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Mechanics, the oldest branch of physics, is the study of the motion of 
material objects in space and the related concepts of force, work and energy. 
Mechanics is consists of two main parts: kinematics and dynamics. 
Kinematics describes how objects are moving including geometry of 
motion: trajectory (imaginary line along which the object is moving); 
position of an object on this trajectory; how this position is changing with 
time and so on. Dynamics tries to answer question why objects are moving 
including the causes of motion.  
 
The motion of a material object could be very complicated. Because of this, 
we will start with the simplest case: the translational motion of a particle 
along the straight line. Translational motion means motion without rotation. 
In the translational motion all points of an object are moving by the same 
way and we can consider this motion as the motion of a particle –object 
without size. 
 
The motion can be measured as a change of position with respect to some 
particular frame of reference. In physics, the coordinate systems are used as 
a frame of reference. Coordinate system used more often in physics is the 
Cartesian coordinate system firstly introduced by French philosopher, 
mathematician, and physicist Descartes when he developed analytical 
geometry (representation of geometrical objects by some analytical 
expressions) by merging algebra and geometry. For three-dimensional space 
(3D case) Cartesian system of coordinate represents by three rectangular 
axes X, Y, Z emerging from one point that is called origin of coordinates. It 
would be very difficult for us to start our study with consideration of motion 
in general 3D case. Motion in a plane (2D case) it is also difficult to consider 
now. Because of this, we will start with 1D case – the motion along straight 
line. It is not just abstraction that we choose only because of the simplicity. 



The motion along straight part of a highway is a good application of this 
consideration.  
 
Thus, we have the origin of coordinates 0. We have coordinate axis 
emerged from this origin. One direction we designate as +X, opposite as –X. 
We will choose appropriate scale and plot distance from the origin of 
coordinates on the axis. It is positive in the direction +X, it is negative in the 
direction –X. We introduce the physical quantity: the position of an object. 
It is designated by x. The unit in which we measure the position in SI 
system is meter. Its x coordinates give the position of an object at any 
instant of time. 
 
The change in position is called displacement. If an object at an instant of 
time t1 has the position x1 and at instant of time t2 its position changes to x2 
the displacement of this object can be written as follows  
 
                                              Δx = x2 – x1                                         (2.1) 
 
Symbol Δ designates the change in a physical quantity that is written just 
after this symbol, namely final value of a physical quantity minus initial 
value of this quantity. This change in position occurs during interval of time  
 
                                                 Δt = t2 – t1                                          (2.2) 
 
Distinguish between distance covered by an object and its displacement. For 
example, object moved 100 m ahead, then it came back exactly to the same 
place. Distance covered by this object is 100 m, but its displacement is 0. 
Units for displacement measurement are units of length. In SI system the 
unit of displacement is meter. Displacement is the vector quantity (we will 
study vector quantities in details later in our course). This means that it is 
characterized not only by numerical value (magnitude) but also by direction 
in space. In 1D case only two directions are possible. When an object is 
displaced in the positive direction of the X-axis, so x2 > x1, and  
Δx > 0, displacement is positive. When an object is displaced in the negative 
direction of the X-axis, then x2 < x1, and Δx < 0, displacement is negative. 
 
One of the most important features of an object in motion is how fast it is 
moving. We introduced the physical quantity speed by relationship (1). 
Speed is a useful concept, because it indicates how fast an object is moving. 



However, speed does not reveal anything about the direction of the motion. 
To describe both how fast a motion is and what is its direction we need 
vector quantity. It is called the velocity. It signifies the magnitude 
(numerical value) of how fast an object is moving and also the direction of a 
motion. The average velocity is defined in terms of displacement (not in the 
terms as the distance traveled as in the concept of the speed): 
 
                 Average velocity = displacement/(time elapsed)                      (2.3) 
 
SI unit of average velocity is meter/second (m/s). 
As definition of the average velocity we can use the following expression: 
 
                                                 = Δx / Δt                                                (2.4) 

−

v
 
Where ⎯  is the average velocity (bar over a symbol of any physical 
quantity signifies the average value).  

−

v

 
SI unit for average velocity is meter/second (m/s) 
 
We assume that our clocks always running forward (t2 -- t1 > 0), then the 
average velocity is positive when object is moving in the positive direction 
of X-axis and negative otherwise.  
 
