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. Introduction efficiently the challenges and goals imposed by an intended
research. The literature on chemometric experimental design
Chemometric experimental design can be defined as the ratio-
al process of planning experiments with sufficient statistical
ower, sample size and adequate type of data in order to pro-
ide maximum information from chemical data and address

� This paper belongs to the Special Issue Chemometrics in Chromatography, Edited
y Pedro Araujo and Bjørn Grung.
∗ Corresponding author. Tel.: +47 95285039; fax: +47 55905299.

E-mail address: pedro.araujo@nifes.no (P. Araujo).

570-0232/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jchromb.2012.05.019
covers different branches of chemistry ranging from practical
to theoretical chemistry and, most importantly, it contains a
wide variety of experimental designs such as factorial designs
[1–11], simplex designs [1–9], Plackett–Burman designs [1,3,5–10],
Box–Behnken designs [2,5,7–10], star designs [1–3], central com-
posite designs [1–3,5–11], Taguchi designs [1,8,10], and Doehlert

designs [5–10,12]. It is possible to estimate the percentage of
articles discussing specific types of designs published before and
after the year 2000 (Fig. 1), by entering in Scopus (a well-known
abstract and citation database) the keyword “experimental design”,

dx.doi.org/10.1016/j.jchromb.2012.05.019
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:pedro.araujo@nifes.no
dx.doi.org/10.1016/j.jchromb.2012.05.019
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ig. 1. Percentage of publication on specific types of designs published before and
fter the year 2000. The information was obtained from Scopus (10th December
011).

earching within the results for the keyword “chemistry” and finally
imiting the search to the name of every design mentioned above
e.g. “central composite design”). The Scopus results (Fig. 1) allow
oncluding that more than 50% of the total number of articles on
hemometric experimental design has been published in the period
000–2011. This upsurge of interest in experimental design appli-
ation in the last decade may  be seen as a product of the explosion of
nformation technology on the web. Somewhat less known exper-
mental designs are those proposed by Doehlert [12] four decades
go. Doehlert uniform shell designs were largely ignored in well-
nown reference books [1–4,11] and also in the most popular web
ased encyclopedias (e.g. Wikipedia) despite the increased per-
entage of publications on Doehlert design applications in the last
ecade (comparable with the more traditional factorial designs)
nd regardless of the chief merit of these types of designs when
ompared with classical designs (e.g. central composite design). It is
urprising that Doehlert designs have only recently been acknowl-
dged in some books [5–10].

This article discusses comprehensively the principles, impor-
ance and application of Doehlert uniform shell designs in different
spects of chromatography by using examples from the literature.
he confidence of different models generated by Doehlert designs is
isualized by estimating the associated uncertainty over the experi-
ental domain and compared with widely used designs. The article

lso discusses some reported misconceptions about the Doehlert
niform shell designs with a view to prevent their erroneous appli-
ation in chromatography.
. Doehlert uniform shell designs

Doehlert designs are called “uniform shell designs” due to their
egular distribution of the experimental points on the surface of

ig. 2. Spatial distribution of the experimental points in a Doehlert design (a) for 2 (point
togr. B 910 (2012) 14– 21 15

spherical shells which in addition confer some important unifor-
mity properties to be discussed in this article.

2.1. Generation of the design

Doehlert designs for k variables (k > 3) are always generated by
allocating the experimental points on the surface of a hyper-sphere.
For three and two variables the experimental points are circum-
scribed into a sphere and a circle of radius 1 respectively (Fig. 2).
The combination of the different variables at every experimental
point is obtained by projecting the cross section of the sphere in two
dimensions (Fig. 2b) and the total number of experimental combi-
nations (�) as a function of the number of variables (k) under study
is given by the expression:

� = k2 + k + 1 (1)

For three and two  variables the total numbers of experiments
are 13 and 7 respectively and their spatial distribution are located
at the vertices of a cuboctahedron and a hexagon with a point at
their centers respectively (Fig. 2).

