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Abstract: Current disinfection robots either have a bulky design or cannot operate in multiple
configurations, therefore being unable to disinfect the hard-to-reach areas, which leads to low
efficiency of the disinfection process. A solution for this problem would be to use disinfection robots
with folding mechanisms which can operate in different configurations based on the area type that
needs to be disinfected. This paper presents the feasibility study of the 7-PR(RRRR)RP seven-bar
linkage used for a disinfection robot with folding mechanism. First, the structure’s parameters were
computed with a synthesis method by developing the inequalities system in order to avoid the
singularities positions of the mechanism. This initial method took into consideration different values
of the design coefficient p (which indicates the two possible designs of the selected linkage) and
an arbitrary value of the coefficient k > 1, which was imposed in order to substitute the resulting
inequalities system with an equation system. However, applying this method does not ensure that
the optimal 7-PR(RRRR)RP seven-bar linkage structure for the design of a medical disinfection robot
is obtained. Furthermore, an optimized synthesis method was applied, which took into consideration
the ratio between the total height of the mechanism and its total size. The parameters of the seven-bar
linkage were computed for multiple values of the design coefficient p ∈ [1.1; 2] and multiple values of
the coefficient k ∈ (0; 2], while a target function was implemented in order to identify the mechanism
with the highest height range and the lowest size, which is considered to be the optimal structure
for the design of a medical disinfection robot with a folding mechanism. The accuracy and the
reliability of the results are furthermore strengthened by a performance analysis between the optimal
indicated structure from the optimized synthesis method and other 7-PR(RRRR)RP seven-bar linkage
structures, which were computed with different values of the parameters.

Keywords: healthcare; medical robots; disinfection robots; folding mechanisms; seven-bar linkages

1. Introduction

Medical disinfection robots are often used in order to perform air, water, and surface
sterilization procedures [1]. They are mainly used in medical areas such as hospitals,
laboratories, and clinics, but also in other facilities, such as hotels, offices, and schools.
Every disinfection robot use a particular technology in order to perform the sanitation
process, each of them with their own advantages and limitations [2]. Most of the current
disinfection robots primarily use either pulsed xenon UV lamps or mercury-vapor UV
lamps as the disinfection source [3,4]. Other disinfection robots use disinfectant sprays [5–7]
such as chlorine compounds or dry mist hydrogen peroxide in order to perform air, water,
and surfaces disinfection. In some other cases, they mix both technologies and provide
both UV-C and spraying disinfection [8–12]. Table 1 presents the current state of medical
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disinfection robots in terms of autonomy, environment, size, disinfection method, and
disinfection source.

This article is part of a series of papers [13–17] in which different types of planar
mechanisms are analyzed in order to establish the most feasible structure for the design of a
medical disinfection robot with a folding mechanism. For example, a proposed design for a
medical disinfection robot with a four-bar linkage as the folding mechanism’s structure [16]
has a height of 50.6 mm in the minimum configuration and 232.4 mm in the maximum
configuration, while its total size is 591.1 mm, considered very large. Other example of
a possible folding mechanism structure is the five-bar linkage [17], which has a height of
130 mm in the minimum configuration and 330 mm in the maximum configuration, while
the total size of the mechanism is almost 300 mm.

The seven-bar linkage was considered mostly because it allows a high range of the
mechanism’s height between its minimum configuration (folded position) and maximum
configuration (extended position), while at the same time keeping the overall size small. As
already presented [18], disinfection robots which cannot operate in multiple configurations
cannot disinfect both large and hard-to-reach areas; therefore, disinfection robots with
folding mechanisms should be considered in order to perform the most effective disinfection
process possible.

The main objective of this paper is to identify the optimal 7-PR(RRRR)RP seven-bar
linkage for the design of a medical disinfection robot with a folding mechanism. First,
the parameters of the seven-bar linkage are computed as a result of the initial synthesis
method, with an arbitrary coefficient k and for different values of the design coefficient p,
which does not guarantee the obtention of the optimal structure for the intended purpose.
The optimized synthesis approach takes into consideration the height and the size of the
mechanism while it computes the mechanism’s parameters for different values of the
coefficient k and the design coefficient p. Having said that, the optimal structure should
provide the best ratio between the total height (the height range between the minimum
configuration, also referred as the folded position, and the maximum configuration, also
referred as the extended position), which needs to be as high as possible, and the total size
of the mechanism, which needs to be as low as possible. Furthermore, the accuracy and the
reliability of the results obtained are strengthened by a performance analysis between the
structure which was indicated as optimal from the optimized synthesis method and other
structures computed with different parameters.

