior to step k, and x̂ k ∈ ℜn to be our a posteriori state estimate at step
k given measurement zk . We can then define a priori and a posteriori estimate errors as 

ek ≡ xk – x̂k, and 
ek ≡ xk – x̂k. 
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The a priori estimate error covariance is then 
- - - T ] ,Pk = E ekek (1.5)[ 

and the a posteriori estimate error covariance is 
Pk = E ekekT ] . (1.6)[ 

In deriving the equations for the Kalman filter, we begin with the goal of finding an equation that-computes an a posteriori state estimate x̂ k as a linear combination of an a priori estimate x̂ k and-a weighted difference between an actual measurement zk and a measurement prediction H x̂ k as
shown below in (1.7). Some justification for (1.7) is given in “The Probabilistic Origins of the
Filter” found below.

x̂k = x̂k + K zk – H x̂k ) (1.7)( 
-The difference (zk – H x̂k ) in (1.7) is called the measurement innovation, or the residual. The-residual reflects the discrepancy between the predicted measurement H x̂ k and the actual 

measurement zk . A residual of zero means that the two are in complete agreement. 
The n m  matrix K in (1.7) is chosen to be the gain or blending factor that minimizes the a× 
posteriori error covariance (1.6). This minimization can be accomplished by first substituting (1.7)
into the above definition for ek , substituting that into (1.6), performing the indicated expectations,
taking the derivative of the trace of the result with respect to K, setting that result equal to zero, and
then solving for K. For more details see [Maybeck79; Brown92; Jacobs93]. One form of the
resulting K that minimizes (1.6) is given by1 

- - 1–Kk = PkHT (HPkHT + R)
- . (1.8)PkHT 

= -----------------------------HPkHT + R 

Looking at (1.8) we see that as the measurement error covariance R approaches zero, the gain K
weights the residual more heavily. Specifically, 

H 1–lim Kk = .
Rk → 0 

-On the other hand, as the a priori estimate error covariance Pk approaches zero, the gain K weights
the residual less heavily. Specifically, 

lim Kk = 0 . 
-Pk → 0 

1. All of the Kalman filter equations can be algebraically manipulated into to several forms. Equation (1.8)
represents the Kalman gain in one popular form. 
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Another way of thinking about the weighting by K is that as the measurement error covariance R 
approaches zero, the actual measurement zk is “trusted” more and more, while the predicted-measurement H x̂ k is trusted less and less. On the other hand, as the a priori estimate error-covariance Pk approaches zero the actual measurement zk is trusted less and less, while the-predicted measurement H x̂ k is trusted more and more. 
The Probabilistic Origins of the Filter 

-The justification for (1.7) is rooted in the probability of the a priori estimate x̂ k conditioned on all
prior measurements zk (Bayes’ rule). For now let it suffice to point out that the Kalman filter
maintains the first two moments of the state distribution, 

E xk[ ]  = x̂k 
[(E xk – x̂k )(xk – x̂k )T ] = Pk. 

The a posteriori state estimate (1.7) reflects the mean (the first moment) of the state distribution— 
it is normally distributed if the conditions of (1.3) and (1.4) are met. The a posteriori estimate error
covariance (1.6) reflects the variance of the state distribution (the second non-central moment). In 
other words, 

(p xk zk ) ∼ N E  xk [(( [ ], E xk – x̂k )(xk – x̂k )T ]) 
( ˆ= N xk, Pk ). . 

For more details on the probabilistic origins of the Kalman filter, see [Maybeck79; Brown92;
Jacobs93]. 
The Discrete Kalman Filter Algorithm 
We will begin this section with a broad overview, covering the “high-level” operation of one form
of the discrete Kalman filter (see the previous footnote). After presenting this high-level view, we
will narrow the focus to the specific equations and their use in this version of the filter. 
The Kalman filter estimates a process by using a form of feedback control: the filter estimates the
process state at some time and then obtains feedback in the form of (noisy) measurements. As such,
the equations for the Kalman filter fall into two groups: time update equations and measurement 
update equations. The time update equations are responsible for projecting forward (in time) the
current state and error covariance estimates to obtain the a priori estimates for the next time step.
The measurement update equations are responsible for the feedback—i.e. for incorporating a new
measurement into the a priori estimate to obtain an improved a posteriori estimate. 
The time update equations can also be thought of as predictor equations, while the measurement
update equations can be thought of as corrector equations. Indeed the final estimation algorithm
resembles that of a predictor-corrector algorithm for solving numerical problems as shown below
in Figure 1-1.
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(“Predict”) 
Measurement Update

(“Correct”)Time Update

Figure 1-1. The ongoing discrete Kalman filter cycle. The time update
projects the current state estimate ahead in time. The measurement update
adjusts the projected estimate by an actual measurement at that time. 

The specific equations for the time and measurement updates are presented below in Table 1-1 and 
Table 1-2.

Table 1-1: Discrete Kalman filter time update equations. 
-x̂k = Ax̂k 1 – + Buk 1 – (1.9) 
-Pk = APk 1 – AT + Q (1.10) 

Again notice how the time update equations in Table 1-1 project the state and covariance estimates 
forward from time step k 1 – to step k . A and B are from (1.1), while Q is from (1.3). Initial
conditions for the filter are discussed in the earlier references. 

Table 1-2: Discrete Kalman filter measurement update equations. 
- - 1 – Kk = PkHT (HPkHT + R) (1.11) 

x̂k = x̂k + Kk (zk – H x̂k ) (1.12) 
-–Pk = (I KkH )Pk (1.13) 

The first task during the measurement update is to compute the Kalman gain, K k . Notice that the 
equation given here as (1.11) is the same as (1.8). The next step is to actually measure the process 
to obtain zk , and then to generate an a posteriori state estimate by incorporating the measurement
as in (1.12). Again (1.12) is simply (1.7) repeated here for completeness. The final step is to obtain 
an a posteriori error covariance estimate via (1.13). 
After each time and measurement update pair, the process is repeated with the previous a posteriori
estimates used to project or predict the new a priori estimates. This recursive nature is one of the 
very appealing features of the Kalman filter—it makes practical implementations much more
feasible than (for example) an implementation of a Wiener filter [Brown92] which is designed to
operate on all of the data directly for each estimate. The Kalman filter instead recursively
conditions the current estimate on all of the past measurements. Figure 1-2 below offers a complete 
picture of the operation of the filter, combining the high-level diagram of Figure 1-1 with the
equations from Table 1-1 and Table 1-2.
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Filter Parameters and Tuning 
In the actual implementation of the filter, the measurement noise covariance R 
prior to operation of the filter. Measuring the measurement error covariance R

is usually measured
is generally

practical (possible) because we need to be able to measure the process anyway (while operating the
filter) so we should generally be able to take some off-line sample measurements in order to
determine the variance of the measurement noise. 
The determination of the process noise covariance Q is generally more difficult as we typically do
not have the ability to directly observe the process we are estimating. Sometimes a relatively
simple (poor) process model can produce acceptable results if one “injects” enough uncertainty
into the process via the selection of Q . Certainly in this case one would hope that the process
measurements are reliable. 
In either case, whether or not we have a rational basis for choosing the parameters, often times
superior filter performance (statistically speaking) can be obtained by tuning the filter parameters
Q and R . The tuning is usually performed off-line, frequently with the help of another (distinct)
Kalman filter in a process generally referred to as system identification. 

Kk Pk 
- HT HPk 

- HT R+( )= 

x̂ kInitial estimates for and Pk 

x̂ k x̂ k 
- Kk zk H x̂ k 

-–( )+= 
(2) Update estimate with measurement zk 

Pk I KkH–( )Pk 
-= 

(1) Project the state ahead 
x̂ k 

- Ax̂ k Buk+= 

Pk 
- APk AT Q+= 

1 – 
(1) Compute the Kalman gain 

1 – 1 – 

(3) Update the error covariance 

Measurement Update (“Correct”) 

(2) Project the error covariance ahead 

Time Update (“Predict”) 

1 – 1 – 

1 – 

Figure 1-2. A complete picture of the operation of the Kalman filter, com
bining the high-level diagram of Figure 1-1 with the equations from
Table 1-1 and Table 1-2.

In closing we note that under conditions where Q and R .are in fact constant, both the estimation
error covariance Pk and the Kalman gain Kk will stabilize quickly and then remain constant (see
the filter update equations in Figure 1-2). If this is the case, these parameters can be pre-computed 
by either running the filter off-line, or for example by determining the steady-state value of Pk as 
described in [Grewal93]. 
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It is frequently the case however that the measurement error (in particular) does not remain
constant. For example, when sighting beacons in our optoelectronic tracker ceiling panels, the
noise in measurements of nearby beacons will be smaller than that in far-away beacons. Also, the
process noise Q is sometimes changed dynamically during filter operation—becoming Qk —in 
order to adjust to different dynamics. For example, in the case of tracking the head of a user of a
3D virtual environment we might reduce the magnitude of Qk if the user seems to be moving
slowly, and increase the magnitude if the dynamics start changing rapidly. In such cases Qk might
be chosen to account for both uncertainty about the user’s intentions and uncertainty in the model. 

The Extended Kalman Filter (EKF) 
The Process to be Estimated 
As described above in section 1, the Kalman filter addresses the general problem of trying to
estimate the state x ∈ ℜn of a discrete-time controlled process that is governed by a linear
stochastic difference equation. But what happens if the process to be estimated and (or) the
measurement relationship to the process is non-linear? Some of the most interesting and successful
applications of Kalman filtering have been such situations. A Kalman filter that linearizes about
the current mean and covariance is referred to as an extended Kalman filter or EKF. 
In something akin to a Taylor series, we can linearize the estimation around the current estimate
using the partial derivatives of the process and measurement functions to compute estimates even
in the face of non-linear relationships. To do so, we must begin by modifying some of the material
presented in section 1. Let us assume that our process again has a state vector x ∈ ℜn , but that the
process is now governed by the non-linear stochastic difference equation 

xk = f xk 1 – , uk 1 – , wk 1 – ) , (2.1)( 
with a measurement z ∈ ℜm that is 

zk = h xk, vk ) , (2.2)( 
where the random variables wk and vk again represent the process and measurement noise as in
(1.3) and (1.4). In this case the non-linear function f in the difference equation (2.1) relates the
state at the previous time step k 1 –  to the state at the current time step . It includes as parameters k
any driving function uk 1 – and the zero-mean process noise wk. The non-linear function h in the
measurement equation (2.2) relates the state xk to the measurement zk . 
In practice of course one does not know the individual values of the noise wk and vk at each time
step. However, one can approximate the state and measurement vector without them as 

x̃k = ( ,f x̂k 1 – uk 1 – , 0) (2.3) 

and 
z̃k = h x( ˜ k, 0) , (2.4) 

where x̂ k is some a posteriori estimate of the state (from a previous time step k). 
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It is important to note that a fundamental flaw of the EKF is that the distributions (or densities in
the continuous case) of the various random variables are no longer normal after undergoing their
respective nonlinear transformations. The EKF is simply an ad hoc state estimator that only
approximates the optimality of Bayes’ rule by linearization. Some interesting work has been done
by Julier et al. in developing a variation to the EKF, using methods that preserve the normal
distributions throughout the non-linear transformations [Julier96]. 
The Computational Origins of the Filter 
To estimate a process with non-linear difference and measurement relationships, we begin by
writing new governing equations that linearize an estimate about (2.3) and (2.4),

xk ≈ x̃k + A xk 1 – – x̂k 1 – ) + W wk 1 – , (2.5)( 
(zk ≈ z̃k + H xk – x̃k) + V vk . (2.6) 

where 
• xk and zk  are the actual state and measurement vectors, 
• x̃k and z̃k are the approximate state and measurement vectors from (2.3) and (2.4), 
• x̂ k is an a posteriori estimate of the state at step k, 
• the random variables wk and vk represent the process and measurement noise as in

(1.3) and (1.4). 
• A is the Jacobian matrix of partial derivatives of f with respect to x, that is 

∂ f [ ]  x= x
i
j

( ˆ k 1 – , uk 1 – , 0) ,,A[i j] ∂ [ ]  
• W is the Jacobian matrix of partial derivatives of f with respect to w, 

∂ f [ ]  xi
,W [i j] = ∂ [ ]

( ˆ k 1 – , uk 1 – , 0) ,w j
• H is the Jacobian matrix of partial derivatives of h with respect to x, 