Another important characteristic of this type of design is the
unequal number of experimental levels at the different axes. For
instance, the three axes in Fig. 2 suggest that the factors x1, x2 and
x3 should be analyzed at 5, 3 and 7 different experimental levels
respectively. The unequal number of levels is an important feature
in cases where the factors under study are subjected to different
and unavoidable constraints. For example, when applying coupling
techniques such as liquid chromatography–mass spectrometry
(LC–MS) or gas chromatography–MS (GC–MS) it is expected that
the chromatography and MS  associated factors will exhibit dif-
ferent ranges of variation due to the different principles of the
instrumental techniques. For instance, a Doehlert design has been
used to determine the influence of instrumental parameters on the
quantitative determination of tri-�-linolenoylglycerol by LC-ion-
trap-MS [13]. The drying gas flow rate and nebulizer gas pressure
were investigated at 3 and 5 levels respectively due to their intrin-
sic shorter span imposed by the MS  instrument, while the variable
chromatographic flow rate was investigated at 7 levels due to its
wider range. This imbalance in the number of levels represents an
advantage over more traditional designs exhibiting the same num-
ber of levels in all directions (e.g. star designs, central composite
designs).

In cases where the variables have been screened and the instru-
mental system does not impose any restriction on the significant

variables, the levels dictated by the Doehlert design are assigned
according to the magnitude of the effect of the variable. The high-
est the effect of a variable on the experimental response the highest
the number of levels assigned to it. For example, if six variables are

s 1–7) and 3 (points 1–13) factors; (b) cross section projection of the initial sphere.
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Fig. 3. (a) Translational rhombic tiling with a constant vertex angle of 60◦ generated
by  increasing gradually the radius of a Doehlert design in concentric circles. (b)
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G

∑

xtension of an initial Doehlert design (black hexagon) to neighboring experimental
omains by reusing previous experimental points.

valuated by a factorial design and a Pareto chart of standardized
ffects reveals that only three variables are statistically significant,
hen the variable with the highest effect is evaluated at 7 levels,
he variable with the second highest effect is evaluated at 5 levels
nd the variable with third highest effect is evaluated at 3 lev-
ls. This selection criterion has been applied in the screening and
ptimization of experimental factors by GC [14,15]. For instance,
he optimization of the variables that affect the purity and yield
f beef tallow biodiesel production (x1: temperature, x2: reaction
ime, x3: catalyst concentration and x4: alcohol:tallow molar ratio)
as firstly screened by using a two-level factorial design [14]. The

esults indicated that x4 and x3 with Pareto scores of 62.0 and
9.2 were the most significant variables and were subsequently
ptimized by means of a two-factor Doehlert design at 5 and 3 lev-
ls respectively. One important property of a Doehlert design is
hat the enlargement of the original arrangement of experimen-
al points which is carried out by increasing gradually the radius
n concentric spheres or circles will always create a translational
hombic tiling with vertex angles of 60◦ (Fig. 3) regardless of which
oint is chosen as the center. The generated rhombic network can
ccommodate neighboring regions or new variables in any direc-

ion by extending the initial arrangement to another experimental
omain by reusing previous experimental points adjacent to the
ew experimental region. This particular property has been used in

able 1
eneration of a design matrix X for a 2-factor Doehlert design and calculation of the unce

Doehlert design for k = 2 Experimental
point

Coded variables D

x1 x2 xo

1→ 0.000 0.000 1
1→  0.000 0.000 1
1→  0.000 0.000 1
2→  0.500 −0.866 1
3→  −0.500 0.866 1
4→  −0.500 −0.866 1
5→  0.500 0.866 1
6→  −1.000 0.000 1
7→ 1.000 0.000 1

n  = 9 experiments

n

i=1

hi = number of coefficients in the model.
togr. B 910 (2012) 14– 21

the optimization of the factors that influence the methylation yield
of polyunsaturated fatty acids in cod liver oil by gas chromatogra-
phy [16] by implementing initially a Doehlert design for 2 factors
(x1: reaction time and x2: alkali concentration) and performing 7
chromatographic runs (points 1–7 in Fig. 2). After analyzing the
results, a second Doehlert design was considered with 2 additional
factors (x3: alkali volume and x4: bath temperature) and 14 extra
chromatographic runs performed (points 8–13 in Fig. 2 plus 8 addi-
tional points in a fourth dimension). The final model in this study
was  constructed by using the 21 experimental responses from both
Doehlert designs.

