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The purpose of the experiment is to find the best estimate of the density, ρ, of
a metal ball bearing at room temperature. For density calculation, the measure-
ments of mass and diameter are made. Mass was measured with a digital balance
and diameter with a vernier calliper, having least counts of 0.01 g and 0.002 cm
respectively.

The experiment requires the determination of the standard uncertainty in the best
estimate of ρ, by combining the uncertainties in mass and diameter and ultimately
calculate the expanded uncertainty in ρ at the 95% level of confidence.

Mass of ball bearing, Mi (g) 42.17 42.09 42.13 42.12 42.13 42.13 42.12
Diameter of ball bearing, Di (cm) 3.010 3.030 3.010 3.020 3.030 3.018 3.016

Table 1: Replicate values of mass and diameter of the ball bearing.

1 Determination of the best estimate of density

If the mass of an object is M and the volume it occupies is V , then the average
density of the material, ρ, is defined as

ρ =
M

V
, (1)

where volume V for a sphere of diameter D is given as,

V =
πD3

6
,

Hence Equation(1)can be written as,
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ρ =
6M

πD3
. (2)

Best estimates of mass and diameter are combined to find the best estimate of
the density of the ball bearing. To determine the standard uncertainty in the
density, we need to determine the standard uncertainties both in the mass and in
the diameter of the ball bearing taking into account both Type A and Type B
components.

1.1 Uncertainty in the mass of the ball bearing

1.1.1 Best estimate of mass and standard uncertainty in mass of the
ball bearing

The best estimate of the true mass is given as the sum of the mean value and the
correction term due to Type B uncertainty,

M = Mmean ± ZM , (3)

where Mmean is the mean of repeated measurements of the mass for n observations
and ZM is a correction term introduced to account for the effect of systematic
errors. If we take ZM as the resolution of the mass balance, denoted by δ then
+δ and −δ cancel out to give zero and the best estimate of mass using Equation
3 comes out to be equal to the mean value,

M = Mmean

=

∑7
i=1Mi

7
= 42.13 g.

Next with the help of standard deviation s, we have to find standard uncertainty
in the mean value by using the following expression,

u(Mmean) =
s√
n

= 0.00834 g.

The number of degrees of freedom associated with u(Mmean) is one fewer than the
number of values, i.e., νMmean = n− 1 = 6.

Now, the standard uncertainty, u(ZM) in the resolution (δ = 0.01 g) of the device
is,

u(ZM) = δ/
√

12

=
0.01√

12
= 0.0029 g.

Since u(ZM) is a type B uncertainty, hence the number of degrees of freedom
associated with u(ZM) is very large, i.e., νZM →∞.
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1.1.2 The combined uncertainty in the mass

The combined standard uncertainty in the mass, u(M), is found using the equation,

u2(M) = u2(Mmean) + u2(ZM)

= 0.00091 g.

The effective number of degrees of freedom, νeff , for the combined standard un-
certainty in mass is calculated using the Welch−Satterthwaite formula, which in
this case can be written as,

νeffM =
u4(M)

u4(Mmean)
νMmean

+ u4(ZM )
νZM

= 7.

1.2 Uncertainty in the diameter of the ball bearing

The above procedure (illustrated in Section 1.1) is repeated to find the best es-
timate of diameter, D = 3.02 cm, the standard uncertainty, u(Dmean) = 0.00314
cm in diameter, standard uncertainty in the resolution of the device, u(ZD) = 0.002/

√
12

= 0.0006 cm, combined uncertainty u(D) = 0.0032 cm and the effective degrees
of freedom νeffD = 6.

1.3 Uncertainty in the density of the ball bearing

1.3.1 Best estimate of density of the ball bearing

The best estimate of density is found using Equation (1), by substituting the best
estimates of mass M and diameter D calculated from Sections 1.1 and 1.2.

ρ =
6M

πD3

= 2.92 g/cm3.

1.3.2 Standard uncertainty in the density of the ball bearing

Combining the errors in the measurement of diameter and mass, the standard
uncertainty in the density, u(ρ), can be found using,

u2(ρ) = u2M(ρ) + u2D(ρ) (4)

=

(
∂ρ

∂M
u(M)

)2

+

(
∂ρ

∂D
u(D)

)2

= 1.37× 10−4 (g/cm3)2.
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1.3.3 Calculation of the coverage factor

To find the 95% coverage interval of confidence for ρ, we need to determine the
coverage factor, k. We begin by using the Welch−Satterthwaite formula to find
the number of degrees of freedom, νeff , which can be written in this situation as,

νeffρ =
u4(ρ)

u4M (ρ)

νeffM
+

u4D(ρ)

νeffD

(5)

The effective degrees of freedom calculated from Equation (5) comes out to be
νeffρ = 6 and will correspond to a value of coverage factor k = 2.45 at 95%
confidence level (See the table in the presentation).

1.4 Expanded Uncertainty at 95% confidence level

The expanded uncertainty at the 95% level of confidence is given by substituting
value of k and the combined uncertainty in density u(ρ) from Equation (4),

U(ρ) = k u(ρ),

= 2.45× 0.067

= 0.161 g/cm3.

The coverage interval for the 95% level of confidence for the true value of the
density is therefore,

ρ± U(ρ) = 2.9± 0.2 g/cm3 (6)
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