∂h[ ]  xiH [i j] = ∂ [ ]
( ˜ k, 0) ,, x j

• V is the Jacobian matrix of partial derivatives of h with respect to v, 
∂h[ ]  x= v

i
j

( ˜ k, 0) .,V [i j] ∂ [ ]  

Note that for simplicity in the notation we do not use the time step subscript k with the Jacobians 
A , W , H , and V , even though they are in fact different at each time step. 
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Now we define a new notation for the prediction error, 
ẽxk 

≡ xk – x̃k , (2.7) 

and the measurement residual, 
ẽzk 

≡ zk – z̃k . (2.8) 

Remember that in practice one does not have access to xk  in (2.7), it is the actual state vector, i.e.
the quantity one is trying to estimate. On the other hand, one does have access to zk in (2.8), it is
the actual measurement that one is using to estimate xk . Using (2.7) and (2.8) we can write
governing equations for an error process as 

ẽxk 
≈ A xk 1 – – x̂k 1 – ) εk , (2.9)( + 

ẽzk 
≈ Hẽxk 

+ ηk , (2.10) 

where εk and ηk represent new independent random variables having zero mean and covariance
matrices WQW T and VRV T , with Q and R as in (1.3) and (1.4) respectively. 
Notice that the equations (2.9) and (2.10) are linear, and that they closely resemble the difference 
and measurement equations (1.1) and (1.2) from the discrete Kalman filter. This motivates us to
use the actual measurement residual ẽzk 

in (2.8) and a second (hypothetical) Kalman filter to
estimate the prediction error ẽ  given by (2.9). This estimate, call it êk , could then be used alongxkwith (2.7) to obtain the a posteriori state estimates for the original non-linear process as 

x̂k = x̃k + êk . (2.11) 

The random variables of (2.9) and (2.10) have approximately the following probability
distributions (see the previous footnote): 

( ˜ [ ˜p e ) ∼ N (0, E e ẽT ])xk xk xk 

( ) ∼ N (0, W QkW T )p εk
( ) ∼ N (0, V RkV T )p ηk

Given these approximations and letting the predicted value of êk be zero, the Kalman filter
equation used to estimate êk is 

êk = Kkẽzk
. (2.12) 

By substituting (2.12) back into (2.11) and making use of (2.8) we see that we do not actually need 
the second (hypothetical) Kalman filter: 

x̂k = x̃k + ˜Kkezk 

= x̃k + Kk(zk – z̃k) (2.13) 

Equation (2.13) can now be used for the measurement update in the extended Kalman filter, with 
x̃k and z̃k coming from (2.3) and (2.4), and the Kalman gain Kk coming from (1.11) with the
appropriate substitution for the measurement error covariance. 
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The complete set of EKF equations is shown below in Table 2-1 and Table 2-2. Note that we have -substituted x̂ k for x̃ k to remain consistent with the earlier “super minus” a priori notation, and that
we now attach the subscript k to the Jacobians A , W , H , and V , to reinforce the notion that they
are different at (and therefore must be recomputed at) each time step. 

Table 2-1: EKF time update equations. 
- ( ˆx̂k = f xk 1 – , uk 1 – , 0) (2.14) 

-Pk = AkPk 1 – AkT + W kQk 1 – W kT (2.15) 

As with the basic discrete Kalman filter, the time update equations in Table 2-1 project the state
kand covariance estimates from the previous time step k 1 –  to the current time step . Again f in 

(2.14) comes from (2.3), Ak and W k are the process Jacobians at step k, and Qk is the process
noise covariance (1.3) at step k. 

Table 2-2: EKF measurement update equations. 
- - 1 – Kk = PkHkT (HkPkHkT + V kRkV kT ) (2.16) 

x̂k = x̂k + Kk(zk – h xk, 0)) (2.17)( ˆ 
-–Pk = (I KkHk)Pk (2.18) 

As with the basic discrete Kalman filter, the measurement update equations in Table 2-2 correct
the state and covariance estimates with the measurement zk . Again h  in (2.17) comes from (2.4),
Hk and V are the measurement Jacobians at step k, and Rk is the measurement noise covariance
(1.4) at step k. (Note we now subscript R allowing it to change with each measurement.) 
The basic operation of the EKF is the same as the linear discrete Kalman filter as shown in
Figure 1-1. Figure 2-1 below offers a complete picture of the operation of the EKF, combining the 
high-level diagram of Figure 1-1 with the equations from Table 2-1 and Table 2-2.
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Kk Pk 
- HkT HkPk 

- HkT V kRkV kT+( )= 

x̂ k x̂ k 
- Kk zk h x̂ k 

- 0,( )–( )+= 
(2) Update estimate with measurement zk 

Pk I KkHk–( )Pk 
-= 

(1) Project the state ahead 
x̂ k 

- f x̂ k uk 0, ,( )= 

Pk 
- AkPk AkT W kQk W kT+= 

x̂ kInitial estimates for and Pk 

1 – 
(1) Compute the Kalman gain 

(3) Update the error covariance 

Measurement Update (“Correct”) 

(2) Project the error covariance ahead 

Time Update (“Predict”) 

1 – 1 – 

1 – 1 – 

1 – 1 – 

Figure 2-1. A complete picture of the operation of the extended Kalman fil
ter, combining the high-level diagram of Figure 1-1 with the equations from 
Table 2-1 and Table 2-2.

An important feature of the EKF is that the Jacobian Hk in the equation for the Kalman gain Kkserves to correctly propagate or “magnify” only the relevant component of the measurement
information. For example, if there is not a one-to-one mapping between the measurement zk and
the state via h , the Jacobian Hk affects the Kalman gain so that it only magnifies the portion of-( ˆthe residual zk – h xk, 0) that does affect the state. Of course if over all measurements there is not 
a one-to-one mapping between the measurement zk and the state via h , then as you might expect
the filter will quickly diverge. In this case the process is unobservable. 

A Kalman Filter in Action: Estimating a Random Constant 
In the previous two sections we presented the basic form for the discrete Kalman filter, and the
extended Kalman filter. To help in developing a better feel for the operation and capability of the
filter, we present a very simple example here. 
The Process Model 
In this simple example let us attempt to estimate a scalar random constant, a voltage for example.
Let’s assume that we have the ability to take measurements of the constant, but that the
measurements are corrupted by a 0.1 volt RMS white measurement noise (e.g. our analog to digital
converter is not very accurate). In this example, our process is governed by the linear difference
equation 

xk = + wkAxk 1 – + Buk 1 – 
= xk 1 – + wk 

, 
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with a measurement z ∈ ℜ1 that is 
zk = H xk + vk 

= xk + vk 
. 

The state does not change from step to step so A = 1 . There is no control input so u = 0 . Our
noisy measurement is of the state directly so H = 1 . (Notice that we dropped the subscript k in 
several places because the respective parameters remain constant in our simple model.) 
The Filter Equations and Parameters 
Our time update equations are 

-x̂k = x̂k 1– , 
-Pk = Pk 1– + Q , 

and our measurement update equations are 
Kk = Pk 

- Pk 
- + R( ) 1– 

= Pk 
- , (3.1) 

Pk 
- + R 

x̂ k = ,x̂ k 
- Kk zk x̂ k 

-–( )+ 

Pk = .1 Kk–( )Pk 
-

Presuming a very small process variance, we let Q = . (We could certainly let1e 5– Q = but0
assuming a small but non-zero value gives us more flexibility in “tuning” the filter as we will

demonstrate below.) Let’s assume that from experience we know that the true value of the random
constant has a standard normal probability distribution, so we will “seed” our filter with the guess
that the constant is 0. In other words, before starting we let x̂ k 1– = 0 . 
Similarly we need to choose an initial value for Pk 1– , call it P0 . If we were absolutely certain that
our initial state estimate x̂ 0 = 0 was correct, we would let P0 = 0 . However given the
uncertainty in our initial estimate x̂ 0 , choosing P0 = 0 would cause the filter to initially and
always believe x̂ k = 0 . As it turns out, the alternative choice is not critical. We could choose
almost any P0 ≠ 0 and the filter would eventually converge. We’ll start our filter with P0 = 1 . 
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The Simulations 
To begin with, we randomly chose a scalar constant (there is no “hat” on the zz = 0.37727 – because it represents the “truth”). We then simulated 50 distinct measurements zk 

that had error 
normally distributed around zero with a standard deviation of 0.1 (remember we presumed that the
measurements are corrupted by a 0.1 volt RMS white measurement noise). We could have
generated the individual measurements within the filter loop, but pre-generating the set of 50
measurements allowed me to run several simulations with the same exact measurements (i.e. same
measurement noise) so that comparisons between simulations with different parameters would be
more meaningful. 
In the first simulation we fixed the measurement variance at R = (0.1)2 = 0.01. Because this is
the “true” measurement error variance, we would expect the “best” performance in terms of
balancing responsiveness and estimate variance. This will become more evident in the second and
third simulation. Figure 3-1 depicts the results of this first simulation. The true value of the random 

is given by the solid line, the noisy measurements by the cross marks, andconstant x = 0.37727 – the filter estimate by the remaining curve. 

Figure 3-1. The first simulation: . The true value of the
random constant is given by the solid line, the noisy mea
surements by the cross marks, and the filter estimate by the remaining curve. 
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When considering the choice for P0 
above, we mentioned that the choice was not critical as long

as P0 ≠ 0 because the filter would eventually converge. Below in Figure 3-2 we have plotted the
value of versus the iteration. By the 50th iteration, it has settled from the initial (rough) choicePkof 1 to approximately 0.0002 (Volts2). 
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14 Welch & Bishop, An Introduction to the Kalman Filter


5040302010 

0.01 

0.008 

0.006 

0.004 

0.002 

Iteration 

(V
olt

ag
e)2 

-Figure 3-2. After 50 iterations, our initial (rough) error covariance Pkchoice of 1 has settled to about 0.0002 (Volts2). 
In section 1 under the topic “Filter Parameters and Tuning” we briefly discussed changing or
“tuning” the parameters Q and R to obtain different filter performance. In Figure 3-3 and Figure 3
4 below we can see what happens when R is increased or decreased by a factor of 100 respectively.
In Figure 3-3 the filter was told that the measurement variance was 100 times greater (i.e. R = 1 )
so it was “slower” to believe the measurements. 
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Figure 3-3. Second simulation: R = 1 . The filter is slower to respond to
the measurements, resulting in reduced estimate variance. 

In Figure 3-4 the filter was told that the measurement variance was 100 times smaller (i.e.
R = 0.0001 ) so it was very “quick” to believe the noisy measurements. 
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15 Welch & Bishop, An Introduction to the Kalman Filter
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Figure 3-4. Third simulation: R = 0.0001 . The filter responds to measure
ments quickly, increasing the estimate variance. 

While the estimation of a constant is relatively straight-forward, it clearly demonstrates the
workings of the Kalman filter. In Figure 3-3 in particular the Kalman “filtering” is evident as the
estimate appears considerably smoother than the noisy measurements. 
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Prof. Dava Newman 

16.423J/HST515J/ESD.65 On-Going Self Assessment 
Spring 2006 

Name: 

1. General Skills and Abilities 
Please rate your abilities in the following skills 
(1 = poor, 2 = below average, 3 = above average, 4 = expert): 

Skill Abilities 
Use of Analytical/Mathematical methods 1 2 3 4 
Use of Computational Tools/Software 1 2 3 4 
Hands-On Design 1 2 3 4 
Oral Communication 1 2 3 4 
Written Communication 1 2 3 4 
Visual Communication 1 2 3 4 
Teaching (specify age/year) 1 2 3 4 

2. Basic Topics Relevant to Space Biomedical Engineering and Life Support Systems 

Topic or Concept Understanding 
Structural Mechanics 1 2 3 4 
Dynamics 1 2 3 4 
Control Theory 1 2 3 4 
Electrical Circuit Theory 1 2 3 4 
Physiology: 

Bone 
Muscle 
Cardiovascular 

1 2 3 4 
1 2 3 4 
1 2 3 4 

Space Environment 1 2 3 4 
Extravehicular Activity (EVA) 1 2 3 4 

3. Please reflect on your learning in 16.423J; what learning objectives have been 
accomplished? Other comments are welcomed, feedback, suggestions, complaints: 
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7 March 2006 
Term Project Expanded Outline Due: 4 April 2006 

 
 
 

16.423/ESD.65/HST.515 Space Biomedical Engineering & Life Support Systems 
 

Term Project Guidelines 
 
 
Your outline and final project report should follow the format specified below. In your 
expanded outline, you should: (1) introduce your team members and specify their role(s) 
on the team, and (2) identify the major points that will be developed within each of the 
sections listed below. 
 