Table 1. Current state of medical disinfection robots.

Source Autonomous Environment Size (L × W × H) [mm] Disinfection Method Disinfection Source

[19] Semi Hospitals 760 × 480 × 1100 UV-C Light 6 UV-C Lamps

[20] No Hospitals 1100 × 700 × 1800 UV-C Light 8 UV-C Lamps

[21] No Medical Facilities 900 × 665 × 1745 UV-C Light 8 UV-C Lamps

[22] Yes Indoor 300 × 200 × 1200 Spray Hydrogen Peroxide

[23] No Medical Facilities 252 × 252 × 1123 UV-C Light 3 UV-C Lamps

[24] Yes Hospitals 930 × 660 × 1710 UV-C Light 8 UV-C Lamps

[25] No Indoor 500 × 300 × 640 UV-C Light 5 UV-C Lamps

[26] Yes Indoor 340 × 340 × 840 UV-C Light 3 UV-C Lamps

[27] Yes Small Indoor 435 × 390 × 415 UV-C Light 5 UV-C Lamps

[28] Yes Indoor 710 × 610 × 865 UV-C Light 1 UV-C Lamp

[29] No Indoor 350 × 350 × 1500 UV-C Light 1 UV-C Lamp

[30] No Hospitals 440 × 440 × 860 Spray Chlorine Dioxide

[31] Yes Indoor 915 × 915 × 600 UV-C Light 4 UV-C Lamps

[32] No Ambulances 505 × 500 × 120 UV-C Light 1 UV-C Lamp



Robotics 2024, 13, 177 3 of 24

2. Synthesis of the Symmetrical Seven-Bar Linkage

Starting from the condition of having a fully constrained mechanism structure and
considering as input conditions the mechanism’s degree of freedom (DOF) as M = 2, the
number of kinematic loops (N = 2), the number of kinematic pairs (e1) only with DOF = 1,
and the number of elements (n) results the following relationship:

e1 =
3·n − 5

2
∈ N (1)

The only convenient solution of Equation (1), which is relevant for our study of the
seven-bar linkage, is the following:

n = 7 → e1 = 8 (2)

The number of elements of different ranks result from the Diophantine equation system:{
7 = n2 + n3
16 = 2 · n2 + 3 · n3

(3)

with the following solution:

n2 = 5(binary elements), n3 = 2 (ternary elements) (4)

By applying the Franz Reuleaux type synthesis method for the kinematic chain of the
seven-bar linkage using two prismatic joints and six revolute joints, we obtain the linkage
structures presented in Table 2, where the identical structures were removed and are only
indicated in the figure as identical to other.

Table 2. Type synthesis of the seven-bar linkages with two prismatic and six revolute joints [15].

Parameter Frame a Frame b Frame c Frame d
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joint as the characteristic point. The notation that will be used for this type of linkage chain
is 7-PR(RRRR)RP(a), where R represents the revolute joint and P represents the prismatic
joint. Additionally, the underlined letters represent the drive joints, the letters between
the first brackets indicate the parallel connected kinematic chain, while the letter between
the last brackets indicates the considered frame element (e.g., (a)). The analyzed seven-bar
linkage 7-PR(RRRR)RP was chosen from Table 2 because of its symmetrical design on the
y axis.

Figures 1 and 2 show the two possible kinematic designs of the selected linkage 7-
PR(RRRR)RP. The first kinematic design results directly from the type synthesis of the
seven-bar linkage with six revolute joints and two prismatic joints. The second kinematic
design is considered when the two ternary elements intersect themselves. The optimal
kinematic design in terms of size and height variation will result from the optimized
synthesis method. That being said, the difference between these structures is given by
a design coefficient p (where p < 1 for Figure 1 and p > 1 for Figure 2) that states the
relationship between the links l31 and l3 as follows:

l31 = p·l3 (5)

which results in the following:
l3 = l31 + l32 (6)

for the structure presented in Figure 1, and the following:

l31 = l3 + l32 (7)

for the structure presented in Figure 2.
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These structures are feasible for the design of a medical disinfection robot because
they provide a high variation of both the stroke and height from the folded position to
the extended position, thus being able to perform in different configurations and disinfect
different types of environments in medical facilities.