The concept of the average velocity is not productive for each situation. For 
example, suppose you are living at the distance 30 mi from college. You 
reach college by car through 1 hr. Suppose once upon a time you were late, 
try to be in time and would pass other car. Police officer stops your car and 
gives you the ticket. If you would like tell him that your average speed ⎯v = 
30 mi/h is smaller than speed limit and there were no violation of traffic 
rules, you would fail. Therefore having the concept of an average velocity 
could not describe all features of the motion. We need to introduce the 
concept of an instantaneous velocity, which is the velocity at any instant of 
time. Strict definition of the instantaneous velocity is as the following; the 
instantaneous velocity at any instant of time is the average velocity during 
an infinitesimally short interval of time. Symbolically this definition can be 
written as follows 
 
                                        v = lim Δt→0 (Δx / Δt)                                        (2.5) 
 



The notation lim Δt→0  (Δx / Δt) means that the ratio (Δx / Δt) is defined by the 
limiting process in which smaller and smaller values of Δt are used, so small 
that they tend to approach zero. But we would not divide Δx by zero, 
because Δx also tends to zero, but their ratio does not become zero. It 
approaches the instantaneous velocity. By analogy, we can introduce the 
concept of instantaneous speed –- speed at an instant of time. Because the 
distance covered and the magnitude of the displacement becomes the same 
when they tend to be infinitesimally small, instantaneous speed always 
equals the magnitude of the instantaneous velocity. Therefore you can derive 
the magnitude of instantaneous velocity from the information shown on the 
speedometer of a car.  
 
SI unit of instantaneous velocity (and of instantaneous speed) is 
meter/second (m/s). 
 
Students often ask, how we will use the formula (2.4) when solving 
problems. Actually we will not use this representation of instantaneous 
velocity solving problems. It is useful to understand the concept of the 
instantaneous velocity. For brevity, we will use the word velocity to mean 
instantaneous velocity in this course. 
 
The velocity of a real moving object may change in a number of ways. For 
example, the car moving along a straight street should be brought to stop 
before the red traffic light and accelerated after changing traffic light from 
red to green. To describe this changing of velocity in time we introduce the 
concept of average acceleration. By analogy to average velocity it can be 
written as follows 
 
                                             ⎯a = Δv / Δt                                                (2.6) 
 
By analogy to instantaneous velocity we introduce the concept of an 
instantaneous acceleration – acceleration at the current instant of time: 
 
                                        a = lim Δt→0 (Δv / Δt)                                        (2.7) 
 
SI unit for average acceleration and for instantaneous acceleration is 
meter/(second squared) or (m/s²). 
 



When the velocity of an object increases, acceleration is positive and 
directed in the same direction as velocity. When velocity decreases, 
acceleration is negative and directed in the direction that is opposite to the 
direction of the velocity. In this case acceleration sometimes is called 
deceleration. 
 
There are a lot of situations in which acceleration changes. But we will not 
introduce new physical quantity that describes the rate of change of 
acceleration. We will choose more productive way. We will consider one 
specific case – motion with constant acceleration along the straight line. This 
is specific case but there are important situations in which acceleration is 
constant. The examples: the motion of a braking car; the motion of falling 
objects near the surface of the Earth and so on. However, keep in mind that 
this is special situation, and the results that we will derive now are 
applicable only to the case when a = const. Examples of cases with non 
constant acceleration: a swinging pendulum bob; raindrop falling against air 
resistance and so on.  
 
To achieve our goal, we will use general formulas (2.4) and (2.6) but specify 
them to the considered situation. If a = const, then a = ⎯a. To simplify 
consideration, we will suppose that object start at instant of time t1 = 0. Its 
position at this instant of time is called an initial position and designated as 
x0. The position of an object at time in question (current time t) is designated 
just as x. The velocity of an object at an instant of time t1 = 0 is designated as 
v0 and it is called an initial velocity. The velocity of an object at time in 
question (current time t) is designated just as v. using these designations we 
can rewrite the equations (2.4) and (2.6) as follows: 
 
                                ⎯v = Δx / Δt = (x – x0) / t                                     (2.8) 
 
                                ⎯a = a = Δv / Δt = (v – v0)/t                                      (2.9) 
 
We will use now these equations to derive a set of equations that relate the 
position x, velocity v and acceleration a with time, velocity v and 
acceleration a with position for the case when a = const. From (2.6) we can 
derive the equation that relates velocity, initial velocity, and acceleration 
with time 
 
                                        v = v0 + a t                                                       (2.10) 
 



This is the first equation from the set of desired equations. In the case of 
motion with the constant acceleration, velocity of an object is directly 
proportional to the time. 
 