 

• Problem Statement 

o Literature Review 

• Hypotheses / Specific Aims 

• Methods 

o Analysis 

o Experimental 

o Design 

• Results 

• Discussion 

• Teaching/Outreach 
o We will provide several venues for you to share one of the fundamental engineering or 

science principles from your project with a younger audience.  In your outline, identify 
the aspect of your project that you might be able to make accessible to a broader 
audience, and propose a method to teach that principle (demonstration, design challenge, 
discussion, lecture, etc.). 
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Handed out: 16 February 06 
Due: 2 March 06 

16.423J/HST515J/ESD.65 Space Biomedical Engineering and Life Support Systems 
Bone Homework Assignment #2 

Bone: 
The goal of this assignment is to further investigate the changes that age and 
environmental loading (1G, microgravity, etc.) have on geometry and bone mineral 
density of bone (modeled as a tubular structure). You are to perform simulations using a 
computer spreadsheet or Matlab. Credit will be given for discussion, professional work, 
the process articulated, illustrations, and number answers. 

Assumption: Long bones can be simulated as hollow tubes, which are subjected in life 
mainly to bending stresses. Generally, the moment arms do not change with age although 
load magnitudes do change. 

Starting conditions for young adult femur shafts. 

Female outer radius, ro = 1.40cm Male outer radius, ro = 1.70 cm 
Female inner radius, ri = 0.90 cm Male inner radius, ri = 1.20 cm 

Assume that remodeling normally increases inner radius at the rate of 0.004 cm/year 
(from measured data in males). The geometry of a hollow tube with effective mineral 
density of solid bone ρm = 1.05 gm/cm3. 
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where I is cross-sectional Moment of Inertia and Z is Section Modulus 
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Problems to Solve: 
1. (2 points) Find the section modulus of young adult femoral shafts. Assume that this is 
maintained through life (assuming constant skeletal loading). A) Derive an expression 
for ro as a function of changing ri (this is messy). B) Show how the section modulus can 
be maintained through age 80. C) What happens to the BMD? 

2. (2 points) We are interested in spaceflight where skeletal loading is significantly 
altered. We would like to investigate the influence of higher remodeling rates. A) What 
happens to BMD (and other parameters) if remodeling rates (increase in ri) double? B) If 
remodeling rates quadruple? Assume constant section modulus. 

3. (2 points) Lets be more realistic and admit that the assumption of constant skeletal 
loading is unrealistic. Investigate a loading profile that is reduced by 30% at age 60, 
remaining constant thereafter. Explicitly explain/justify your loading profile(s). Assume a 
linear effect on section modulus. Describe and show the results for BMD and other 
parameters? 

4. (2 points) Write one paragraph on something you learned from lecture or readings 
about bone adaptation/physiology that you didn’t previously know. Be concise in your 
answer and feel free to illustrate your answer. 

5. (2 points) Write you own bone homework question on a possible skeletal 
countermeasure for the microgravity environment. Provide your question AND a short, 
concise (illustrated) answer. 
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Solutions by Kristen Bethke March 2, 2006 
16.423J 

Bone Homework Solution Set 

PROBLEM 1. 

Section modulus of idealized femoral shafts: 
4We find the section modulus, Z, by the equation Z = I/ro, where I = 0.25π(ro

4 – ri ), simplified as 

4Z = (0.25πro
4 - 0.25πiri )/ ro (1) 

For adult males of age 25, Z is 2.90 cm3 
. 

For adult females of age 25, Z is 1.79 cm3 . 

Outer radius, ro, as a function of changing inner radius, ri: 
As years pass, and a human’s osteoblasts and osteoclasts are constantly reforming and absorbing bone.  
This dynamic process can result in changes in both inner and outer dimensions of the cortical layer of 
the bone, but bone strength can nevertheless be maintained.  If the load on the skeleton remains constant, 
then the bones can maintain constant strain rate if they maintain a constant section modulus.  
Consequently, if the inner radius of the cortical layer increases due to bone remodeling, a correspondent 
increase in outer radius due to bone modeling can prevent a change in bone section modulus.  We can 
see this section modulus maintenance by returning to Equation (1): 

4Z = (0.25πro
4 - 0.25πiri )/ ro 

We set Z to be a constant and allow the inner radius ri to increase linearly with time.  For this problem ri 
increases by 0.004 cm/year, a value which we can call rrate. We can collect outer radius, ro, terms on one 
side and ri terms on the other side of the equation.  Then we can solve iteratively for the outer radius ro, 
which is found implicitly in Equation (2).  The variable t is the time in years since the starting 
conditions. 

0.25πro
4 – Zro = 0.25π (ri,initial + 0.004t)4 (2) 

I used an iterative loop in Matlab to calculate the outer radius for each year between age 25 and age 95, 
subject to the inner radius increasing by 0.004 cm/year and the section modulus remaining constant (at 
either 2.90 cm3 for males or 1.79 cm3 for females). The Matlab code is attached.  

The results show that it is indeed physically possible for the outer radius to increase in such a way that 
the section modulus remains the same when the inner radius increases.  For a female aging from 25 
years old to 80 years old, the outer radius increases from 1.40 cm to 1.49 cm to compensate for an inner 
radius change from 0.90 cm to 1.12 cm.  In other words, in 55 years, a 6.4% increase in ro occurs for a 
24% increase in ri. For males going from age 25 to age 80, a 6.5% increase in ro occurs for an 18% 
increase in ri. Even at age 80, for both females and males, the inner radius is sufficiently smaller than the 
outer radius as to make physical sense for the bone’s cortical thickness:  for females, the thickness 
(ro – ri) decreases from 0.50 cm at age 25 to 0.37 cm at age 80. 
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Solutions by Kristen Bethke March 2, 2006 
16.423J 

The following figures show the change in cortical layer inner and outer radii with time. 

Figure 1: Inner and outer radius changes with time for average female, under constant skeletal loading 

Figure 2: Inner and outer radius changes with time for average male, under constant skeletal loading 
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Solutions by Kristen Bethke March 2, 2006 
16.423J 

Effect on bone mineral density, BMD: 
The above figures show that the section modulus can remain constant due to an increasing outer radius 
as remodeling increases the inner radius.  While section modulus is stablilized, the areal mineral density 
of bone, BMD, does not remain constant.  BMD decreases as remodeling takes away from the inside of 
the cortical layer and modeling adds to the outside.  Figure 3 shows the percent change in BMD for 
females and males subject to the above changes in inner and outer cortical bone radii.  At age 80, 
females have experienced a 20% decrease from age-25 BMD.  Males have experienced an 18% 
decrease.  It is important to note that this reduction in BMD does not necessarily imply a reduction in 
bone strength.  In fact, the increase in outer radius observed above can compensate for the loss in BMD. 

Figure 3: Percent change in BMD over time, for constant skeletal loading and 0.004 cm/yr remodeling 
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PROBLEM 2: 

Effect of doubling and quadrupling the remodeling rate: 
Doubling and quadrupling the remodeling rate are the equivalent of changing rrate (rate of increase of the 
inner radius) to 0.008 cm/year and 0.016 cm/year, respectively.  With a doubled remodeling rate, to 
maintain a constant section modulus, an 80-year-old female would have an outer femoral shaft radius of 
1.62 cm (a 16% increase from age 25). An 80-year-old male would have an outer radius of 1.95 cm (a 
15% increase from age 25).  If the remodeling rate were quadrupled, up to 0.016 cm/year, an 80-year-
old female would have an outer femoral shaft radius of 1.95 cm (a 39% increase from age 25) to 
maintain constant Z.  An 80-year-old male experiencing this remodeling rate would have an outer radius 
of 2.28 cm (a 34% increase from age 25)!  Combining these outer radius values with the age-80 inner 
radius values result in cortical thicknesses of only 0.17 cm (compared to 0.5 cm at age 25). 

Figures 4 through 7 show the trends for percent changes in outer radius, inner radius, and BMD as time 
goes on, for the doubled and quadrupled remodeling rates. 

Notice that it still appears to be physically possible to maintain bone strength even as 0.016 cm of the 
inner radius of the cortical shell is being absorbed each year. 

Figure 4: Female with 0.008 cm/year remodeling Figure 5: Male with 0.008 cm/year remodeling 

Figure 6: Female with 0.016 cm/year remodeling Figure 7: Male with 0.016 cm/year remodeling 
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PROBLEM 3. 

Variable loading profile: 
For skeletal loading to be reduced 30% by age 60, I assume that the loading profile decreases linearly 
between ages 35 and 60.  Before age 35, it is constant at 100%, and after age 60, it is constant at 70%.  
In between these ages, I assume that a person’s activity level gradually decreases and that consequently, 
his or her skeletal loading gradually decreases.  The years between age 35 and 60 correspond to the time 
when a person’s children might be adolescents and young adults, when they require much less physical 
activity and strain from their parents than they did when they were young children.  Age 35 is also a 
typical time for people to start exercising less frequently and less strenuously and to begin losing muscle 
mass and muscle tone.  Finally, age 35 is a typical time for a person to settle into a more sedentary job.  
Figure 8 depicts this loading profile that I have just explained; it is constant, gradually decreasing, and 
then again constant. 

Figure 8: Variable skeletal loading profile resulting in 30% reduction by age 60 

As stated in the problem, it is assumed that any reduction in skeletal loading is linearly related to a 
reduction in femoral shaft section modulus.  Consequently, the gradual decrease from 100% to 70% 
loading corresponds to a gradual decrease from 100% to 70% of a person’s initial section modulus.  The 
picture of the percent change in section modulus over time is identical to the picture of skeletal loading 
over time. 

This gradual reduction in skeletal loading has the effect of preventing the increase in the outer radius 
and consequently speeding up the decrease of BMD.  The inner femoral radius continues to increase at 
the same 0.004 cm/year rate.  Physically, this model predicts that remodeling continues to absorb bone 
from the inner cortical surface, but modeling ceases to add bone to the outer surface.  The reduction in 
skeletal loading means that the bone has no reason to adapt to maintain a constant section modulus.  
Since the section modulus can be allowed to decrease, the outer radius does not have to be built upon.  
Figures 9 and 10 show how the outer radius remains almost constant while the inner radius increases 
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linearly (as before) and the BMD decreases by as much as 40%.  During the years from age 35 to 60, 
while the skeletal loading is decreasing gradually, the rate of change of BMD is faster than during the 
years while the skeletal loading is constant. 

Figure 9: Percent changes in female BMD and cortical radii, subject to reductions in skeletal loading 

Figure 10: Percent changes in male BMD and cortical radii, subject to reductions in skeletal loading 
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Summary of loading and remodeling effects: 
To understand better the profound effect on the femur caused by a reduction in skeletal loading , I 
created a summary table to compare the results of the different skeletal loading and bone remodeling 
scenarios. 

variable loading 

/ ) ) ) 

le Li

- -

-
-
-

le Li

-

Table 1: Summary of changes in outer radius, inner radius, and BMD, for constant and

Gender Loading 
profile 

Remodeling 
rate 
(cm year

Age 80 
outer 
radius 
(cm

Outer 
radius % 
change 
from 25 to 
80 yrs 

Age 80 
inner 
radius 
(cm

Inner radius 
% change 
from 25 to 
80 years 

Age 80 
BMD 

BMD % 
change 
from 25 
to 80 
years 

Constant 0.004 1.49 6.4 1.12 24 1.08 -20 
Constant 0.008 1.62 16 1.34 49 0.85 -37 
Constant 0.016 1.95 39 1.78 98 0.53 -61 

Fema near 30% 
decrease 
between 
ages 35 
and 60 

0.004 1.39 0.4 1.12 24 1.25 39 

Constant 0.004 1.81 6.5 1.42 18 1.15 18 
Constant 0.008 1.95 15 1.64 37 0.94 33 
Constant 0.016 2.28 34 2.08 73 0.64 54 

Ma near 30% 
decrease 
between 
ages 35 
and 60 

0.004 1.71 0.3 1.42 18 0.87 38 

The summary table shows clearly that of the scenarios modeled, the largest values for percent change in 
BMD occur for a remodeling rate of 0.016 cm/year (the quadrupled rate). For this same remodeling 
rate, however, the values for percent change in outer radius are also at their largest.  Consequently, bone 
strength is not necessarily reduced; losses in BMD are compensated for by gains in bone width.  