2.2. Measures of uniformity of the models

Two  measures of uniformity are proposed by Doehlert in his
original article, namely: the distance from the center to the external
points and the distance from a selected external point to the other
points (excluding the central point).

For a better understanding of the impact of these two measures
of uniformity on the modeling process, it is important to discuss in
advance the parameter uncertainty.

2.2.1. Uncertainty and confidence in the design
Uncertainty can be defined as a parameter that gives a quanti-

tative indication of the confidence associated with a determined
experimental design prior to performing any experiment. The
uncertainty of an experimental design can be determined by means
of the Working-Hotelling confidence limits [17] expressed as:

y± = s0

√
m × Fm·m−n × h (2)

The terms as they appear in Eq. (2) represent the measurement, the
root mean square overall error, the number of parameters in the
model, the Fisher variance ratio and the uncertainty. The subscript
n represents the total number of experiments. The most important
feature of Eq. (2) is the presence of both non-design dependent
(e.g. y, s0, m)  and design dependent (e.g. h) terms. On closer
inspection, the design dependent term h in Eq. (2) measures the
potential influence of an observation on a selected response (y)
and it has an inverse relationship with y±. An experimental design
exhibiting a high value of h at a particular point is synonymous with
in the design to predict the value of this point. On the contrary, a
low value of h is associated with narrow confidence bands around
y and a high degree of confidence in the design. The term h in Eq.

rtainty (h) at every experimental level.

esign matrix X h = xn(XT X)
−1

xT
n

x1 x2 x1x2 x1
2 x2

2

.000 0.000 0.000 0.000 0.000 0.000 →0.333

.000 0.000 0.000 0.000 0.000 0.000 →0.333

.000 0.000 0.000 0.000 0.000 0.000 →0.333

.000 0.500 −0.866 −0.433 0.250 0.750 →0.833

.000 −0.500 0.866 −0.433 0.250 0.750 →0.833

.000 −0.500 −0.866 0.433 0.250 0.750 →0.833

.000 0.500 0.866 0.433 0.250 0.750 →0.833

.000 −1.000 0.000 0.000 1.000 0.000 →0.833

.000 1.000 0.000 0.000 1.000 0.000 →0.833
n∑

i=1

hi = 6
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2) emerges as a powerful indicator of the confidence that could be
ttributed to the design and can be expressed mathematically by:

 = xn(XT X)
−1

xT
n (3)

here xn represents the n-row of the design matrix X. A compre-
ensive example for generating the design matrix X is given in
able 1 for a 2-factor Doehlert design with three replicates at the
enter and intended at studying a model of the form:

 = b0 + b1x1 + b2x2 + b3x1x2 + b4x2
1 + b5x2

2 (4)

The X matrix should have a number of rows equal to the total
umber of experiments and a number of columns in accordance
ith the number of coefficients in Eq. (4),  in that way  the dimen-

ion of the X matrix in Table 1 will be 9 × 6. The most important
eature of Eq. (3) is that it allows assessing how confident the design
redicts the data at every experimental point without perform-

ng any experiment. For instance, the experimental point number
 (−0.500, 0.866) of the Doehlert design described in Table 1,
hich corresponds to the row number 5 (x5 = 1, −0.500, 0.866,
0.433, 0.250, 0.750) of the X matrix has an associated uncer-

ainty value of 0.833 calculated by the expression h = x5(XT X)
−1

xT
5.

ne important property of Eq. (3) is that the sum of h over all
xperimental point equals the number of coefficients in the model∑

hi = 6 coefficients). Although it is not the intention of the
uthors to give a full account of the calculations and graphical rep-
esentation, Eq. (3) can be used to visualize uncertainty contour
lots over an entire experimental domain. The reader interested in
he mathematical calculations behind the contour plots and their
eneration is referred to the various comprehensive articles pub-
ished by the authors elsewhere [18–21].