The displacement at the time t can be obtained from equation (2.8) 
 
                                              x = x0 + ⎯v t                                              (2.11) 
 
When a = const, velocity accordingly to (2.10) is directly proportional to the 
time (increases a constant rate). Therefore the average velocity will be 
midway between initial and final velocities and (2.11) can be written as 
follows 
 
                                                ⎯v = (v + v0) / 2                                       (2.12) 
 
Now we can substitute ⎯v in (2.11) by (2.12) 
 
                                                 x= x0 + [(v + v0) / 2] t                              (2.13) 
 
Substituting v in (2.13) by expression (2.10) we finally get expression that 
relates position and time: 
 
                                               x= x0 + v0 t + (1/2) a t²                            (2.14) 
 
This equation allows us to find displacement of an object at any instant of 
time if x0, v0, and a are known. In some problems, time is not known. 
Nevertheless, we can find displacement using expression (2.13). We will 
exclude time from this expression. The expression for time derived from 
(2.10) is as following: 
 
                                    t = (v – v0) / a                                                      (2.15) 
 
Substituting t in (2.13) by expression (2.15), we will get 
 
                                    x = x0 + (v^2 – v0^2)/ (2 a)                                 (2.14) 
 
Solving this expression for v², we will get equation 
 
                                      v² = v0^2+ 2 a (x – x0)                                   (2.15) 
 



If we know initial velocity v0, initial position x0, and acceleration we can 
find the velocity v at any position x. 
 
Thus, we derive the beautiful set of kinematical equations completely 
describing motion of an object along the straight line with the constant 
acceleration. We will collect all these equations together: 
                      Motion with constant acceleration: a = const 
 
                                        v = v0 + a t                                                     (2.16a) 
 
                                 x= x0 + v0 t + (1/2) a t^2                                        (2.16b) 
 
                                 v^2 = v0^2 + 2 a (x – x0)                                       (2.16c) 
 
 
                                          ⎯v  = (v + v0) / 2                                           (2.16d) 
_____________________________________________________________ 
Equations (2.16a) and (2.16b) are useful for analysis of kinematics as an 
initial value problem: if the acceleration and the initial conditions (x0, v0) are 
given, we can find velocity v and position x at any instant of time. 
Sometimes in problems, time is not given but there is information about 
position of an object. In these cases we can find from equation (2.16c) 
velocity of an object at any position. Equation (2.16d) can be useful in some 
cases. For example, if acceleration is not given, we can find position of an 
object combining equations (2.11) and (2.16d).  
 
GRAPHICAL ANALYSIS OF THE MOTION. 
 
We used successfully the coordinate system to describe the motion in the 
space. But during the motion all its characteristics also are changing in time. 
But there is no direct possibility in this approach to analyze in parallel these  
changes. Therefore along with the space information about a motion (the 
coordinate analysis), another approach – graphical analysis of time 
dependence of position, velocity, and acceleration is in a wide use. In 
constructing a graph the physical quantity versus time, you should not be 
afraid of graphs in physics. Remember, that these graph representations are 
constructed by the sane way as you did in mathematical course that we 
studied before. In these courses, you represented functional dependences 
between variables. Absolutely the same you should do in physics. 
Differences are only in the designations. For example, direct proportionality 



between variables y and x analytically expressed as y = b + ax, where a and 
b are constants, can be represented graphically as straight line . (This is why 
this type of dependence sometimes is called linear dependence). If we 
analyze Equation (2.16a), we can see that this equation represented the same 
type of dependence between velocity v and time t. Analyzing Equation 
(2.16b), we can deduce that the dependence of position x on time is 
quadratic. This parabolic type of dependence can be represented by the 
curve like parabola displaced from the origin of coordinate by x0 along the 
positive direction of X-axis. The acceleration is supposed to be a constant at 
any instant of time. Because of this the graph of a versus time is just a 
straight line parallel to the t-axis. These graphs are shown on the Fig. 1, Fig. 
2, and Fig. 3 correspondingly.  
 
 

 
Fig. 1. Graph of position as a function of time (x vs. t) for the motion with 
constant acceleration. 
 



 
Fig. 2. Graph of velocity as function of time (v vs. t) for the motion with 
constant acceleration. 

 
Fig. 3. Graph of acceleration as function of time (a vs. t) for the motion with 
constant acceleration. 
 