However, the summary table also shows a scenario where bone strength likely is reduced.  For the case 
when skeletal loading decreases with age, the percent change in BMD is about the same as in the 
doubled remodeling rate case, but there is no large increase in shaft outer radius to compensate for the 
loss in BMD.  In the female case of decreasing skeletal loading, BMD decreases by 39% over the course 
of 55 years, and the outer radius actually decreases by 0.4%.  This result of our simple model has serious 
implications for human spaceflight.  When we model a load reduction of just 30%, we see the possibility 
for a severe reduction in bone strength.  During spaceflight, however, loading is not simply reduced; 
rather, it is completely eliminated; there is zero skeletal loading in microgravity (with the exception of 
exercise countermeasures). 
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MATLAB Code 

%Find outer radius as a cunction of changing inner radius 
%assuming constant skeletal loading and consequently constant 
%section modulus Z 

ro_init = 1.70; %cm, for males 

%ro_init = 1.40; %cm, for females 

ri_init = 1.20; %cm, for males 

%ri_init = 0.90; %cm, for females 

ri_rate = 4*0.004; %cm/year 

rho = 1.05; %g/cm^3, solid bone density 

Z = 0.25*pi*(ro_init^4 - ri_init^4)/ro_init; %section modulus 

bone_results = zeros(70,7); %matrix to hold results for each year 

ro = ro_init; %initialize outer radius 

for t = 1:70, 

bone_results(t,1) = t + 25; %age in years 

ro_side = 0.25*pi*ro^4 - Z*ro; %one side of equation for Z 

ri = ri_init + ri_rate*t; 

ri_side = 0.25*pi*ri^4; %other side of equation for Z 

while (ro_side <= ri_side),


ro = ro + 0.00005; %make tiny increment in ro if one


ro_side = 0.25*pi*ro^4 - Z*ro; %side of equation is less than


end %other 

area = pi*(ro^2 - ri^2); %once the two sides converge,


BMD = area*rho/(2*ro); %store results for this t


bone_results(t,2) = ro; %in matrix


bone_results(t,3) = ri;


bone_results(t,4) = ro_side;


bone_results(t,5) = ri_side;


bone_results(t,6) = area;


bone_results(t,7) = BMD;


t = t + 1; %move on to the next year 

end 
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%Find outer radius as a cunction of changing inner radius 
%assuming variable skeletal loading and consequently variable 
%section modulus Z 

%ro_init = 1.70; %cm, for males 
ro_init = 1.40; %cm, for females 
%ri_init = 1.20; %cm, for males 
ri_init = 0.90; %cm, for females 
ri_rate = 0.004; %cm/year 
rho = 1.05; %g/cm^3, solid bone density 

Z_init = 0.25*pi*(ro_init^4 - ri_init^4)/ro_init; %section modulus 
Z = Z_init; 

bone_results = zeros(70,8); %matrix to hold results for each year 
ro = ro_init; %initialize outer radius 

for t = 1:70, 
bone_results(t,1) = t + 25; %age in years 
if t >= 10, %corresponds to age 35 

if t <= 35, %corresponds to age 60 
Z = Z_init*(-0.0120*(t-10)+1);


%decreased loading ---> decreased Z

%this expression for changing Z will cause it

%decrease by 30% over 25 years


end

end


ro_side = 0.25*pi*ro^4 - Z*ro; %one side of equation for Z

ri = ri_init + ri_rate*t;

ri_side = 0.25*pi*ri^4; %other side of equation for Z


while (ro_side <= ri_side),

ro = ro + 0.00005;

ro_side = 0.25*pi*ro^4 - Z*ro;


end 

if (ro_side >= ri_side+0.004), 
ro = ro - 0.02; %make tiny increment in ro if one 
ro_side = 0.25*pi*ro^4 - Z*ro; %side is less than other 

while (ro_side <= ri_side),

ro = ro + 0.00005;

ro_side = 0.25*pi*ro^4 - Z*ro;


end 
end 

area = pi*(ro^2 - ri^2); %once the two sides converge,

BMD = area*rho/(2*ro); %store results for this t


bone_results(t,2) = ro; %in matrix

bone_results(t,3) = ri;

bone_results(t,4) = ro_side;

bone_results(t,5) = ri_side;

bone_results(t,6) = area;

bone_results(t,7) = BMD;

bone_results(t,8) = Z;


t = t + 1; %move on to the next year 

end 
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Handed out: 2 March 06 
Due: 9 March 06 

16.423J/HST515J/ESD65 Space Biomedical Engineering and Life Support Systems
Muscle Homework Assignment 

Illustrations are highly desired in answers! 

1.	 (1 points) From the readings and lecture, please describe the sliding filament 
mechanism. 

2.	 (1 points) Briefly discuss muscle coactivation. 

3. (2 points) A muscle is supporting a mass as shown:

The sketch also depicts some of the circuitry of the spinal reflex arcs. e  is a descending efferent input to 
the α motoneuron. Open circles depict excitatory synapses, filled circles depict inhibitory synapses. 

Assume the following grossly simplified response characteristics for the muscle spindle, tendon organ, and 
muscle. 

Muscle spindle:	 I = aL + bL̇ 
a 

Tendon organ:	 Ib = cF 
Muscle: F = kL + dα 0 ≤α ≤1, F ≥ 0 

Derive a second-order differential equation relating muscle length, L, to descending efferent input, e, under 
the following conditions: 

A. No afferent feedback 
B. Tendon organ feedback only 
C. Muscle spindle feedback only 
D. Both types of feedback 

Assume the α-motoneuron synapse acts as a simple summer and ignore transportation delays. 
Comment on the effect of any change in the values of the parameters a, b, and c which might be caused by 
γ -motoneuron activity or a change in the influence of the Ib  afferent on the α-motoneuron synapse. 
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4. (4 points) Simulink exercise on muscle atrophy of long-duration space flight: models,
results and consequences.

A. Copy into your directory the 3 Matlab files provided by Dr. Joe Saleh. They are
available on the web site in the Assignment section. Be sure to copy the files in a
directory included in the path. Save them with the correct extension (joe_env.mat,
joe_var.m,  joe_model.mdl). You could create a “work” directory to put your files
and add it to the path (File →  Set Path) so that the software will be able to
recognize your files).

B. From a Matlab window,  type the command “load joe_env.mat”

C. Enter the following parameters in the Matlab command window, or use the file
“joe_var.m” to assign the parameters:

• w1=8 (slow fibers)
• w2=30 (slow fibers)
• d=0.9,          df=d,          dff=d
• w1f=12 (fast fatigue resistant fibers)
• w2f=50 (fast fatigue resistant fibers)
• w1ff=16 (fast fatigable fibers)
• w2ff=70 (fast fatigable fibers)

D. Type “joe_model” to load the simulink model.
A little Background on the muscle model you're using: Muscle fiber transfer function

The muscle fiber twitch model you have previously seen in the course notes was analyzed in terms of a
linear system response to a pseudo-impulse, and the transient analysis yields a transfer function H(s) with a
response to the same input that best fits experimental data. The muscle fiber has a time delay between the
stimulus and the force generation. Let τr be this latent period. Secondly, the force output rises smoothly
from zero. According to the initial value theorem, and the derivation using the Laplace variable,

F(t = 0) = lims→∞ s∗F(s)
′ F (t = 0) = lim s→∞ s2 ∗F(s)

the simplest model that satisfies the above observations is a third order with a time delay:

H(s) = G∗ e−τ r ⋅s

s
ω1

+ 1
 

 
 

 

 
 ∗

s
ω2

 

 
 

 

 
 

2

+ 2δ ∗ s
ω 2

+1
 

 
 
 

 

 
 
 

Typically, we use numerical values for the above parameters that are evaluated to match frog sartorius
twitch characteristics: the latent period, the time to peak, the twitch duration and the ratio of the maximum
amplitudes of twitch over tetanus tension. G is a scaling parameter and can be taken equal to one without
loss of generality.

E. Run the simulation and note the differences between twitch response and each
type of fiber.
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Problems to Solve. All answers should include graphs with labeled axes and legible fonts. 

4.1 The innervation ratio is the number of muscle fibers activated by a single alpha (α) motoneuron. 
Consider a simplified muscle model that consists of 1000 fibers with the following distribution: 

• 500 slow fibers, 300 fast fatigue resistant fibers, 200 fast fatigable fibers
driven by 3 α motoneurons. How can you implement this in the Simulink model?


4.2	 Consider all fibers activated and in a fused tetanus state. To do so with the Simulink model, simply 
replace the "pulse generators" by a step (found in 'Sources'). In order to respect the Henneman size 
(recruitment) principle and keep the model simple, choose the following amplitudes: 1 for the step 
activating the slow type fibers, 2 for the fast-fatigue resistant, and 3 for the fast fibers. 

[αslow; βfast fatigue resistant ; γfast ] = [1;2; 3] 
Now the output is the sum of the tensions produced by the 3 types of fibers. Run the simulation and 
discuss the force output. 

4.3	 Consider this result to be the overall maximum force generated by the lower limbs of a person in a 
1G environment during an intense physical effort (i.e., all fibers activated). Hence, let the maximum 
activation levels of the three types of fibers be 

[αmax=1; βmax=2; γmax =3]. 
During a normal stance, with only the slow fibers activated, what is the maximum force generated by 
the lower limbs? Run the simulation and derive your result. What is the activation pattern [α=?; β=?; 
γ =?]? Lets call this the nominal activation pattern, i.e., how a person usually activates her lower 
limb muscles while standing up. If the above person were Julé the astronaut - who weighs 460 N -
she wouldn't have a problem maintaining an upright position! 

4.4	 After spending several days onboard the space shuttle, Julé returns with noticeable atrophy of her 
lower limbs: the fast fiber types are the most damaged, followed by the fast fatigue-resistant, then 
the slow fibers. To keep things simple, assume that 150 fast fibers were "damaged", 120 fast fatigue-
resistant fibers and 100 slow fibers damaged. How can you implement these changes into the 
Simulink model? Upon return to Earth, can Julé stand up under her nominal activation pattern? What 
is the force output in this case? What is the minimum activation pattern for her to stand up assuming 
that her slow fibers are fully activated and her fast fibers are not activated? 

4.5	 What is the maximum force she can generate? Compare it to your result in 3.2. 

4.6	 In fact, the atrophy of muscle fibers is a function of the time spent in a microgravity environment. 
For her second mission, Julé spends 6 months onboard the International Space Station (not 
exercising!). She returns to Earth with severe atrophy of her lower limbs: all fast fibers were 
damaged, 240 fast fatigue-resistant fibers, and 200 slow fibers damaged. What is the force output 
under the nominal activation pattern? Can Julé stand up at all? (assume no weight loss). 
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Handed out: 2 March 06 
Due: 9 March 06 

16.423J/HST515J/ESD65 Space Biomedical Engineering and Life Support Systems 
Muscle Homework Assignment 

Illustrations are highly desired in answers! 

1. 	(1 points) From the readings and lecture, please describe the sliding filament 
mechanism. 

SOLUTION: 
•	 Muscle filaments are composed of actin and myosin proteins.  The muscle myofibril 

contraction results from the relative sliding of actin and myosin. 
•	 The contraction results from the myosin heads forming crossbridges on active sites of 

the actin. The isometric tension output is directly proportional to the number of 
crossbridges formed (T-L curve). 