Due to design and functional requirements, the length of the strokes s3 and s6 (hence-
forth referred to only as s) and the length of the elements l4 and l5 were chosen to be equal,
respectively, as well as the length of the links l31, l32, l61, and l62 (for the structure presented
in Figure 1) and the length of the links l3, l32, l6, and l62 (for the structure presented in
Figure 2).
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The aim of the analytical synthesis of the seven-bar linkage is to compute the lengths
of the elements in order to avoid singularities in the trajectory of characteristic point M.
Therefore, it is necessary to avoid the collinearity between the mobile neighboring links in
the folded and extended configuration of the mechanism.

The first condition states that the length of the element l4 needs to be greater than the
length of the link l32 in order to avoid the collinearity between them:

l4 > l32 (8)

which results in the following:
l4 > l3 − l31 (9)

when p < 1, and the following:
l4 > l31 − l3 (10)

when p > 1.
The second condition is necessary in order to avoid the collinearity between the stroke

and the element l3, so that the folded configuration of the mechanism is avoided:

l3 > smax (11)

In order to obtain the analytical solution of the synthesis, the inequalities system given
by Equations (9)–(11) can be substituted with an equations system by imposing a coefficient
k > 1. The lower end of each inequation is multiplied with k in order to avoid the collinearity
between the mobile neighboring links of the mechanism. The resulting equations system
can be expressed as follows:

l4 = k·(l3 − l31) (12)

when p < 1, and as follows:
l4 = k·(l31 − l3) (13)

when p > 1.
l3 = k·smax (14)

Furthermore, by applying the fundamental theorem of similarity and by using
Equations (12)–(14), the stroke s, as smax, for the folded position of the linkage, can be
computed as follows:

smax =
ymin√

k2 − 1·
[

p + (1 − p)·
√

k2 + 1
] (15)
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when p < 1, and as follows:

smax =
ymin√

k2 − 1·
[

p + (p − 1)·
√

k2 + 1
] (16)

when p > 1.
For the extended position of the linkage, the stroke s (as smin) and the y coordinate of

the characteristic point M (as ymax) can be computed by imposing the maximum value of
the angle φ3, as follows:

smin = l3· cos(φ3max ) (17)

ymax = l3·sin(φ3max )+l4·sin
(

arccos
(

l32·smin
l4·(l31 + l32)

))
(18)

when p < 1, and as follows:

ymax = l3·sin(φ3max ) + l32·sin(φ3max ) + l4·sin(φ3max ) (19)

when p > 1.

3. Results of the Synthesis

Table 3 shows the results of the synthesis method by considering as input parameters
the minimum height of the seven-bar linkage (also referred as the y coordinate of the
characteristic point M) ymin = 150 mm, the coefficient k = 1.3, the maximum value of the
positional angle φ3max = 60◦, and the design coefficient p in the range of (0; 2].

Table 3. Resulted parameters of the seven-bar linkage for k = 1.3 and different values of p.

Parameter p = 0.25 p = 0.5 p = 0.75 p = 1.25 p = 1.5 p = 1.75 p = 2 Unit

l31 39.65 88.91 151.77 176.76 151.77 137.85 128.98 [mm]

l32 118.95 88.91 50.59 35.35 50.59 59.08 64.49 [mm]

l3 158.60 177.83 202.36 141.41 101.18 78.77 64.49 [mm]

l4 154.64 115.59 65.76 45.95 65.76 76.80 83.83 [mm]

smin 67.03 75.15 85.52 59.76 42.76 33.29 27.25 [mm]

smax 122.00 136.79 155.66 108.78 77.83 60.59 49.60 [mm]

φ3min 39.71 39.71 39.71 39.71 39.71 39.71 39.71 [◦]

ymax 184.50 191.63 200.74 201.86 197.16 194.54 192.87 [mm]

The value of the coefficient k was arbitrary given just to exemplify the initial results of
the synthesis method and to show the possible resulted structures. It will also highlight
the necessity for an optimized synthesis method, since arbitrarily choosing the coefficient k
or the design coefficient p does not guarantee that we will obtain the optimal seven-bar
linkage structure.