Take into account that the graphs are in the wide use in the all branches of 
physics. They are a very convenient way to represent the overall trend of the 
dependences between physical quantities. 
 
Now we consider the some particular but important case of the motion of an 
object with constant acceleration along straight line. Let us consider case 
when acceleration is constant but equal to zero, namely a = const = 0. To get 
the set of equation describing this case, we will put zero value of 
acceleration into theset of equations (2.16). As a result we will see that in 
this case v is constant, and the set of equations describing the motion with 
constant velocity along the straight line can be written as follows: 
 
____________________________________________________________ 
If acceleration is constant and zero (a = const = 0), then an object is moving 

with constant velocity. 
 
                                        v = v0 = const                                                 (2.17a) 
 
                                            x= x0 + v t                                                   (2.17b) 
_____________________________________________________________ 
 
We can complete these analytical relationships with the graphs of time 
dependences of position, velocity, and acceleration. From equations (2.17), 
we can deduce that in the case of motion with constant velocity we have 
direct proportionality between position and time. Graph of velocity will be 
just straight line parallel to t-axis. Graph of acceleration as function of time 
will be straight line lying exactly on the t-axis. All these graphs are 
represented on the Fig. 4, Fig. 5, and Fig. 6. 
 



 
 
Fig. 4. Graph of position as a function of time (x vs. t) for the motion with 
constant velocity. 

 
 
 
Fig. 5. Graph of velocity as a function of time (v vs. t) for the motion with 
constant velocity 



 

 
Fig. 6. Graph of acceleration as a function of time (a vs. t) for the motion 
with constant velocity. 
 
Now we are ready to solve problems related to the motion with constant 
acceleration, constant velocity, or a combination of these types of motion.  
Before this we shortly outline some key steps of strategy used in solving 
problems. 
 
SOLVING PROBLEMS. 
 
1. Read and reread the whole problem. The good method to check your 
understanding of problem is as follows. Try to formulate the problem by 
yourself with closed textbook.  
2. Draw a simple sketch of the situation outlined in the problem.  
3. Usually sketch includes a coordinate system. You can choose the origin of 
the coordinate system at any convenient location. Try to choose origin of 
coordinate so that x0 = 0. In this case the equations of motion (2.16) and 
(2.17) become somewhat simplified. You can choose either direction of 
coordinate axis to be positive. Usually, it is more convenient to choose 
positive direction of X-axis in the direction of motion. Remember that your 
choice of the positive axis direction automatically determines the positive 
directions for v and a. If x is positive to the right of the origin, then v and a 



will be positive toward the right. The choice of the origin and direction of 
the coordinate axis must remain the same throughout the solution of the 
problem in question. 
4. The graphical analysis of motion sometimes is needed. It is especially 
useful if an object changes the type of motion through some interval of time. 
Or there are objects in a problem that simultaneously are moving with 
different type of motion. 
5.Write down what quantities are known and then what you should find. 
6. Try to derive all information from conditions both explicit and implicit. 
Examples of implicit information: if in conditions is written that object starts 
from rest, it means that v0 = 0; if in conditions is written that objects is 
brought to stop, it means that v = 0; if there is no any mention in conditions 
about the position of an object before the clock in the problem begins to run, 
then x0 = 0. 
7. Analyze units of the physical quantities given in conditions. If there is no 
consistent system of units in the problem, make conversion of units 
(preferable to the SI system). Transfer from subunits to the units if they even 
belong to the same system of units (for example, if some distances in the 
problem expressed in meters, other -- in kilometers, make all distances 
expressed in meters). 
8. Try to understand which principles of physics should be applied to solve 
the problem (by other words, what formulas can be used to solve this 
problem). Remember each formula that we use in our course has its own 
range of validity. For example, Eq. (2.17) can be used only when object is 
moving with constant velocity, Eq. (2.16) only when object is moving with 
constant acceleration. 
9. Try to choose an equation from the system of relevant equations that 
contains only one from desirable unknowns. Solve the equation algebraically 
for desirable unknown. Sometimes several sequential calculations should be 
done.  
10. Substitute known values and compute the values of the unknowns. Keep 
one or two extra digits, but round off the final answers to the correct 
numbers of significant figures. 
11. In calculations, write numerical values together with units and keep track 
of units. The units on each side of equality must be the same. If it is not so, 
mistake has been made. Unfortunately, this analysis tells you only if you are 
wrong, not if you are right. Because of this, important is the next step. 
12. Analyze carefully your result. Is it reasonable or no? Apply your 
intellect, experience and common sense. Remember, this is physics, not 
mathematics. Mathematics sometimes can bring you unexpected solutions. 