•	 The myosin heads go through a cyclic motion (attach on actin / pull / detach / 
attach…), allowing to create the pulling force while contracting 

•	 Muscle shortening should be based on the relative motion of sliding filaments 
because: 
A. A-band width stays constant during stretch and shortening 
B. A-band disappears when myosin is dissolved away 
C. Actin filaments begin at Z-line, run through I-bands into A-band, but stop before 

reaching H-zone (muscle at rest length) 
D. I-band is entirely actin filaments 
E. H-zone is myosin filaments 

•	 In shortening, the relationship between the Force and Velocity is (Hill's Curve, 
Hyperbolic Form): 


(T+a)(v+b) = (T0+a)b 


where T0 = isometric tension (velocity = 0) 
o	 Muscles shorten more rapidly against light loads than they do against heavy ones. 
o	 Muscles which are actively shortening can produce less force than those which 

contract isometrically. 
•	 There is a discontinuity in the slope of F-V curve at zero velocity. 
•	 Active muscle yields when the load exceeds about 1.8 T0 (T0 – Tetanus tension). 
•	 Hill's observations of the Fenn effect give a linear relation between total rate of 

energy liberation and tension. 
•	 Fenn = muscle produces a certain extra heat when it shortens a given distance, 

whether shortening velocity is fast or slow. 
•	 Muscular energy liberation should be based on the splitting of a high-energy 

phosphate as actomyosin attachments separate. 
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2. (1 points) Briefly discuss muscle coactivation. 

SOLUTION: 
Typically referred to as the α−γ (alpha-gamma) coactivation principle, it can be used to 
better understand movement control. More specifically, α−γ (alpha-gamma) coactivation 
can be described as muscle commands being signaled simultaneously with increases in 
both α and γ activity by higher order motor centers. This alleviates the problem of 
contraction of the extrafusal muscle mass and a slackening of the spindles if only α motor 
activity changes (say increased). The stretch reflex would then come into play as the Ia 
afferent activity drops, causing the α motor activity to fall, thus, turning the muscle force 
off. In short, α−γ coactivation alleviates this problem. 

Evidence from electromyography (EMG electrodes that measure muscle activity) from 
indwelling intrafusal and extrafusal electrodes record muscle fibers of the hand show that 
an increase in discharges from the spindle afferents occurs at the same time or only 
slightly after the beginning of electrical activity in the extrafusal muscle. The slight delay 
is accounted for by the time required for the intrafusal fibers to contract.  

More information (i.e., food for thought). A motor command via the alpha motoneurons 
can only be effective in the presence of adequate facilitation from muscle spindles. If 
alpha activation leads to muscle shortening then the unloading of the spindle will reduce 
alpha motoneuron activity unless spindle afferent output is maintained by fusimotor 
activity. The logical way to maintain or increase spindle input (to alpha motoneurons) is 
to drive the static bag 2 fibers via the static gamma system. This biases Ia output. 
Dynamic bag 1 fiber biasing action is too small for use except in small slow movements. 
Appropriate action is therefore coactivation of alpha and gamma with the gamma 
receiving a modulated pattern based on the alpha pattern. As muscle shortens, Ia 
discharge is maintained. This explains the lack of change in Ia output seen in human 
movement. Compensation for spindle unloading could also come from the group II 
pathway by increasing static fusimotor output to chain fibers with secondary endings. 
There would be powerful biasing action in this case. Note that the above conditions keep 
the spindle responsive to unexpected length changes resulting from fatigue, change in 
load or obstruction of movement.  

If you want to model planned movements, two messages are required.  
1. A message to the spindle signaling the desired trajectory of the movement. 
2. A signal to the extrafusal muscle that takes into account any load and fatigue. If the 
load proved unexpectedly great then the spindle would suffer a smaller degree of 
unloading, afferent discharge would increase and reflexes would assist movement. The 
discharge may also cause a central command to increase motor outflow. This is basically 
the α−γ (alpha-gamma) coactivation principle. 

Note: This is a lot of text, which could be better captured using less text and nice 
illustrations (think about this before the Quiz). 
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4.1 

4.2 

The original Simulink model sums up only 0.5 of a slow fiber, 0.3 of a fast fatigue 
resistant (ffr) fiber, and 0.2 of a fast fatigable (ff) fiber. To change from modeling just 
one fiber to modeling 1000 fibers, a simple gain is added immediately after each fiber’s 
transfer function in Simulink. The value of each gain is set to 1000. Figure 4.1 below 
shows these added gain boxes, as well as the inputs converted from pulse generators to 
step functions. 

Figure 4.1 Simulink model that increases overall number of fibers to 1000 

When the 1000 fibers are activated by step functions with amplitudes of 1, 2, and 3, for 
the slow, ffr, and ff fibers, respectively, the total steady-state force output is 1700 N. The 
form of this output is a step response with a rise time of about 0.25 seconds and a slight 
(~40 N) overshoot above 1700 N. To the steady-state response, the slow fibers contribute 
500 N, the ffr fibers contribute 600 N, and the ff fibers contribute 600 N. These results 
correctly demonstrate the Henneman size principle: the slow fibers are the weakest of the 
three types. 
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4.3 

Figure 4.2 (LEFT) Force components from each fiber type at maximum activation levels, 
and (RIGHT) total force output at maximum activation levels 

With only the slow fibers activated, the maximum steady-state force generated by the 
lower limbs is 500 N. The activation pattern to simulate only the slow fibers activated is 
[alpha = 1; beta = 0; gamma = 0]. Figure 4.3 shows this result of 500 N. Notice that in 
this result, because the ffr and ff fibers are not activated, they contribute nothing to the 
500 N force output. Because 500 N is greater than Jule’s weight of 460 N, we know that 
she can maintain an upright position with her nominal activation pattern of [1 0 0]. 

Figure 4.3 Force output with nominal activation pattern. 

We can model the damage of 100 slow, 120 ffr, and 150 ff fibers by changing the values 
of the “atrophy” multipliers that feed into each of the fiber’s “ratio” gains. There are 400 
slow fibers remaining out of the initial 500 slow fibers, so the slow atrophy value is 
400/500 = 0.8. For the ffr fibers, 180 out of 300 remain undamaged, so the ffr atrophy 

4.4 
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value becomes 180/300 = 0.6. Finally, because 50 out of 200 ff fibers remain undamaged, 
the ff atrophy value becomes 50/200 = 0.25. 

When the atrophy multipliers are reduced to these values, the total force output is 400 N 
for an activation pattern of [1 0 0]. 400 N is less than Jule’s weight of 460 N, so we must 
conclude that she cannot hold her body upright upon return to Earth with the nominal 
activation pattern. Figure 4.4 shows this result of 400 N. 

Figure 4.4 Force output with nominal activation pattern and “atrophied” muscles 

If the activation pattern is changed to [alpha = 1; beta = 0.333; gamma = 0], then the total 
steady-state force output becomes 460 N, and Jule can just hold herself upright. This 
value of beta = 0.333 is determined in the following manner: first, we notice that 60 N 
additional output are required to bring the lower limb force up from the nominal 400 N to 
the minimum 460 N. The slow fibers are already completely activated, so we must 
activated the fast fatigue resistant fibers enough to generate the additional 60 N. We can 
run a simulation to see that if the ffr activation level, beta, is set to 1, then the ffr fibers 
generate 180 N of force. The minimum beta level, then is equal to 60 N / 180 N = 0.333. 
The minimum activation pattern for standing is then [1  0.333 0]. 
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4.5 

Figure 4.5 (LEFT) Force output contributions from slow and ffr fibers, and (RIGHT) 
total force output with [1  0.333 0] activation pattern and “atrophied” muscles 

The maximum force Jule can generate with her atrophied muscles is 910 N. This is the 
total steady-state output when the activation pattern (step inputs) is returned to [alpha = 1; 
beta = 2; gamma = 3]. The slow fibers contribute 400 N, the ffr fibers contribute 150 N, 
and the ff fibers contribute 360 N. Figure 4.6 shows these individual contributions and 
the total force output. 

Figure 4.6 (LEFT) Contributions from individual fiber types and (RIGHT) total output 
with [1 2 3] activation pattern and “atrophied” muscles 

To model Jule’s severe atrophy and damage of 200 slow fibers, 240 ffr fibers, and all ff 
fibers, we reduce the atrophy multipliers in the Simulink model to 0.6, 0.2, and 0. Then, 
under the nominal activation pattern, the total steady-state force output is 300 N (as usual, 

4.6 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

69
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



under the nominal pattern, all of this force comes from the slow fibers). Jule cannot stand 
up under the nominal pattern. Figure 4.7 shows this result. 

Figure 4.7 Insufficient force output with severe atrophy and nominal activation pattern 

If the activation level of the ffr fibers is increased to its maximum of beta = 2, then total 
force output is still only 420 N. This value is 40 N less that Jule’s weight, so she cannot 
stand up at all with atrophy this severe. No activation pattern will enable her muscle 
fibers to produce 460 N of force output. (Since all the ffr fibers are damaged, changing 
gamma will not change the output at all.) Figure 4.8 shows this still insufficient force 
output of 420 N. 

Figure 4.8 Insufficient force output with severe atrophy and maximum activation pattern. 
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Space Biomedical Engineering & Life Support Systems 
16.423/ESD.65/HST.515 

Prof. Dava Newman 

Assignment 1: Explore! 

Read a book from the suggested list (or pick 1 of your choice with permission of Prof. 
Newman) and prepare: 

• A 2-page written summary 
• A 5-minute oral presentation that highlights 1 great example of exploration. 

Recommended books include: 

Endurance: Shackleton's Incredible Voyage, by Alfred Lansing 

West With the Night, by Beryl Markham 

Into Thin Air: A Personal Account of the Mount Everest Disaster, by Jon Krakauer 

The Conquest of New Spain, by Bernal Diaz del Castillo 

Sailing Alone Around the World, by Joshua Slocum 

Longitude: The True Story of a Lone Genius Who Solved the Greatest Scientific Problem 
of his Time, by Dava Sobel 

1491: New Revelations of the Americas Before Columbus, by Charles C. Mann 

Collapse: How Societies Choose to Fail or Succeed, by Jared Diamond 

The Perfect Storm: A True Story of Men Against the Sea, by Sebastian Junger 

The Hungry Ocean : A Swordboat Captain's Journey, by Linda Greenlaw 

Apollo 13, by Jim Lovell & Jeffrey Kluger 

Off the Planet: surviving five perilous months aboard the space station Mir 
by Jerry M. Linenger 

Bold Endeavors: Lessons from Polar and Space Exploration, by Jack Stuster 
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16.423 Space Biomedical Engineering and Life Support 
Cardiovascular Adaptation to Microgravity 

A series of pre-flight physiologic tests were performed on astronaut J.B. One test was the 
so-called “stand test”, in which the subject was asked to rise quickly from a supine to a standing 
position, and to remain standing quietly for 15–20 minutes (Figure 1). The electrocardiogram and 
arterial blood pressure were continuously monitored. 

Figure 1: 

A theoretical stand test is shown in Figure 2 for the case in which there are NO operational 
control systems. Heart rate and BP are plotted as functions of time for a short baseline period 
(lying) and the first 2 minutes after standing. The time of the change in posture is t = 0. 
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Figure 2: HR and BP in stand test—no CV controls 
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1.	 Compare the heart rate and blood pressure at time = +100 sec to the baseline values at 
time = −10 sec. What is the physiologic basis for the observed change in arterial BP? 

2.	 The curves in Figure 3 show the patient’s status at time = −10 sec. Using the axes 
provided, sketch CO/VR curves and a LV P-V loop to represent the hemodynamics at 
time = +100 sec. (Hint: First estimate the new CO assuming constant peripheral resis
tance.) 
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Figure 3: Cardiac output-venous return curves; LV pressure volume loops 
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Figure 4 shows the actual response observed in J.B. who has a normally functioning cardiovas-
cular control system. Notice that the initial dip in BP occurs at t ≈ 8 sec, the HR maximum occurs
at t ≈ 12 sec, and steady state is reached at about 100 seconds after standing. The mean BP when
standing is very slightly higher than the control (lying) level.
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Figure 4: HR and BP in pre-flight stand test—intact CV controls

3. What sensors and effectors are responsible for the behavior of heart rate and BP in Figure
4? What is the primary effector mechanism responsible for the initial increase in HR?

4. Why is the mean BP at 100 seconds slightly higher than the control level? (You may use
the approximation Pm = Pd +

1
3(Ps − Pd).)

5. Using the axes of Figure 3 sketch the new situation at t = 100 sec. Demonstrate the
expected impact of the control mechanisms by appropriately modifying the curves. Hint:
Estimate the new CO by assuming that stroke volume is proportional to pulse pressure
(systolic–diastolic ABP). Fill in the work sheet below as a guide to drawing the curves.