The next three figures show the resulting seven-bar linkages 7-PR(RRRR)RP in the
folded position (minimum configuration) and in the extended position (maximum con-
figuration) computed with the parameters presented in Table 3 for different values of the
design coefficient p < 1.

Figure 3 presents the resulting seven-bar linkage 7-PR(RRRR)RP computed with the
coefficient k = 1.3 and the design coefficient p = 0.25. The maximum total height of the
mechanism computed with these parameters is ymax = 184.5 mm, while the total size
is 244 mm.
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Figure 3. The seven-bar linkage computed with k = 1.3 and p = 0.25 in its folded position (green) and
extended position (red).

Figure 4 presents the resulting seven-bar linkage 7-PR(RRRR)RP computed with the
coefficient k = 1.3 and the design coefficient p = 0.5. The maximum total height of the
mechanism computed with these parameters is ymax = 191.63 mm, while the total size is
273.58 mm. It can be observed that both the total height and the total size of the seven-bar
linkage increase directly proportional to the design coefficient p.
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Figure 4. The seven-bar linkage computed with k = 1.3 and p = 0.5 in its folded position (green) and
extended position (red).

Figure 5 presents the resulting seven-bar linkage 7-PR(RRRR)RP computed with
coefficients k = 1.3 and p = 0.75. The maximum height of the mechanism with these
parameters is ymax = 200.74 mm, while the total size is 311.32 mm.

As a conclusion, for a design coefficient p < 1, it can be noted that both the total size and
the total height of the mechanism increase directly proportional to the design coefficient
p. Moreover, the length of the links l31 and l3 increase directly proportional to the design
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coefficient p, while the length of the links l32 and l4 decrease directly proportional to the
design coefficient p.
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Figure 5. The seven-bar linkage computed with k = 1.3 and p = 0.75 in its folded position (green) and
extended position (red).

The next four figures show the resulting seven-bar linkages 7-PR(RRRR)RP in the folded
position (minimum configuration) and in the extended position (maximum configuration),
computed with the parameters presented in Table 1 for a design coefficient p > 1.

Figure 6 presents the resulting seven-bar linkage 7-PR(RRRR)RP computed with
coefficients k = 1.3 and p = 1.25. The maximum height of the mechanism with these
parameters is ymax = 201.86 mm, while the total size is 217.56 mm. It can be observed that
the total height of the mechanism is higher than the one computed with p = 0.75, but the
total size of the mechanism is considerably smaller than the one computed with p = 0.75,
which had a value of 311.32 mm.
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Figure 7 presents the resulting seven-bar linkage 7-PR(RRRR)RP computed with coef-
ficients k = 1.3 and p = 1.5. The maximum height of the mechanism with these parameters
is ymax = 197.16 mm, while the total size is 155.66 mm. It can be observed that the total
height of the mechanism tends to decrease slightly, but not so much as the total size.
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Figure 7. The seven-bar linkage computed with k = 1.3 and p = 1.5 in its folded position (green) and
extended position (red).

Figure 8 presents the resulting seven-bar linkage 7-PR(RRRR)RP computed with
coefficients k = 1.3 and p = 1.75. The maximum height of the mechanism with these
parameters is ymax = 194.54 mm, while the total size is 121.18 mm.
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Figure 8. The seven-bar linkage computed with k = 1.3 and p = 1.75 in its folded position (green) and
extended position (red).

Figure 9 presents the presents the resulting seven-bar linkage 7-PR(RRRR)RP com-
puted with coefficients k = 1.3 and p = 2. The maximum height of the mechanism with these
parameters is ymax = 192.87 mm, while the total size is 99.2 mm.



Robotics 2024, 13, 177 10 of 24Robotics 2024, 13, x FOR PEER REVIEW 10 of 24 
 

 

 
Figure 9. The seven-bar linkage computed with k = 1.3 and p = 2 in its folded position (green) and 
extended position (red). 