For example, the Eq. (2.16b) is quadratic equation with respect to t. 
Therefore it has two solutions t1 and t2, but only one of these solutions is 
physical solution. Analyze both of them with respect to conditions of the 
problem and choose only one -- physical solution (solution that corresponds 
conditions of the problem in question). 
Let us solve some examples of the typical problems, using the 
recommendations as a template. 
 
EXAMPLE 2.1. Pontiac versus Toyota (starting from rest). Pontiac G6 
GT starts from rest and after 7.9 s acquire velocity 60 mi / h. Toyota Camry 
LE starts from rest and after 8.3 s acquire velocity 26,8 m / s. Suppose that 
cars are moving with the constant acceleration. (a) Find the accelerations of 
these cars. b) Compare these accelerations (find just ratio of corresponding 
accelerations).  
 
Situations considered in the problem are of the same type. It is written that 
objects are moving with the constant acceleration Therefore we have right to 
use set of formulas (2.16) and graphs shown in figures: Fig. 4, Fig. 5, Fig. 6. 
Take into account implicit information about initial velocities. They equal 
zero.  
Now we can write what is given and what we want to find. 
vp0 = 0 
vp = 60 mi/h 
tp = 7.9 s 
vt0 =0 
vt = 26.8 m/s 
t = 8.3s 
___________ 
(a) ap ?, at ? 
(b) ap/at ? 
 
Analysis of the data shows that there is no consistent system of units in the 
problem. We need to make conversion. We can do it by multiplying vp by 
two conversion factors. 
 
vp = (60 mi/h) (1609 m/ 1 mi)( 1 h/ 3600 s) = 26.8 m/s 
 
(a) Cars are moving with the constant acceleration. Therefore we will try to 
choose an equation from the system of equations (2.16) that contains only 



known quantities and desirable unknown. This is Eq. (2.16a). Solving this 
equation algebraically for desirable unknown, we will get: 
 
                                             a = (v – v0)/t                                                       
 
Substituting in this formula data for Pontiac G6 GT and then data for Toyota 
Camry LE we will get answer for question (a): 
 
                       ap = (26.8 m/s – 0 m/s) / (7.9 s) = 3.39 m/ s^2  
                       at = (26.8 m/s – 0 m/s)/(8.3 s) = 3.23 m/s^2 
 
(b)                        ap / at = (3.39 m/s^2) / (3.23 m/s^2) = 1.050 

 
EXAMPLE 2.2. Pontiac versus Toyota (slowing down). When Pontiac G6 
GT is moving with the velocity 60 mi/h, it could be brought to stop through 
a braking distance 141 ft. If Toyota Camry LE is moving with the velocity 
26,8 m / s, it could be brought to stop through a braking distance 41.2 m.  
Suppose that cars are moving with the constant acceleration. (a) Find the 
accelerations of these cars. (b) Compare these accelerations (find just ratio 
of corresponding accelerations). 
  
Situations considered in this problem are of the same type. Objects are 
moving with the constant acceleration Therefore we have right to use set of 
formulas (2.16). Take into account implicit information about final 
velocities. They equal zero. The principal difference with respect to the 
Example 2.1 is that velocities now are decreasing during the motion. From 
this fact we can deduce that both accelerations and slopes of the straight 
lines in the graph are negative. 
Write what is given and what we want to find. 
 
vp0 = 60 mi/h = 26.8 m/s 
vp = 0 
xp = 141 ft = 43.0 m 
tp = 7.9 s 
xp0 = 0 
vt0 = 26.8 m/s 
vt = 0 
xto = 0 
xt = 41.2 m 
___________ 



(a) ap ? at ? 
(b) ap/at ? 
 
There is no consistent system of units in the problem, and there is necessity 
to make conversion. We can do it by multiplying xp by conversion factor. 
 