.2.2. Distance from the center to the external points
This particular distance is commonly referred and described

n related applications and is kept constant, as explained above,
y circumscribing all the experimental points on the surface of

 hyper-sphere (if k > 3), a sphere (if k = 3) or a circle (if k = 2)
f radius 1 (Fig. 2), so that it is possible to produce a constant

ncertainty at every experimental point around the center. For
xample, the experimental points around the center of the 2-factor
oehlert design described in Table 1 display a constant uncer-

ainty value of 0.833 (points 2–7) while the minimum uncertainty

Table 2
Calculation of the uncertainty values for Doehlert designs with 2 and 3 factors and a face
togr. B 910 (2012) 14– 21 17

is found at the center of the design. In addition, the allocation of
the experimental points at a constant distance from the center,
enables the incorporation of additional factors without influenc-
ing the constancy of the uncertainty. This property is of importance
when additional factors are included into a particular mathematical
model. For instance, the effect of the mass spectrometer parame-
ters (x1: nebulizer gas pressure and x2: drying gas flow rate) on the
analytical response (y: peak area) could be modeled as:

y = b0 + b1x1 + b2x2 (5)

By using Eq. (3) an uncertainty value of 0.476 is recorded for all
the points around the center (Table 2, k = 2). However, if an addi-
tional variable is considered (x3: chromatographic flow rate) the
original model could be expanded to:

y = b0 + b1x1 + b2x2 + b3x3 (6)

Six extra experiments should be added and distributed spatially
as is shown in Table 2 for k = 3. The associated uncertainty of the
13 total experimental conditions is calculated by using Eq. (3) and
it revealed that by combining both, the seven initial (points 1–7)
and the extra six (points 8–13) experiments, a constant uncertainty
value of 0.327 is computed around the central point (Table 2, k = 3)
regardless of the incorporation of the chromatographic flow rate
as an additional factor. The only observed change after increasing
the number of variables from k = 2 to 3 is the reduction in the mag-
nitude of the uncertainty as a result of increasing the number of
experimental runs from � = 7 to 13.

The previous results for the 3-factor Doehlert design are
compared to a 3-factor face-centered cubic design (the most pop-
ular type of central composite design according to a review of
the literature) which required a minimum of 15 experiments
(� = 2k + 2k + 1 = 23 + 2 × 3 + 1 = 15). The lack of uniformity in the dis-
tance from the center to the external points results in unequal
values of uncertainty, 0.167 and 0.367, for the experimental points
spatially distributed in the star part (points 2–7 in Table 2) and
factorial part (points 8–15) of the face-centered cubic design
respectively. It is evident that the observed uniformity in the

designs proposed by Doehlert is advantageous to generate mod-
els that are sufficiently smooth to permit interpolation. In addition,
the statistical reliability of the constant uncertainty can be visual-
ized as a regular scattering of the experimental responses at every

-centered cubic designs with 3 factors.
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ig. 4. Distance vectors from a selected reference point (number 7) to the other
oints and by excluding the central point (1).

xperimental point and consequently as a measure of how closely
he models can fit the data.

It must be mentioned that models different from those described
y Eqs. (5) and (6) could be also considered, for instance, the
uadratic model described by Eq. (4).  However, in order to judge the
dequacy of more complex models, the inclusion of replicate mea-
ures is required to ensure a good balance between the number of
arameters and degrees of freedom.

.2.3. The distance from a selected external point to the other
oints (excluding the central point)

Regardless of its importance, this particular distance is rarely
cknowledged in publications. It can be demonstrated by using
raphical representations that it is possible to compute 5 and 11
ectors for k = 2 and 3 respectively by taking as reference the dis-
ance from point number 7 to the rest of the experimental points
ying on the surface of the sphere of radius 1 and excluding the cen-
ral point (Fig. 4). Simple algebra allows estimating, for k = 2 and
eference point 7, two vectors with a distance of 1 (vectors 7-5 and
-2 in Fig. 4), two vectors with a distance of

√
3 (vectors 7-3 and

-4 in Fig. 4) and one vector with a distance of 2. These 5 vectors for
 = 2 can be represented by a distance pattern vector of the form:

2 ×
√

1, 2 ×
√

3, 1 ×
√

4]