4. Optimized Synthesis Method of the Symmetrical Seven-Bar Linkage 
The optimized synthesis method takes into consideration the height and the size of 

the 7-PR(RRRR)RP seven-bar linkage. In particular, the aim is to achieve the best ratio 
between the height range of the mechanism, which needs to be as high as possible, and 
the total size of the mechanism, which needs to be as low as possible. Subsequently, the 
variable of all parameters, the length of the links 𝑙ଷ(𝑘), 𝑙ଷଵ(𝑘), 𝑙ଷଶ(𝑘), and 𝑙ସ(𝑘) and the 
minimum input transmission angle 𝜇ଷ೘೔೙(𝑘) (which is equal to 𝜑ଷ೘೔೙) will be the coeffi-
cient k > 1. The height of the mechanism in the folded position (the y coordinate of the 
characteristic point M, 𝑦௠௜௡) as well as the maximum value of the positional angle 𝜑ଷ are 
considered input data and therefore their values are known. 

The maximum value for the height of the mechanism, also referred as the y coordi-
nate of the characteristic point M in the extended position, 𝑦௠௔௫, can be computed using 
Equations (18) and (19): 𝑦௠௔௫(𝑘) = 𝑙ଷ(𝑘) ∙ sin൫𝜑ଷ೘ೌೣ൯ +𝑙ସ(𝑘) ∙ sin ൬arccos ൬ 𝑙ଷଶ(𝑘) ∙ 𝑠௠௜௡(𝑘)𝑙ସ(𝑘) ∙ (𝑙ଷଵ(𝑘) + 𝑙ଷଶ(𝑘))൰൰ (20) 

when p < 1, and as follows: 𝑦௠௔௫(𝑘) = 𝑙ଷ(𝑘) ∙ sin൫𝜑ଷ೘ೌೣ൯ + 𝑙ଷଶ(𝑘) ∙ sin൫𝜑ଷ೘ೌೣ൯ + 𝑙ସ(𝑘) ∙ sin൫𝜑ଷ೘ೌೣ൯ (21) 

when p > 1. 
The minimum possible value for the total size of the mechanism is considered as the 

double value of its stroke in the folded position, 𝑠௠௔௫, which can be computed using Equa-
tions (15) and (16): 𝑠௠௔௫(𝑘) = 𝑦௠௜௡√𝑘ଶ − 1 ∙ [𝑝 + (1 − 𝑝) ∙ √𝑘ଶ + 1] (22) 

𝐿௫ = 2 ∙ 𝑠௠௔௫(𝑘) = 2 ∙ 𝑦௠௜௡√𝑘ଶ − 1 ∙ [𝑝 + (1 − 𝑝) ∙ √𝑘ଶ + 1] (23) 

when p < 1, and as follows: 𝑠௠௔௫(𝑘) = 𝑦௠௜௡√𝑘ଶ − 1 ∙ [𝑝 + (𝑝 − 1) ∙ √𝑘ଶ + 1] (24) 

–200 –150 –100 –50 0 50 100 150 200

0

50

100

150

200

250

x [mm]

 y [mm]

O

Mmax

Mmin

Figure 9. The seven-bar linkage computed with k = 1.3 and p = 2 in its folded position (green) and
extended position (red).

As a conclusion, for the seven-bar linkages computed with a design coefficient p > 1, it
must be noted that the total size of the mechanism decreased significantly compared to the
total size computed with a design coefficient p < 1, while the values of the total height of
the mechanism did not change very much.

4. Optimized Synthesis Method of the Symmetrical Seven-Bar Linkage

The optimized synthesis method takes into consideration the height and the size of the
7-PR(RRRR)RP seven-bar linkage. In particular, the aim is to achieve the best ratio between
the height range of the mechanism, which needs to be as high as possible, and the total
size of the mechanism, which needs to be as low as possible. Subsequently, the variable
of all parameters, the length of the links l3(k), l31(k), l32(k), and l4(k) and the minimum
input transmission angle µ3min(k) (which is equal to φ3min ) will be the coefficient k > 1. The
height of the mechanism in the folded position (the y coordinate of the characteristic point
M, ymin) as well as the maximum value of the positional angle φ3 are considered input data
and therefore their values are known.