                                  xp = (141 ft)(1 m / 3.28 ft) = 43.0 m 
 
(a) Cars are slowing down with the constant negative acceleration. Therefore 
we will try to choose an equation from the system of equations (2.16) that 
contains only known quantities and desirable unknown. This is Eq. (2.16c). 
Solving this equation algebraically for desirable unknown, we will get: 
 
                                        a = (v²– v²)/ [2(x---x0)] 
 
Substituting in this formula data for Pontiac G6 GT and then data for Toyota 
Camry LE we will get answer for question (a): 
 
                                                ap = -- 8.35 m / s² 
                                                 at = -- 8.72 m / s² 
 
(b)                            ap / at = (--8.35 m/s²) / (--8.72 m/s²) = 0.958 

 
 
Situations are more complicated when an object in the problems is moving 
by different types of motion in turn. 
 
EXAMPLE 2.3. A person driving her car Toyota Camry LE at constant 
speed vr = 55 mi / h approaches intersection just as the traffic light turns red. 
Reaction time to get her foot on the brake is tr = 1.0 s. During reaction time 
the speed is constant, so the acceleration is zero: ar = 0. Then the driver uses 
brakes. The car slows down with constant acceleration ab = -- 8.72 m / s² and 
comes to a stop. (a) Sketch the v – t graph of motion of the car. (b) What is 
the distance covered by the car during the reaction time? (c) What is the total 
stopping distance? 
vr = 55.0 mi/h = const 
tr = 1.00 s 
ar = 0 
ab = -- 8.72 m/s² 
_______________ 



 
(a) v – t graph? 
(b) xr ? 
(c) xtot? 
 

Analysis of data shows that we need to perform conversion. After this we 
will get: vr = 24.6 m/s, xst’ = 105 m. 

(a) Preparing v – t graph of motion, we should take into account that part 
of time car is moving with constant velocity. This period of time the 
graph should be similar to graph from the Fig. 5. Next interval of time 
the car is moving with constant acceleration. Therefore this part of the 
graph should be similar to the graph in Fig. 2 but with negative slope 
(acceleration is negative – car is slowing down)). As a result we will 
get the graph shown in Fig. 2.7. 

 

 
Fig.2.7. Example 2.3. Graph of velocity as function of time (v vs t). 
 
We face here the situation in which the car is moving different parts of the 
total distance according to the different laws of motion. Because of this, we 
could not to use the same formulas to describe motion as a whole. In those 
cases, it is recommended to consider parts of motion separately. For each 
part of motion we will use only formulas relevant for this specific type of 
motion. During reaction time, car is moving with constant velocity. 



Therefore the distance covered by car can be determined by means of Eq. 
(2.17b). Note that the initial position for the motion during reaction time can 
be chosen as zero. 

                          xr = vr tr = (24.6 m/s) (1.00 s) = 24.6 m 
 
(b) The output from the first part of motion can be used as an input to the 

next part. Distance xr traveled during reaction time can be treated as 
initial position xo for the next part –- motion with constant negative 
acceleration. The velocity of the car during reaction time can be 
treated as initial velocity for the second part of motion. Because this 
motion is the motion with constant acceleration, we can use Eq. 
(2.16c) (more precisely, Eq. (2.14) that can be easily derived from Eq. 
(2.16c)) in which we will take v0 = vr and x0 = xr. 

 
xtot = x0 + (v² – v0²)/ (2 a) → xst = xr + (0 -- vr²)/ (2 a)  
= 24.6 m + (--24.6 m/s)^2 / [(2)(-- 8.72m/s^2)] 
                                xst = 59.2 m  

 
We can face another sequence of events in the problem that is represented in 
the following example.  
 
EXAMPLE 2.4. A Pontiac G6 GT accelerates from rest to v = 26.8 m/s, 
moving 105 m away from the starting point. The acceleration is supposed to 
be constant during this initial stage of motion. Then the car continues to 
move 100 s with constant velocity v = 26.8 m/s. (a) Sketch the v – t graph of 
motion of the car. Determine: (b) the acceleration during the initial stage of 
motion; (c) the total distance traveled by the car. 
 
v1 = 26.8 m/s 
x01 = 0 
v2 = 26.8 m/s = v1 
x1 = 105 m 
x02 = x1 = 105 m 
tc = 100 s² 
______________________ 
(a) Graph v – t ? 
 (b) a ? 

(c) xtot ? 
 



(a) The motion of the car consists of two parts. The first one is the motion 
with constant acceleration. Second one is the motion with constant 
velocity. Preparing v – t graph of motion, we should take into account 
that part of time car is moving with constant acceleration. This period 
of time the graph should be similar to graph from the Fig. 2. Next 
interval of time the car is moving with constant velocity. Therefore 
this part of the graph should be similar to the graph in Fig. 5. As a 
result we will get the graph shown in Fig. 2.8. 