Similarly, for k = 3 the 11 distance vectors illustrated in Fig. 4 can
e represented as:

4 ×
√

1, 2 ×
√

2, 4 ×
√

3, 1 ×
√

4]

It is difficult to visualize the number of vectors for k � 3 or their
istance from a reference point by using graphical display or simple

lgebra respectively. However, an increase in the number of factors

 will result in a general distance pattern vector of the form:

 ̨ ×
√

1,  ̌ ×
√

2, � ×
√

3, ı ×
√

4
⌋

(7)

able 3
umber of distance vectors generated by increasing the number of factors from 2 to 10 a

Number of factors (k) Number of vectors at a distance 

 ̨ = 1  ̌ = 1.414 � =

2 2 0 2
3  4 2 4
4  6 6 6
5  8 12 8
6  10 20 10
7 12  30 12
8 14  42 14
9  16 56 16

10 18  72 18
togr. B 910 (2012) 14– 21

where ˛, ˇ, � and ı represent the number of vectors with a distance
of 1,

√
2,

√
3 and 2 respectively, constructed by excluding the central

point and defined by:

 ̨ = � = 2 × (k − 1) (8)

ˇ = (k − 1) × (k − 2) (9)

ı = 1 (10)

The total number of vectors (  ̨ +  ̌ + � + ı) as a function of the
number of factors is given by the expression:

ω = k2 + k − 1 (11)

The application of Eqs. (8)–(11) for computing the number of dis-
tance vectors generated by increasing the number of factors from
2 to 10 is presented in Table 3. The uniform distance patterns
described in Table 3 is found for all dimensions and its configu-
ration (˛, ˇ, � and ı) and magnitude (1,

√
2,

√
3 and 2) is the same

no matter which point is selected as reference. In addition, the
uniform distance patterns exhibited by the uniform shell designs
confer some distinctive rugged properties to the models such as
a constant experimental domain volume and consequently a high
confidence in the predictions over the experimental domain.

2.3. Doehlert designs, efficiency and degrees of freedom

The efficiency (ε) is a function that relates the number of param-
eters p (b0, b1, b2, b3, etc.) in a model and the total number of
experiments � required to generate the model in question and it
is expressed as:

ε = p

�
× 100 (12)

It is clear from Eq. (12) that the worst values of ε are those obtained
when the number of experiments equals the number of parameters
(lim
�→p

ε = 100%). For instance, a 2-factor Doehlert design (� = 7) used

to estimate a seven coefficients model of the form:

y = b0 + b1x1 + b2x2 + b3x1x2 + b4x2
1 + b5x2

2 + b6x2
1x2

2 (13)

will yield a ε = 100% with no degrees of freedom (� − p = 0) to judge
the adequacy of this model. Although the ideal ε values are those
close to zero ( lim

�→∞
ε = 0 is ideal but impractical due to the high

number of experiments involved), values under 60% can be rated as
optimal. It should be noted that ε < 60% implies in practical terms

the existence of an appropriate balance between the number of
experiments and the number of parameters. As a rule of thumb,
the minimum acceptable difference between � and p should be 3
(� − p = 3).

nd by using Eqs. (8)–(10).

Total number of distance vectors (ω)

 1.732 ı = 2 ω = k2 + k − 1

 1 5
 1 11
 1 19
 1 29

 1 41
 1 55
 1 71
 1 89
 1 109
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. Misconceptions about Doehlert uniform shell designs

It is not the intention of the present section to discredit any
articular research article or to discourage anyone from reading
hem. For these reasons the reference numbers of the criticized arti-
les are not provided. However, specific terminology, definitions or
tatements textually taken from these articles are given in italics.
t must be emphasized that the main objective of this section is to
elp readers avoid using incorrect definitions in connection with
oehlert uniform shell designs.