Work Sheet

Parameter ttt === −−−111000 sec ttt === 111000000 sec
HR
CO
SV

Pulse Press.
Mean ABP

16.423 Spring 2006 — Cardiovascular Problem 3
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JB and his fellow astronauts blast off for the international space station, and quickly find them
selves in zero-gravity. Within a very short time they begin to feel that their faces are bloated, and 
in fact they can observe that their faces seem to be somewhat swollen. 

6.	 What shifts of blood volume would you expect in the early hours of weightlessness? Ex
plain your rationale. 

The mission ended after a total of 30 days, and the crew shuttled back to earth with no additional 
problems. 

Immediately after landing a repeat stand test was performed on JB. The results are shown in 
Figure 5. Although JB was able to stand for the two minutes shown in the figure, he was not able to 
remain standing for more than five minutes. He became lightheaded and had to lie down to avoid 
fainting. (This difficulty of “postural hypotension” is a major problem in astronauts returning to 
earth from zero gravity.) 
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Figure 5: HR and BP in post-flight stand test—intact controls 

Compared to the pre-flight stand test, the post-flight data shows a much more dramatic in
crease in heart rate, both transiently and at 100 seconds. Furthermore, the mean BP could not be 
maintained at the control level. 

7.	 Why is the post-flight stand test result different from the pre-flight result? 

8.	 Can you think of any countermeasures to reduce the problem of orthostatic hypotension? 
(Consider mechanical, pharmacological, or other methods.) 

16.423 Spring 2006 — Cardiovascular Problem 4 
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Space Biomedical Engineering, Spring 2006 
SOLUTIONS to Assignment #5         Cardiovascular Homework 
 
 
1. Compare the heart rate and blood pressure at time = +100 sec to the baseline values 
at time = −10 sec. What is the physiologic basis for the observed change in arterial BP? 
 

 
 
Description: Before and after the stand test, the heart rate remains fixed at 68 beats/min.  
The systemic arterial pressure (ABP) is 117/72 mmHg (average = 94.5 mmHg) while 
supine, but it decreases sharply upon standing and has dropped to 60/37 mmHg (average 
= 48.5 mmHg) by the time 100 seconds have passed. 
 
Analysis: When a human moves from a supine to standing position, there is a major 
translocation of the body’s blood; it shifts towards the feet and pools in the veins of the 
leg.  This shift into the leg veins is effectively an increase in the venous zero pressure 
filling volume (ZPFV). Since veins are elastic, increasing the ZPFV causes an increase of 
blood volume in the veins before any stretch in the wall of the veins (and any pressure) 
appears. Assuming that the volume of blood in the body doesn’t chance, there is less 
blood in the other parts of the cardiovascular system, including in the systemic arteries. 
Therefore, the pressure drops in the systemic arteries.  With the “operational control 
systems” switched off, the baroreflex cannot do its job of signaling the heart to increase 
its cardiac output. Therefore, the heart rate does not increase upon standing in this “no-
control” case. 
 
 
2. The curves in Figure 3 show the patient’s status at time = −10 sec. Using the axes 
provided, sketch CO/VR curves and a LV P-V loop to represent the hemodynamics at 
time = +100 sec. (Hint: First estimate the new CO assuming constant peripheral 
resistance.) 
 
The post-standing  LV P-V loop is determined by the post-standing systolic pressure (60 
mmHg), the post-standing diastolic pressure (38 mmHg), and the post-standing stroke 
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volume (SV is proportional to pulse pressure, which is systolic pressure minus diastolic 
pressure  since the post-standing pulse pressure is about half the pre-standing pulse 
pressure, the post-standing SV is about half of the pre-standing SV.  SV is the distance 
between the two vertical lines in the cardiac cycle, so the pre-standing SV is about 75 cc.  
Thus, the post-standing SV is about 38 cc.)  In this solution set’s Figure 2, the points in 
the cardiac cycle are labeled 1, 2, 3, and 4.  Cycle point #3 is determined by the 
intersection of the 60 mmHg systolic pressure and the already-drawn systole curve.  
Then, point #2 must be the point that is one stroke volume (38 cc) to the right of point #3 
and at a pressure of 38 mmHg. Point #1 must lie on the diastole curve but at the same 
volume of point #2.  Finally, point #4 lies just above the diastole curve but at the same 
volume of point #3. 
 
The post-standing venous return curve is determined by estimating the post-standing 
cardiac output, CO.  We know that cardiac output is equal to stroke volume times heart 
rate (CO = HR*SV), and that stroke volume is proportional to pulse pressure.  In the 
previous paragraph, we discussed that the pulse pressure, and thus the stroke volume, 
decrease by a factor of two upon standing.  Consequently, the cardiac output also 
decreases by a factor of two (in other words, it is cut in half).  To draw the new venous 
return curve, we place the equilibrium point on 0 mmHg right atrial pressure but at half 
the cardiac output.  Then, we draw the rest of the venous return curve with the same slope 
as the pre-standing venous return curve. 
 
To intersect the venous return curve but also maintain an equilibrium point at 0 mmHg, 
the post-standing cardiac output curve must move to the right and have a decrease in 
slope. 
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3. What sensors and effectors are responsible for the behavior of heart rate and BP in 
Figure 4? What is the primary effector mechanism responsible for the initial increase 
in HR? 
 
The sensors responsible for the behavior of heart rate and blood pressure during the stand 
test are the atrial stretch receptors, which sense for blood volume, and the baroreceptors, 
which sense for pressure. The relevant effectors are heart rate, contractility, venous tone, 
and peripheral resistance. The primary effector mechanism that initiates the increase in 
HR is the sympathetic stimulus, brought on by the baroreceptor reflex. 
 
 
4. Why is the mean BP at 100 seconds slightly higher than the control level? (You may 
use the approximation Pm = Pd + 1/3 (Ps − Pd ).) 
 
 Mean BP is equal to cardiac output times total peripheral resistance (Pm = CO * TPR).  
With sympathetic stimulation working (i.e., control system “on”), the peripheral 
resistance increases substantially while the cardiac output decreases just slightly.  The net 
effect is an increase in the product of CO and TPR, or an increase in Pm.  Another way to 
look at this is that increased peripheral resistance causes an increase in diastolic pressure 
without much of a change to systolic pressure.  Thus, the mean pressure increases upon 
standing. 
 
 
5. Using the axes of Figure 3 sketch the new situation at t = 100 sec. Demonstrate the 
expected impact of the control mechanisms by appropriately modifying the curves. 
Hint: Estimate the new CO by assuming that stroke volume is proportional to pulse 
pressure (systolic–diastolic ABP). Fill in the work sheet below as a guide to drawing 
the curves. 
 
Parameter t = -10 sec t = 100 sec 
HR (from Assign. Fig. 4) 68 bpm 78 bpm 
CO (from Assign. Fig. 3)5000 cc/min 60 cc * 78 bpm = 4680 cc/min 
SV SV = CO/HR = 5000 cc/68 = 74 cc 36 * 74/44 = 60 cc 
Pulse Press. Ps – Pd = 116 - 72 = 44 mmHg Ps – Pd = 118-82 = 36 mmHg 
Mean ABP (from Assign. Fig. 4) 95 mmHg (from Assign. Fig. 4) 102 mmHg 
 
(Follow procedure of Problem 2 to create the LV P-V curve.) 
 
[CORRECTION:] It is important to note that the data given to us in Problem 5 indicates 
that the stroke volume decreases, and this precludes the possibility of increased 
contractility, which is a control mechanism that would typically happen upon sympathetic 
stimulation. (Increased contractility causes stroke volume to increase rather than to 
decrease.) According to Problem 5’s assumption that stroke volume is proportional to 
pulse pressure, stroke volume decreases upon standing. Consequently, the venous return 
curve must also decrease, as shown in Figure 3. 
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However, the data for Problem 5 does indicate the normal sympathetic response of an 
increase in heart rate, so the cardiac output curve does move up and to the left. Figure 3 
shows the post-standing curves that correspond to the data in Problem 5. 
 

 
 
In a normally-functioning CV system, sympathetic stimulation normally causes increased 
contractility, constriction of veins, decreased venous capacitance, and increased mean 
system pressure – hence, if the increased contractility had occurred along with the 
increased heart rate, the venous return curve would have moved up and to the right [as in 
the original figure in the uncorrected solution set], and the stroke volume would have 
increased rather than decreased. 
 
6. What shifts of blood volume would you expect in the early hours of weightlessness? 
Explain your rationale. 
 
In the absence of gravity, first the blood that is normally attracted towards the feet will 
shift and be redistributed in the upper parts of the body. This is part of the total body fluid 
shift that occurs when weightlessness begins.  Next, the volume sensors that are used to 
measure pressure at the atria will detect the increase in upper-body blood volume and 
thus measure the increase in upper-body pressure that has occurred.  To reduce the 
pressure in the upper body, the cardiovascular control system takes action to reduce the 
volume of blood in the body by eliminating plasma through urine.  Consequently, after a 
few hours of weightlessness, there will be a significant reduction in total blood volume.  
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7. Why is the post-flight stand test result different from the pre-flight result? 
 
As described above, the microgravity environment eventually causes a loss of total blood 
volume (typically about 500 mL are lost). Furthermore, the heart’s cardiac output 
decreases because the removal of the hydrostatic pressure gradient requires much less 
work from the heart.  When the astronaut returns to gravity and conducts a stand test, the 
heart must compensate for the decreased blood volume and decreased cardiac output by 
producing a much larger increase in heart rate upon standing.   
 
While total blood volume has the largest effect on the heart rate increase, we can mention 
at least three additional spaceflight-induced causes of the difference between the post-
flight and pre-flight responses to standing. They include:  

1) reduction in arterial resistance gain (decreased ability to increase peripheral 
resistance) 

2) reduction in heart rate gain (because of reduced vagal component of baroreflex)  
3) reduction in venous tone (decreased ability to constrict veins).  

These three reductions are all a result of decreased peripheral sympathetic 
neurotransmission (in other words, decreased sympathetic gain). The sympathetic gain 
decreases because the lack of hydrostatic pressure gradient means that the baroreflex is 
not used in microgravity.   
 
 
8. Can you think of any countermeasures to reduce the problem of orthostatic 
hypotension? (Consider mechanical, pharmacological, or other methods.) 
 

- Fluid loading immediately before return to gravity 
- Pharmaceuticals, that cause increase in total peripheral resistance or stroke 

volume 
- Pharmaceuticals that increase heart rate 
- Mechanical counterpressure around legs to augment venous return 
- Aerobic exercise in space to maintain oxygen uptake rate 
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Prof. Dava Newman 

16.423J/HST515J/ESD.65 Beginning of Semester Self Assessment 
Spring 2006 

Name:

Major/year:

Number of courses taken in Biomedical Engineering/QuantitativePhysiology:


Experience with working in teams (~2-4 students):


Please describe very briefly any work experience (company, duration, …):


1. General Skills and Abilities 
Please rate your abilities in the following skills 
(1 = poor, 2 = below average, 3 = above average, 4 = expert): 

Skill Abilities 
Use of Analytical/Mathematical methods 1 2 3 4 
Use of Computational Tools/Software 1 2 3 4 
Hands-On Design 1 2 3 4 
Oral Communication 1 2 3 4 
Written Communication 1 2 3 4 
Visual Communication 1 2 3 4 
Teaching (specify age/year) 1 2 3 4 

2. Basic Topics Relevant to Space Biomedical Engineering and Life Support Systems 

Topic or Concept Understanding 
Structural Mechanics 1 2 3 4 
Dynamics 1 2 3 4 
Control Theory 1 2 3 4 
Electrical Circuit Theory 1 2 3 4 
Physiology: 

Bone 
Muscle 
Cardiovascular 
Neurovestibular 

1 2 3 4 
1 2 3 4 
1 2 3 4 
1 2 3 4 

Space Environment 1 2 3 4 
Extravehicular Activity (EVA) 1 2 3 4 

3. Familiarity with Software Packages 

How comfortable are you with this 
software? 

MATLAB 1 2 3 4 
Simulink 1 2 3 4 
Multimedia s/w (please name) 1 2 3 4 
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SBE 2006 Dynamics Homework Problem 
 
Preamble 
 
Imagine you are a test director at Johnson Space Center (JSC).  You are 
interested in testing a training version of SAFER (Simplified Aid For EVA 
Rescue) to be used on the Precision Air Bearing Floor (PABF). 
 