 
Fig.2.8. Example 2.4. Graph of velocity as function of time (v vs t). 
 
We face here the situation in which the car is moving different parts of the 
total distance according different laws of motion. Because of this we could 
not to use the same formulas to describe motion as a whole. In those cases, it 
is recommended to consider parts of motion separately. For each part of 
motion we will use only formulas relevant for this specific type of motion.  
 
(b) Therefore the acceleration of the car during initial stage of motion can be 
determined by means of Eq. (2.16c).  
 
                 a = (v² – v0²)/ [2(x --xo)] = [(26.8 m/s)^2 –0]/[2 (105 m –0)] 
                                                 a = 3.42 m/s² 
 



(c) The output from the first part of motion can be used as an input to the 
next part – motion of the car with constant velocity.  

 
              xtot = x1 + v tc = 105 m + (26.8 m/s) (100 s) = 2785 m 
 

In problems, we can face sometimes situation, when two objects are moving 
simultaneously but by different types of motion. 
 
EXAMPLE 2.5. A speeding motorist traveling 33.5 m/s passes a stationary 
police officer. The officer immediately begin pursuit at a constant 
acceleration 3.00 m/s². (a) Sketch the x – t graph of motion of the car. 
(b) How much time will it take for the police officer to catch the motorist? 
(c) What is the distance each vehicle traveled at that point? 
x0s = 0 
x0p = 0 
vs = 33.5 m/s = const 
as = 0 
vpo = 0 
ap = 3.00 m/s = const 
(a) x – t graph of motion? 

(b) td? 
(c) xd? 

 
(a) The sketch of the situation in space attached to the coordinate axis and 
the graph of position x versus time t will be very useful to solve this 
problem. 
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Fig.2.11. Example 2.5. Graph of position as the function of time (x vs t). 
 

(b) It is easy to see from this graph, that at t = td the distance covered by 
speeder xds equals to the distance covered by the police officer xdp: 



                                         xds = xdp 
 
Speeder is moving with constant velocity and covered distance xds is 
described by the Eq. (2-17b). Police officer is moving with the constant 
acceleration and covered by him distance xdp is described by the Eq. 
(2.16b). Therefore we can find td using this circumstance.  
 
                      x0s + vs td = x0p + v0p td + ½(ap) (td²) 
                            33.5 m/s td = ½(3.00m/s²) (td²) 
                    td = 2 vs/a = 2 (33.5 m/s)/(3.00 m/s²) = 22.3 s 

 
(c) The covered distance can be easily found now using Eq. (17b) or Eq. 

(16b). For example, using Eq. (17b) we will get 
 

                                 xd = vs td = (33.5 m/s) (22.3 s) = 747 m 
 
FREE-FALL MOTION. 
 
Good example of the motion with constant acceleration is fall motion -- 
motion of an object allowed to fall freely nears the Earth surface. This 
simple type of motion attracted the attention of scientist from the ancient 
times. Based on every day experience Aristotle supposed that velocity of the 
object is proportional to the weight of the object. But Galileo disagreed with 
this statement. Experiment shows that object dropped from larger height 
drive a stake into the ground further than the same stone dropped from 
smaller height. Galileo concluded that velocity is changing during free fall, 
so it is accelerated motion.  According to a legend, Galileo experimented by 
dropping cannon balls of the same shape and size made from wood and iron. 
These cannon balls released simultaneously on the top of the Pisa Leaning 
Tower reached the ground at the same time disregarding their weight. 
Galileo developed mathematical description of the motion of objects with 
the constant acceleration. According this description, distance covered by 
the object d should be proportional to the time squired (see Eq. (2.16b)). 
Performing experiments of the motion of the object along incline plane (it 
was treated by him as a particular example of falling) Galileo confirmed his 
mathematical consideration. Finally he makes a conclusion that at the given 
location on the Earth surface and at in the absence of air resistance, all 
objects fall with the same constant acceleration. This type of motion is 
called Free-Fall, although it includes rising as well as falling motion. 
 