The general definition of Doehlert uniform shell designs has
ometimes been misclassified as “when a simplex optimization with
wo variables comes to the point where it encircles the optimum”.
uch an oversimplified and erroneous definition confines the opti-
um  to lie invariably at the center of the design and it is in direct

ontradiction with well-known examples from the literature. For
nstance, the first application of a 2-factor Doehlert design in syn-
hesis optimization described the use of a GC instrument equipped
ith a flame ionization detector (FID) to monitor the yield of the

eaction [22] and reported an optimum yield away from the central
xperimental point. Perhaps, the above mentioned misconception
s due to the fact that in his article Doehlert used a regular simplex
o explain the generation of the experimental points. However, it

ust be emphasized that in no instance Doehlert’s original arti-
le [12] mentioned that a simplex design optimization should be
arried out to obtain an encircling optimum. The characteristics of
oth designs, simplex and uniform shell, are quite different and
ave been described in the literature [23].

One serious issue regarding the application of uniform shell
esigns in chromatography is the belief that a Doehlert design is
ore efficient because it estimates more coefficients with fewer exper-

ments. For instance, the six coefficients of a quadratic model with two
actors are estimated with seven experiments by the Doehlert design
R-efficiency 85.71%) and with nine experiments by the central com-
osite design (R-efficiency 66.67%). The reader must be aware that
fficiency (ε) defined in Eq. (12) measures the relation between
he number of coefficients (p) in a model and the total number of
xperiments (�) and should be analyzed not only by considering
ts numerical value but also by taking into account the associated
umber of degrees of freedom. For instance an experimental design
ith ε = 100% yields an overfitted model (p = �) that cannot be val-

dated statistically to check its predictive performance due to the
ack of degrees of freedom (DF = � − p). Experimental designs with

 < 60% are better choice for modeling purposes [24]. In this con-
ext, if the italicized statement implies using a chromatographic
ystem that has demonstrated to yield highly precise measure-
ents, making the pure error too small as to be considered of

ractical importance, then a 6-coefficient model generated from
he central composite design with lower efficiency (ε = 66.67%) and

 degrees of freedom (DF = 9 − 6 = 3) will offer more reliable pre-
ictions than a model derived from a Doehlert design with higher
fficiency (ε = 85.71%) and minimum number of degrees of freedom
DF = 7 − 6 = 1). Doehlert uniform shell designs are valuable tools
or modeling a wide variety of analytical responses as functions of
ample preparation or instrumental related factors and offer sev-
ral advantages over the widely applied central composite designs.
owever their correct implementation requires a good knowledge
f mathematics and statistics.

Another important aspect introduced in the literature is the
se of some designs exhibiting a non-uniform distance from the
enter to the external points and labeled as deformed Doehlert
esigns [25,26].  Unfortunately, these deformed designs have been

istakenly reported in some research articles as genuine Doehlert

esigns in recent years. The readers should be aware that unifor-
ity is a property overemphasized and demonstrated by Doehlert

n his original article from different perspectives. Any attempt
togr. B 910 (2012) 14– 21 19

to change the spatial disposition of the experimental points
proposed by a Doehlert design can have an impact on the uni-
formity around the central point, the uncertainty over the entire
experimental domain and consequently the confidence in the gen-
erated models.

4. Applications in chromatography

4.1. Gas chromatography

The first two  publications on the application of Doehlert designs
involved the study of two and four factors using GC for monitoring
the yield of the synthetic product 4-(N,N-dimethyl-amino)-
acetophenone and the saponification of cod liver oil respectively
[16,22]. After this first application, uniform shell designs have been
primarily used in the development of GC sample treatment proce-
dures by optimizing the recovery [14,15,27–29] and the intensity of
the analytical signals [24,30–33].  The optimization of the GC instru-
mental parameters by means of Doehlert designs has been rarely
considered in the literature. To the best of our knowledge, the only
reported article focused on the optimization of the three column
related factors that can affect the chromatographic performance
(x1: temperature, x2: pressure and x3: length) by considering 10
specific response functions namely the flow rate (y1), the analysis
time (y2), the height equivalent to a theoretical plate under carbon
monoxide and xenon (y3 and y4 respectively) to characterize the
column efficiency, the capacity factor under argon, nitrogen, carbon
monoxide and xenon (y5, y6, y7 and y8 respectively) for measuring
the retention and the valley height (y9 and y10) to characterize the
chromatographic resolution [34].