The training version of the SAFER is designed to work only in one plane (i.e., the 
plane of motion parallel to the plane of the floor).  The SAFER can be controlled 
in two ways:  translation or rotation, depending on which jets are active at any 
time.  Balanced jets in one direction will result in a force applied in the opposite 
direction.  Counteracting jets on either side of the SAFER will result in a torque 
about the center of mass of the SAFER.  The SAFER uses “bang-off-bang” 
control, meaning each jet is either fully on or fully off.  A diagram of the training 
SAFER can be found below. 

 
In order to evaluate the performance of this SAFER model, you want to track the 
motion of a subject wearing the SAFER training unit.  To collect data for your 
test, you have setup a small, motion tracking system.  The tracking system uses 
magnetic markers on the SAFER and provides noisy measurements of the planar 
X and Y positions as well as a rotation angle, theta, of the SAFER. 
 
This problem explores the dynamics of this situation, simulates it and leads you 
through the development of a simple Kalman filter for tracking the position, 
velocity, angle and angular rate of a subject using this training version of the 
SAFER. 
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Problems 
 

1. Attach a local reference frame that rotates and translates with the subject 
on the SAFER (call this the “body frame”).  Expressing the forces and 
torques in the body frame, derive the translational and rotational dynamics 
that describe the motion in the inertial reference frame.  (You can 
assume that all forces and torques are applied through the center of mass 
of the subject / SAFER system).  Justify any assumptions make regarding 
what effects to model and which ones you are leaving out. 

 
2. Using Simulink, develop a computational model that simulates the motion 

of the subject on the training SAFER unit.   
 
A Simulink model has been started for you called dynamics_prob2.mdl.  
This model requires a small Matlab script to be run to initialize some 
variables called dynamics_prob2_script.m.  You will notice 3 “From 
Workspace” blocks in dynamics_prob2.mdl.  These are the control inputs 
you should assume.  The figure below illustrates the forces that these 
blocks generate for you (forces are either ±10 or 0 Newtons and the 
torque is either ±3 or 0 Newton meters): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
The dynamics_prob2.mdl model has been set to have a fixed time step of 
0.01 seconds and the simulation will run from 0 to 10 seconds (these are 
set in the “Configuration Parameters” dialog under the “Simulation” menu 
in Simulink).  For your dynamics, assume a mass of the subject / SAFER 
system to be 125 kg and assume the inertia about the center of mass to 
be 10 kg m2.  Plot the x-y position and the angular displacement of the 
SAFER that results from the above control inputs.  You can assume that 
the SAFER starts from rest at position (0,0) meters with an initial 
displacement angle of 0 radians. 
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3. Copy the dynamics you created in part 2 into dynamics_prob345.mdl.  
Again, hook up the control inputs in the same manner as part 2.  In 
dynamics_prob345.mdl, you will notice several random noise blocks.  Add 
the disturbance accelerations into your dynamics in the inertial frame.  The 
noise to the x and y accelerations generated by the disturbance 
accelerations blocks is zero mean, with a variance of 0.01 m2.  The noise 
to the angular acceleration is zero mean, with a variance of 0.001 
radians2.  These parameters are defined in the 
dynamics_prob345_script.m Matlab script.  This script must be run before 
simulating your Simulink block diagram.  This noise represents the 
“process noise” and will be used later in the Kalman filter you write. 

 
4. Using the random noise input blocks again, create simulated noisy 

measurements of the x and y position as well as the angular displacement 
by adding noise to the position outputs of your dynamics.  You can use the 
measurement random noise blocks provided to you in 
dynamics_prob345.mdl (from part 3).  These blocks assume that the noise 
on the x and y position measurements is zero mean, with a variance of 
0.005 m2.  The noise on the angular displacement measurement is also 
zero mean, with a variance of 0.001 radians2. 

 
5. Using the “To Workspace” blocks, output the true position and velocity as 

well as your noisy measurements to the workspace.  These blocks have 
been provided to you in dynamics_prob345.mdl.  Simply connect your true 
position and velocity signals and the noisy measurements from your block 
diagram to these blocks and the variables “” and “” will appear in the 
Matlab workspace after you run the simulation. 
 
The next part of this problem set can be done either in Simulink or using regular 
Matlab scripts and functions.  Sometimes, it can be tricky to get Simulink to 
process events in exactly the order you require.  Running a Kalman filter requires 
that you compute specific quantities at very specific times.  As such, Matlab 
scripts / functions are recommended. 

 
6. Write a Kalman filter that estimates the position, velocity (both x and y), 

angle and angular rate of the subject on the SAFER training unit.  Use the 
noisy x position, y position and angular position measurements you 
created in part 4 as measurements. 
 
To start your simulation, add a random initial estimation error by taking the 
truth and adding random noise to it (using the randn Matlab function).  The 
noise should be zero mean with the following variances: 
 
x-y initial position error variance:  0.025 m2 
x-y initial velocity error variance: 1 (m/s)2 
initial angle error variance:  0.01 radians2 
initial angular rate error variance: 0.02 (radians/second)2 
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Use these initial error variances to form your initial covariance matrix (by 
placing them on the matrix diagonal). 
 
You can use the script entitled dynamics_prob6_script.m to get you 
started.  This will setup all of the variables needed to run the simulation 
and add noise to your initial estimate (as per the parameters defined 
above).  This script also automatically simulates the model created in 
parts 2 - 5, assuming your model is called my_solution.mdl (you can 
change this to be whatever you want).  
 
In writing the Kalman filter, you will need to discretize your continuous 
dynamics (developed in part 1).  You can use the function: 
 
[Phi, Bk, Qk] = get_discrete_dyn(A, Q, B, time_step) 
 
provided for you.  The above function accepts the continuous state-space 
dynamics matrix (A), the continuous process noise matrix (Q), the 
continuous state-space input matrix (B) and the time step, and outputs the 
discretized state transition matrix (Phi), the discretized input matrix (Bk) 
and the discretized process noise matrix (Qk).  In other words, it takes the 
system: 
 
X_dot(t) = A*X(t) + B*u(t) 
 
and converts it into: 
 
Xk+1 = Phi*Xk + Bk*uk 
 
In addition, it provides the required Qk matrix for the time update of the 
Kalman filter.  Note that the continuous Q matrix is computed for you in 
dynamics_prob6_script.m. 

 
7. Plot the estimation error resulting from your Kalman filter with the 

covariance bounds on either side.  The covariance bounds are found by 
taking ± square root of the diagonal elements of the covariance matrix at 
every time step.  How much better is your position estimate versus what 
you would have had if you used just the measurements alone (i.e., without 
using a filter at all)?   

 
8. How would you modify the filter above if there were unknown frictional 

effects on the PABF?  What if you knew what the friction was?  Would that 
change how you dealt with it? 
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Prof. Newman	 Quiz 1 16.423J/HST515J/ESD65J 

17 March 2006 

16.423J/HST515J/ESD65J Space Biomedical Engineering and Life Support Systems 
Quiz 1 

1. (25 points) Exploration in Extreme Environments. 
1a. Your best friend has been selected as an astronaut candidate, what advice (or “lessons 
learned”) would you give him/her as he/she embarks on a 12-week (3 month) analog 
mission to the South Pole in Antarctica? He/she will be living with 5 other crewmates (3 
women and 3 men total) (15 points). 
Please provide a one-paragraph answer that synthesizes your advice. 

Solutions could include: 
•	 Isolated Confined Environments (top 7 categories to be aware of include): 

o	 Overall hypothesis: Space is an extreme environment where lessons from 
extreme environments on Earth can be useful. 

o	 Group interaction (overwhelmingly the most behavioral issue, cooperate, put 
the team first, unanticipated dynamics, positive outlook and attitude, team 
goals, how about testing the group before the mission?), communications (can 
have positive or negative effect, external, internal, mission control), workload 
(strike a balance, busy and challenging work, not bored), recreation/leisure 
time (has a positive effect), medical support (limited resources), adjustment, 
leadership (significantly effects mission success, authority and delegation,
how about testing the leaders and managers before the mission who are 
responsible for making many decisions?), and food (can have a very positive 
effect) 

o	 Other important issues include: single/significant events (do not focus on a 
single activity), organization/management, equipment (use adequately tested 
equipment), sleep and safety 

o	 3rd quarter slump in performance is a known phenomena (anticipate), Stuster’s 
study shows physician 3rd quarter slump and leaders’ experiencing the greatest 
decline in the 2nd quarter. 

o	 Group interaction themes to watch out for: interpersonal conflicts, not fitting
in, problems in crew changes, trivial issues exaggerated, withdrawal; positive 
responses are seen in celebrations (among crew), balancing team/individual 
work, group discussions, etc. 

o	 Knowing your “mission” includes familiarization with: environment (know 
your environment and be familiar with the effect it has on you, and use it to 
your advantage), past missions (learn from history), successful outcomes, 
preparing before the mission (social, communication, expectations, etc.). 
When in trouble, try lateral thinking. Learn to make errors and learn from 
them. 

1b. Please briefly describe an ‘informal’ human performance experiment that you would 
recommend to your colleague to run during his/her Antarctic experience (10 points). 
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Prof. Newman	 Quiz 1 16.423J/HST515J/ESD65J 

•	 Choose your own experiment. Example measurements include: subjective 
(questionnaires), qualitative (journals) and quantitative measurements (physical 
performance). Suggest an experimental hypothesis, state the objective, and 
anticipated results. 

2. (40 points) Describe the skeletal physiological adaptive changes when exposed to long-
term microgravity. Include current scientific hypotheses, results, 
similarities/differences to aging, comparison to 1G)? {illustrations and/or models are 
encouraged in this answer} 

Solutions might include the following: 
For bone, the signal to demineralize seems to be linked to stress presented by activity of the 
antigravity muscles, so when posture is no longer the same, muscles are not used, and bone 
struts no longer needed. 

•	 decrease in osteoblast function and osteoclast function remains the same 
•	 bone connected to force bearing muscle seems to be most affected, i.e. hips, pelvis, 

vertebrae (illustrate or reference Russian figure below). 
•	 bone demineralization and remodeling, decrease in bone formation etiology: skeletal 

unloading or because trabecular bone is metabolically more active 
•	 possibility of irreversible changes (need longitudinal database on 


astronauts/cosmonauts)


Adaptive modeling, or Wolf’s Law (which follows Frost’s Mechanostat in the materials),
describes a relationship between bone structure and function. Throughout life, bone is 
constantly broken down and rebuilt to accommodate changing mechanical demands on the 
skeleton. From an engineering perspective, reduced bone strength could occur for two 
reasons: 1. The material is less able to withstand loading stresses OR 2. The structure is 
altered to increase loading stresses. Stress and strain must be major players in this evolving 
story. If we think geometrically, bone density (BMD) does not measure strength, rather, 
strength is determined by shape and dimensions of bone cross-sections. The homeostatic 
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Prof. Newman Quiz 1 16.423J/HST515J/ESD65J 

endpoint that the body strives to maintain appears to be the section modulus. Ah ha, we 
might hypothesize that strain magnitude (and frequency) are the stimuli for bone 
resportion and formation. Furthermore, we hypothesize that stress and particularly,
bending might be essential to understand the mechanisms of bone loss in space. Buckling 
might really need to be understood for bone fractures in the elderly. We need a model. Why? 
Our measured properties do not uncover the essential mechanisms. We now discuss the 
relation to aging. A young bone is shown on the left with an elderly schematic in the center 
and right where the endiosteal (inner diameter) expands (loss) as well as trabecular bone loss 
and there is appropriate adaptive periosteal (outer diameter) bone formation. The bottom 
line result in aging is that there is BMD loss, but not necessarily section modulus reduction,
therefore strength can be maintained. We become more mechanically efficient as we age 
(nice human design!). If we go into microgravity and reduce 

i ill lt i )resu n: 1 acce

loading, 

In the Figures, we hypothesize that the lack of load ng w lerated 
internal bone loss, 2) no periosteal expansion, and that both BMD and bone strength 
would be reduced (See below). The cosmonaut data lends credit to our hypothesis. 

In conclusion, depending on skeletal loading, geometric changes may compensate for net 
bone loss. Reduced skeletal loading is a form of disuse like spaceflight. Bone loss in disuse 
leads to reduced structural strength. Wolff is still right today! Limitations to our studies 
include: Structural geometry can be measured with current DXA scanners but they don’t do 
it very well. Small changes in dimensions are structurally relevant, but can’t be reliably 
measured with current DXA scanners. We are able to show significant changes but we do it 
with statistical power (large change (spaceflight) or large N (elderly or NHANES studies). 