The maximum value for the height of the mechanism, also referred as the y coordi-
nate of the characteristic point M in the extended position, ymax, can be computed using
Equations (18) and (19):

ymax(k) = l3(k)·sin(φ3max )+l4(k)·sin
(

arccos
(

l32(k)·smin(k)
l4(k)·(l31(k) + l32(k))

))
(20)

when p < 1, and as follows:

ymax(k) = l3(k)·sin(φ3max ) + l32(k)·sin(φ3max ) + l4(k)·sin(φ3max ) (21)

when p > 1.
The minimum possible value for the total size of the mechanism is considered as

the double value of its stroke in the folded position, smax, which can be computed using
Equations (15) and (16):

smax(k) =
ymin√

k2 − 1·
[

p + (1 − p)·
√

k2 + 1
] (22)
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Lx = 2·smax(k) =
2·ymin√

k2 − 1·
[

p + (1 − p)·
√

k2 + 1
] (23)

when p < 1, and as follows:

smax(k) =
ymin√

k2 − 1·
[

p + (p − 1)·
√

k2 + 1
] (24)

Lx = 2·smax(k) =
2·ymin√

k2 − 1·
[

p + (p − 1)·
√

k2 + 1
] (25)

when p > 1.
The length of the links, the minimum input transmission angle µ3min and the stroke of

the mechanism in the extended position are expressed using Equations (5)–(7), (12)–(14)
and (17):

l3(k) = k·smax(k) (26)

l31(k) = p·l3(k) (27)

l32(k) = l3(k)− l31(k) (28)

when p < 1, and as follows:
l32(k) = l31(k)− l3(k) (29)

when p > 1.
l4(k) = k·l32(k) (30)

µ3min(k) = arccos
smax(k)

l3(k)
(31)

smin(k) = l3(k)· cos(φ3max) (32)

The target function for the optimization problem is computed using the normalized
values of the maximum height of the mechanism, ymax(k), and the normalized values of
the total size of the mechanism, Lx(k), each of them having an imposed weight coefficient,
c1 and c2. The target function should be maximized in order to obtain the optimal value for
the coefficient k:

F(k) = c1·ymax(k)− c2·Lx(k) → max (33)

where:

ymax(k) =
ymax(k)− ymax(k)|min

ymax(k)|max − ymax(k)|min
(34)

and:

Lx(k) =
Lx(k)− Lx(k)|min

Lx(k)|max − Lx(k)|min
(35)

5. Results of the Optimized Synthesis Method

The input parameters, as the minimum height of the mechanism ymin and the maxi-
mum value of the positional angle φ3, are given in Table 4. The coefficient k is defined in
the range of [1.1; 2], the design coefficient p is defined in the range of (0; 2], and the weight
coefficients c1 and c2 are considered to be 0.5.

Table 4. Input parameters of the seven-bar linkage.

Parameter Value

ymin 150 mm
φ3max 60◦
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The following tables highlight the results of the optimized synthesis method by
showing the variation of the mechanism’s output parameters for coefficient k ∈ [1.1; 2] and
design coefficient p ∈ [0.25; 2].

Table 5 presents the computed values of the lengths of the link l3. As can be observed,
the length of the link l3 decreases while coefficients k and p increase. The maximum value
of the link l3 is obtained for k = 1.1 and p = 0.75, while its minimum value is obtained for
k = 2 and p = 2.

Table 5. Results of the lengths of the link l3.

l3 [mm]

k p = 0.25 p = 0.5 p = 0.75 p = 1.25 p = 1.5 p = 1.75 p = 2

k = 1.1 263.78 289.59 321.00 222.03 160.50 125.67 103.26

k = 1.2 190.89 211.83 237.92 165.41 118.96 92.88 76.18

k = 1.3 158.60 177.83 202.36 141.41 101.18 78.77 64.49

k = 1.4 139.14 157.56 181.61 127.56 90.80 70.49 57.60

k = 1.5 125.61 143.60 167.60 118.33 83.80 64.87 52.92

k = 1.6 115.40 133.12 157.28 111.60 78.64 60.71 49.43

k = 1.7 107.26 124.80 149.21 106.41 74.60 57.43 46.69

k = 1.8 100.53 117.94 142.63 102.22 71.31 54.76 44.44

k = 1.9 94.82 112.11 137.09 98.73 68.54 52.49 42.53

k = 2 89.88 107.04 132.31 95.74 66.15 50.54 40.88

Table 6 presents the computed values of the lengths of the link l31. As can be seen, the
maximum value of the link l31 is obtained for k = 1.1 and p = 1.25, while its minimum value
is obtained for k = 2 and p = 0.25.