This acceleration is called the acceleration due to gravity. It is designated 
as g. In our problems, we usually will take g = 9.80 m/s². Actually at 
different locations on the Earth surface g is different. For example, in New 
York City g = 9.803 m/s², at North Pole g = 9.830 m/s². On the surface of 
the Moon, g is six times smaller. Strictly speaking, free fall should be 
studied in vacuum conditions. American astronaut David Scott made good 
demonstration of this phenomenon on the surface of the Moon. He released 
simultaneously a feather and a geology hammer. There is vacuum on the 
surface of the Moon. The feather and the hammer simultaneously reached 
the ground. Millions of people on the Earth had opportunity to see this free 
fall experiment through TV.  
 
At first glance, the fact that all object disregarding their weight are falling 
with the same acceleration looks like mystery. We will try to explain this 
mystery later in our course. Now we will write the set of equation describing 
free fall motion. Actually this is the same system of equations (2.16) but 
specified for free fall motion. This motion is also the motion with the 
constant acceleration along straight line, but now this line is not horizontal 
but vertical and can be used as y-coordinate axis. The acceleration now is 
specified: this is acceleration due to gravity. Magnitude of this acceleration 
is g (in the most of problems related to the motion near the Earth surface g = 
9.80 m/s²). It is always positive. If we choose direction up as the positive 
direction of y-axis, then acceleration in free fall motion will be a = -- g, and 
the system of equations describing the free fall motion can be written as 
following. 
_____________________________________________________________ 
                                     Free-Fall Motion: a = -- g 
 
                                        v = v0 -- g t                                                     (2.18a) 
 
                                 y= y0 + v0 t -- (1/2) g t²                                       (2.18b) 
 
                                 v² = v0² -- 2 g (y – y0)                                       (2.18c) 
 
Solving problems related to the free fall motion, we should remember that 
there is some additional information in those problems, which could be very 
helpful for their solution. 
 
EXAMPLE 2.6. An arrow is fired from the ground level straight upward 
with an initial speed of 10 m/s. (a) How long is the arrow in the air? (b) To 



what maximum elevation does the arrow rise? (c) What time is needed for 
the arrow to reach the maximum elevation h? (d) With what velocity will it 
hit the ground? 
 
v0 = 10 m/s 
g = 9.80 m/s² 
yo = 0 
y = 0 
 

(a) ttot ? 
(b) ymax = h? 
(c) th ? 

     (d) 
? 
We will use the implicit information that relates the vertical position of the 
object and time, or the vertical position of the object and velocity. 
(a) When t -= ttot, the object reaches the ground, so its vertical position is y = 
0. Then we should choose equation that relates position and time. This is the 
Eq. (18b). Inserting data in this equation gives us relationship 
   0 = 0 + v0 t – ½ gt^2 = 0 +(10 m/s) t – ½ (9.80 m/s^2) t^2 → (v0 –-1/2 g t) t 
= 0  
This quadratic equation has two solutions. This is interesting point. Solving 
physical problems, we sometimes encounter in situations in which math 
bring us some additional nonphysical solutions. In those cases we should 
analyze solutions with what we are asked to find in the conditions. For 
example, in considered problem, the first solution is t1 = 0. It is obvious 
result that at t = 0, the arrow is at the origin of coordinates at the ground 
level y = 0. This is not what we are asked about in the conditions. Therefore 
t1 is mathematically right but not physical solution. The second solution is 
 
                                        t2 = 2 v0/g  = 2.04 s  
 
This is reasonable result from the point of view of conditions. We can treat  
it as a physical solution. 
 
(b) When object is ascending, its velocity directed up. When object 

descending, its velocity directed down. At the highest elevation 
y = ymax = h, v =0. Therefore we can use Eq. (2.18c) that relates 
position and the velocity. In our case we will get 

0 = v0^2 -- 2 g yh → yh =  v0^2/(2 g) = (10 m/s)^2/[2 (9.80 m/s^2)] = 5.10 m 



 
(c) At the highest elevation y = yh, vh  = 0, t = th. To find th we can use the 
Eq (2.18a) that relates velocity and time, or Eq (2.18b) that relates the 
position and time. If we use, for example, Eq (2.18a), we will get  
          0 = v0 – g t → v0 = g th → th =  v0 / g = 1.02 s  = ½ ttot 

Pay attention that th =  ½ ttot. It means that the motion is absolutely 
symmetrical. How many times is needed for the object to ascend, so 
much time is needed for the object to fall down. 
(d) When the object hits the ground t = ttot. Then the velocity with which 

the object strikes the ground can be determined from equation (2.18a): 
            vf  = v0 -- g ttot  =10 m/s – (9.8 m/s²) (2.04 s) = -- 10 m/s 

 