3. (25 points) Give short, but complete definitions of the following:
(a) the size principle;
(b) nuclear chain and nuclear bag fibers;
(c) illustrate α−γ coactivation (use a sketch with labels and some narrative);
(d) describe how muscle fiber types might adapt in long-duration spaceflight;
(e) Will the L-T (length-tension) and F-V (force-velocity) curves be affected by spaceflight? 

How? 
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Prof. Newman Quiz 1 16.423J/HST515J/ESD65J 

Solutions (detailed descriptions included for completeness, but not in Quiz answer)
a. Size Principle – states that the motor units that generate the smallest forces are activated 
first. The largest motor units, with the greatest number of muscle fibers, originate in the 
largest nerve cell bodies and require the greatest amplitude of stimulus before becoming
active. (Henneman et al., 1965) The small motor units - mostly supply red muscle fiber w/
high density of mitochondria are highly fatigue resistant on always "on". The large motor 
units supply most white or pink muscle fibers and are capable of high velocities and high 
forces for short periods. Nice symmetry here - motor units are recruited from small to large, 
the increment in forces as the new one comes in is always proportional to the level of force at 
the time. The sequence is reversed when the force level falls (largest units dropping out 
first). 

b-c. Within that motor unit are muscle spindles 
(stretch receptors) subject to the same relative 
stretch as the whole muscle. The muscle 
spindle is made up of nuclear bag and 
nuclear chain fibers. Golgi tendon organs, 
sensitive to tendon stretch, are usually found 
near the muscle-tendon junction. Nuclear bag 
(~ 2) and nuclear chain (~ 3-5 per spindle = 2-3 
mm long, 1.5 mm in diameter). Small muscles 
for fine control hive a high density of spindles 
(some hand muscles w/ 120 spindles per gram 
of muscle) vs. Large muscles, gastroc., fewer 
than 5 spindles per gram. The spindle functions 
include position and rate of change of length 
signaling. Alpha (α) motoneurons inervate 
the main muscle mass (extrafusal fibers)
while, gamma (γ ) motoneurons inervate the 
interafusal fibers within the spindle organs. 
Spindles attach at both ends to the main 
muscles and act as strain guages. The gammas 
are much smaller and have slower conduction 
velocities than alpha motoneurons. Muscle 
spindle afferents are of 2 types: Ia and II. The 
Ia come from the nuclear bag fibers 
(possibly the chains) and the II come from 
the nuclear chain fibers. The nuclear bag is 
associated with gamma dynamic (γ d) and gamma static (γ s) efferents with both bag and 
chains, therefore, built-in velocity and length sensors, respectively. Small muscles for 
fine control have many spindles compared to large muscles that may have few spindles. 
Group I fibers have large axons and therefore high conduction velocities. Group II fibers are 
smaller with lower conduction velocities. 
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Muscle commands are signaled by simultaneous increases in both α and γ activity by higher 
order motor centers. This alleviates the problem of contraction of the main (extrafusal) 
muscle mass and a slackening of the spindles if only a motor activity changed (say 
increased). The stretch reflex would then come into play as the Ia afferent activity dropped, 
causing the a motor activity to fall, thus turning the muscle force off. α−γ coactivation 
alleviates this problem. Needle electrodes in the intrafusal and extrafusal muscle fibers of the 
hand show that an increase in discharges from the spindle afferents occurs at the same time 
or only slightly after the beginning of electrical activity in the extrafusal muscle. The slight
delay is accounted for by the time required for the intrafusal fibers to contract. (Additional 
answer covered in Muscle Homework Solutions) 

d. Long-duration spaceflight shows selective atrophy of the slow twitch muscle fibers (SO, 
or ‘red’), of the antigravity muscles. Extensor muscles have the majority of slow fibers 
types and these are the primary antigravity muscle, therefore, they are most affected. 
Significant atrophy of both fiber types can be seen in spaceflight, and the extent of atrophy is 
confounded by the level of countermeasures (exercise). There is less need (and therefore use)
of the fast fibers (FG, or ‘white’) during spaceflight ‘locomotion’ in microgravity and there 
is a shift toward slow fibers. FG (fast glycolytic), white fibers (palest staining, look for 
presence of mitochondrial ATPase in stains); fastest=time required for the tension to rise to 
its peak value in a twitch is less than other types, low density of mitochondria and blood 
capillaries, anaerobic glycolysis to resynthesize muscle phosphagens. Fast oxidative 
glycolytic (FOG, or pink fibers), intermediate size between white and red, similar to FG, but 
more mitochondria, oxidative enzymes present, partially aerobic. Slow oxidative, or red 
muscle fibers are the smallest axon diameter fibers, which require the lowest tetanic tension 
of activation, slow contraction velocity, rich in mitochondria (red blood cell) concentration 
and oxygen carrying capacity, high oxidative enzymes, aerobic processes, fatigue resistant. 

e. The L-T (length-tension) relationship is based on Huxley’s physiological quantitative 
model of the actin-myosin crossbridges, so we don’t expect a change in the relative sense T 
(%) vs. Length, (Note: assuming no cellular structural changes.), BUT if you plot L-T on an 
absolute scale you will notice reduced Tension levels from the loss of strength and atrophy (I 
imagine most will give this answer). Hill’s F-V (force-velocity) curve will be affected by 
spaceflight. From class lectures, notes and the Russian muscle data a considerable decrease 
was noted in the F/V ratio during spaceflight. As measured by a dynomometer, you expect 
the force to have a higher slope (steeper dropoff) giving less force per velocity for 
shortening. Thus, the power curve (T &V) will also be decreased. You might need to take 
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this in to consideration for the design of a lunar or Martian bicycle! You can think of the 3D 
relationship between Tension-Length-Velocity to capture the changes all at once: 

4. (10 Points) Realizing the unified physiology of the musculoskeletal system, comment and/or 
illustrate how your answers for questions 2 and 3 above interact in a systems sense. 
Musculoskeletal system: The muscles and bones are connected via tendons and stress, 
strain and force are critical parameters for performance. Consider the interaction of the 
muscles and bones, particularly in the most significant regions (i.e., the vertebrae, long
bones, hip). In bone, the imparted stress signals bone formation, resorption, and steady-state 
homeostasis. Bone demineralization seems to be linked to stress presented by external 
loading and to musculature. The activity of muscles is greatly reduced when posture control 
is no longer the same (or no longer needed in spaceflight), therefore, altering the stress-strain 
profile. This phenomena gives rise to the result above (slow twitch fibers atrophy more, 
especially the extensor muscles since they have the majority of slow fibers types and these 
are the primary antigravity muscles). The stress-strain musculoskeletal response is critical, 
especially subjected to bending moments and torsion. Frost’s mechanostat theory suggests 
that bone maintains a certain strain level. The system witnesses a decrease from the 
musculature and, therefore, reduced strain on the skeleton, which results in an exacerbated 
physiological deconditioning of the musculoskeletal system. There is an integrated 
physiological effect going on dependent on gravity as well as each other (musculo-skeletal 
dependence). 

Physiological deconditioning from spaceflight manifests itself as the need for an adaptive 
response to 1G upon return from spaceflight. CNS recruitment of muscle fibers necessary for 
movement in 1G for musculoskeletal performance and motor control. The need in 1G to 
maintain upright posture has to account for altered posture etiology: atrophy due to a 
decrease in CNS recruitment of antigravity muscles and perhaps a concomitant decrease in 
the contractile proteins synthesized in muscle. You also have an instantaneous skeletal 
loading in 1G that requires an adaptive response, not to mention orthostatic intolerance.1 

1 In general, the illustrations provided were much appreciated and demonstrated your learning. 
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 4 May 2006 
  
16.423J/HST515J/ESD65J Space Biomedical Engineering and Life Support Systems 

Quiz 1 
 
 

1. (4 students) Musculoskeletal Dynamics and Control. 
Part A (3 points): What is the difference between kinematics and dynamics?  How are 
each used in the study of human spaceflight research? 
 
Part B (6 points): You are an astronaut trainer who has been tasked to prepare astronauts 
for life in microgravity.  You have, at your disposal, an air-bearing floor that simulates 
microgravity in one plane.  You wish to model the motion of the astronauts on the floor 
while they perform push-offs and landings so that you can develop theories about their 
adaptation that can aid in training.  What are the primary equations that govern this kind 
of situation?  What effects are you modeling?  What effects are you leaving out?  If you 
know all of the dynamics going on, is it always a good idea to model them all?  When 
might it not be a good idea?  Justify your answer. 
 
Part C (3 points): Identify both sides of the equilibrium point hypothesis and provide 
evidence that supports each side.  What side are you on?  Why? 
 
2. (6 students) The Cardiovascular System. 
Part A (2 points): Briefly summarize the sequence of physiological events that occur 
when a person/animal changes posture from the supine to the head-up posture.  
 
Part B (8 points):  The Mercury-Atlas 9 mission sent Astronaut L. Gordon Cooper to 
space for a U.S. record-breaking 34 hours. While his health prior and during flight was 
excellent, egress from the space capsule imposed a substantial burden on his 
cardiovascular system: 
 
"The postflight examination began prior to egress from the spacecraft. Approximately 40 
minutes after landing, two measurements of the astronaut's [Cooper's] blood pressure 
were recorded while he was still lying in the spacecraft on the deck of the recovery ship. 
He was then able to egress from the spacecraft without assistance and stand erect on the 
deck while his blood pressure was again recorded on the onboard tape.  Later 
examination of this 3 1/2 minute record shows that, while he was still in the spacecraft, 
his blood pressures were 101/65 and 105/87, with a corresponding heart rate of 132 beats 
per minute. During egress and immediately thereafter, while standing upright on the 
deck, his heart rate rose to 188 beats per minute […].  At that point, another blood 
pressure recording was attempted and, although the apparatus appeared to cycle 
normally, no pressure pulses were seen on the recording.  
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His heart then returned to a normal sinus rhythm with a rate of 92 beats per minute at 
sensor disconnect. 
 
After standing on the deck for approximately a minute, the pilot began to look pale and, 
although his face was already wet, new beads of perspiration appeared on his forehead. 
He swayed slightly and reported symptoms of impending loss of consciousness including 
lightheadedness, dimming of vision, and tingling of his feet and legs. The cable was 
immediately disconnected and, with support at each arm, he began to walk away from the 
spacecraft. After a few steps, 5 to 10 seconds later, he was able to walk without 
assistance and to salute the ship's commanding officer." 
 
Taken from: Manned Spacecraft Center (U.S.). Mercury Project Summary, Including 
Results from the Fourth Manned Orbital Flight. NASA SP-45, 1963. 
B-1 (3 points): Briefly summarize all of astronaut Cooper's symptoms that might indicate 
the presence of orthostatic intolerance. 
 
B-2 (3 points): On the basis of your knowledge of cardiovascular physiology, name three 
possible mechanisms of orthostatic intolerance after return from spaceflight. 
 
B-3 (2 points): Name three possible countermeasures against post-spaceflight orthostatic 
intolerance. 
 
3. (3 students) Human Spaceflight: Extravehicular Activity (EVA) Systems Design. 
Part A (5 points) Give a conceptual design for an advanced planetary EVA system (e.g., lunar, 
1/6 G OR Mars, 3/8 G).  You may touch on life support and pressure, but primarily focus your 
answer on the design issues of an advanced suit and exploration system capability.   
Part B (5 points) Discuss advanced suit requirements and the trade-offs between an advanced 
planetary suit design and current EVA EMU (microgravity) suits that would have to be resolved 
in advanced designs. You might also want to mention human–robotic capabilities for planetary 
exploration. 
 
Recommendations for Quiz 2: Work efficiently in your team for 45 minutes to: 1) 
organize yourselves 2) work on your aspect of the answer 3) come together to prepare 
comprehensive written and oral answers, and 4) select 1 or team members to brief the 
answer to the entire class. There will be 3 briefings in-class from 10:20 am – 10:55 am 
(Dynamics = 8 min; Cardiovascular = 12; EVA = 6 min). Grades will be based on the 
written and oral team answers as well as individual grades. All students will be asked to 
confidentially grade themselves and their team members’ contributions. 
 
Remember: Illustrations of concepts/answers are very beneficial! Cite and list any 
references. 
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