Table 6. Results of the lengths of the link l31.

l31 [mm]

k p = 0.25 p = 0.5 p = 0.75 p = 1.25 p = 1.5 p = 1.75 p = 2

k = 1.1 65.94 144.79 240.75 277.54 240.75 219.93 206.53

k = 1.2 47.72 105.91 178.44 206.76 178.44 162.54 152.36

k = 1.3 39.65 88.91 151.77 176.76 151.77 137.85 128.98

k = 1.4 34.78 78.78 136.21 159.46 136.21 123.36 115.21

k = 1.5 31.40 71.80 125.70 147.91 125.70 113.53 105.84

k = 1.6 28.85 66.56 117.96 139.50 117.96 106.24 98.87

k = 1.7 26.81 62.40 111.91 133.01 111.91 100.51 93.38

k = 1.8 25.13 58.97 106.97 127.77 106.97 95.83 88.88

k = 1.9 23.70 56.05 102.82 123.41 102.82 91.87 85.07

k = 2 22.47 53.52 99.23 119.68 99.23 88.44 81.77

Table 7 presents the computed values of the lengths of the link l32. As can be observed,
the length of the link l32 considerably smaller than the length of the links l3 and l31. Its
maximum value is computed for k = 1.1 and p = 0.25, while its minimum value is obtained
for k = 2 and p = 1.25.

Table 8 presents the computed values of the lengths of the link l4. It can be seen that
its values are considerably larger when p ∈ [0.25; 0.5], the maximum value being obtained
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for coefficients k = 1.1 and p = 0.25. Smaller values of the length of the link l4 are computed
for design coefficient p ∈ [0.75; 1.75], the lowest value being obtained for the coefficients
k = 1.5 and p = 1.25.

Table 7. Results of the lengths of the link l32.

l32 [mm]

k p = 0.25 p = 0.5 p = 0.75 p = 1.25 p = 1.5 p = 1.75 p = 2

k = 1.1 197.84 144.79 80.25 55.50 80.25 94.25 103.26

k = 1.2 143.16 105.91 59.48 41.35 59.48 69.66 76.18

k = 1.3 118.95 88.91 50.59 35.35 50.59 59.08 64.49

k = 1.4 104.35 78.78 45.40 31.89 45.40 52.87 57.60

k = 1.5 94.21 71.80 41.90 29.58 41.90 48.65 52.92

k = 1.6 86.55 66.56 39.32 27.90 39.32 45.53 49.43

k = 1.7 80.44 62.40 37.30 26.60 37.30 43.07 46.69

k = 1.8 75.40 58.97 35.65 25.55 35.65 41.07 44.44

k = 1.9 71.12 56.05 34.27 24.68 34.27 39.37 42.53

k = 2 67.41 53.52 33.07 23.93 33.07 37.90 40.88

Table 8. Results of the lengths of the link l4.

l4 [mm]

k p = 0.25 p = 0.5 p = 0.75 p = 1.25 p = 1.5 p = 1.75 p = 2

k = 1.1 217.62 159.27 88.27 61.05 88.27 103.68 113.59

k = 1.2 171.80 127.09 71.37 49.62 71.37 83.59 91.41

k = 1.3 154.64 115.59 65.76 45.95 65.76 76.80 83.83

k = 1.4 146.10 110.29 63.56 44.64 63.56 74.02 80.65

k = 1.5 141.31 107.70 62.85 44.37 62.85 72.98 79.38

k = 1.6 138.48 106.50 62.91 44.64 62.91 72.85 79.10

k = 1.7 136.76 106.08 63.41 45.22 63.41 73.23 79.38

k = 1.8 135.72 106.14 64.18 46.00 64.18 73.92 79.99

k = 1.9 135.13 106.50 65.12 46.89 65.12 74.80 80.82

k = 2 134.82 107.04 66.15 47.87 66.15 75.81 81.77

Table 9 presents the computed values of the minimum input transmission angle µ3min .
As can be observed, the values of µ3min do not depend on the value of the design coefficient
p. The lowest value of the minimum input transmission angle is obtained for coefficient
k = 1.1, while its highest value is obtained for k = 2.

Table 10 presents the computed values of the mechanism’s stroke in the extended
position smin. The maximum stroke value in the extended position of the seven-bar linkage
7-PR(RRRR)RP is achieved for the coefficients k = 1.1 and p = 0.75, while the minimum
stroke value in the same configuration of the mechanism is computed with coefficients
k = 2 and p = 2.