4.2. Liquid chromatography

Contrary to GC, Doehlert designs have been equally applied in
LC for developing sample preparation protocols and optimizing the
instrumental conditions. The main optimized parameters consid-
ered in the development of sample protocols have been the reaction
yield [35], the recovery [36–38] and the analytical signal inten-
sity [39,40]. The majority of the studies on the improvement of the
instrumental conditions focused generally on the optimization of
the mobile phase [41–47].  Other instrumental parameters consid-
ered in a lesser extent are the flow rate [41,46,48],  the analysis time
[48], and column temperature [46].

4.3. Gas chromatography–mass spectrometry

An increased implementation of Doehlert uniform shell designs
in GC–MS has been observed in the last decade for developing effi-
cient sample treatment methods by monitoring different analytical
functions such as recovery [49–55],  analytical signal [56–61] and
reaction yield [51,62]. Table 4 also shows that regardless of the
potential benefits of uniform shell designs, they have not gained
widespread popularity among researchers for optimizing system-
atically and simultaneously GC–MS instrumental variables. The few
reported works in this area have been focused on optimizing the
temperature gradient program and gas velocity [63], the splitless
time and split flow [52] and the final temperatures of the first and
second ramp of a chromatographic temperature program [64].

4.4. Liquid chromatography–mass spectrometry

Table 4 shows that the number of publications on the use of

uniform shell designs and LC–MS is less compared to the above
mentioned chromatographic techniques. Most of the applications
have focused on modeling the internal standard response factor
as a function of the analyte and internal standard concentrations
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Table  4
Overview of the applications of Doehlert uniform shell designs in chromatography.

Methodology Parameter optimized Number of factors (k) Area of implementation Reference

Sample protocol Instrument

GC Reaction yield 2 × [22]
4  × [16]

Recovery 2  × [14]
2 × [15]
3 × [27,29]
4  × [28]

Analytical signal 2 × [24,32]
3  × [30,33]
4  × [31]

Instrumentala: CT, CP, CL 3 × [34]

LC Reaction yield 2 × [35]
Recovery 3 × [36–38]
Analytical signal 3 × [40]

4  × [39]
Instrumentala,b: CT, MP,  FR, AT, GL, 2 × [43–45,47,48]

3  × [41,42,46]

GC–MS Reaction yield 2 × [51]
4  × [62]

Recovery 2 × [49,50,52–55]
3  × [51]

Analytical signal 2 × [56,59–61]
3  × [57,58]

Instrumentalc: ST, SF, TP, GP, GV 2 × [52,64]
3  × [63]

LC–MS Recovery 2 × [67]
3 × [68,69]

Analytical signal 2 × [65,66]
Instrumentalb,d: MP, GF, V, GNP 3 × [70,13]

a CT, column temperature; CP, column pressure; CL, column length.
b
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MP, mobile phase; FR, flow rate; AT, analysis time; GL, gradient length.
c ST, splitless time; SF, split flow; TP, temperature programming; GP, gradient pr
d GF, MS gas flow; V, ESI needle voltage; GNP, MS  nebulizer gas pressure.

65,66] and on determining the optimal recovery conditions of
eveloped analytical methods [67–69].  Articles regarding instru-
ental optimization are mainly concerned with the 3 factors such

s x1: sheath gas flow, x2: ESI needle voltage and x3: pH of the
obile phase [70] or x1: MS  gas flow rate, x2: MS nebulizer gas

ressure and x3: LC flow rate [13].

. Concluding remarks

Doehlert uniform shell designs are generally used for determin-
ng the optimal combination of the factors that have the strongest
nfluence on selected single or multiple experimental responses.

The implementation of Doehlert uniform shell designs in
hromatography has been focused on the development and
mprovement of sample preparation procedures by exploring up
o four factors and on the optimization of specific instrumental
arameters by exploring up to three factors. It has been recom-
ended not to examine more than three factors due to the inherent

igh number of experiments [71]. However, considering that the
hromatographic system alone could be influenced by more than
0 factors [72], then it would be interesting to investigate the per-
ormance of Doehlert uniform shell designs in the optimization of a
igh number of chromatographic instrumental parameters (k � 3).
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