Table 11 presents the computed values of the mechanism’s stroke in the folded po-
sition smax. The maximum stroke value in the folded position of the seven-bar linkage
7-PR(RRRR)RP is achieved once again, just like in the previous case, for the coefficients
k = 1.1 and p = 0.75, while the minimum stroke value of the mechanism is computed with
coefficients k = 2 and p = 2.
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Table 9. Results of the minimum input transmission angle µ3min .

µ3min [◦]

k p = 0.25 p = 0.5 p = 0.75 p = 1.25 p = 1.5 p = 1.75 p = 2

k = 1.1 24.61 24.61 24.61 24.61 24.61 24.61 24.61

k = 1.2 33.55 33.55 33.55 33.55 33.55 33.55 33.55

k = 1.3 39.71 39.71 39.71 39.71 39.71 39.71 39.71

k = 1.4 44.41 44.41 44.41 44.41 44.41 44.41 44.41

k = 1.5 48.18 48.18 48.18 48.18 48.18 48.18 48.18

k = 1.6 51.31 51.31 51.31 51.31 51.31 51.31 51.31

k = 1.7 53.96 53.96 53.96 53.96 53.96 53.96 53.96

k = 1.8 56.25 56.25 56.25 56.25 56.25 56.25 56.25

k = 1.9 58.24 58.24 58.24 58.24 58.24 58.24 58.24

k = 2 60.00 60.00 60.00 60.00 60.00 60.00 60.00

Table 10. Results of the lengths of the stroke s in the extended position ( smin).

smin [mm]

k p = 0.25 p = 0.5 p = 0.75 p = 1.25 p = 1.5 p = 1.75 p = 2

k = 1.1 111.48 122.38 135.66 93.83 67.83 53.11 43.64

k = 1.2 80.67 89.52 100.55 69.90 50.27 39.25 32.19

k = 1.3 67.03 75.15 85.52 59.76 42.76 33.29 27.25

k = 1.4 58.80 66.59 76.75 53.91 38.37 29.79 24.34

k = 1.5 53.08 60.69 70.83 50.00 35.41 27.41 22.36

k = 1.6 48.77 56.26 66.47 47.16 33.23 25.65 20.89

k = 1.7 45.33 52.74 63.06 44.97 31.53 24.27 19.73

k = 1.8 42.48 49.84 60.27 43.20 30.13 23.14 18.78

k = 1.9 40.07 47.37 57.93 41.72 28.96 22.18 17.97

k = 2 37.98 45.23 55.91 40.46 27.95 21.35 17.28

Table 11. Results of the lengths of the stroke s in the folded position ( smax).

smax [mm]

k p = 0.25 p = 0.5 p = 0.75 p = 1.25 p = 1.5 p = 1.75 p = 2

k = 1.1 239.80 263.27 291.82 201.84 145.91 114.25 93.88

k = 1.2 159.07 176.52 198.27 137.84 99.13 77.40 63.48

k = 1.3 122.00 136.79 155.66 108.78 77.83 60.59 49.60

k = 1.4 99.38 112.54 129.72 91.12 64.86 50.35 41.14

k = 1.5 83.74 95.73 111.73 78.88 55.86 43.24 35.28

k = 1.6 72.12 83.20 98.30 69.75 49.15 37.94 30.89

k = 1.7 63.09 73.41 87.77 62.59 43.88 33.78 27.46

k = 1.8 55.85 65.52 79.24 56.79 39.62 30.42 24.69

k = 1.9 49.90 59.00 72.15 51.96 36.07 27.63 22.38

k = 2 44.94 53.52 66.15 47.87 33.07 25.27 20.44
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Table 12 presents the computed values of the maximum height of the seven-bar
linkage 7-PR(RRRR)RP, ymax, achieved in the extended position of the mechanism. As can
be observed, the highest value of ymax is computed for coefficients k = 1.1 and p = 1.25,
while the lowest value is computed for coefficients k = 2 and p = 2.

Table 13 presents the computed values of the total size of the seven-bar linkage 7-
PR(RRRR)RP, Lx. It can be observed that the values of Lx decrease while the values of
the coefficients k and p increase. The largest total size of the mechanism Lx is obtained for
coefficients k = 1.1 and p = 0.75, while the lowest total size is obtained for coefficients k = 2
and p = 2.

Table 12. Results of the maximum height of the mechanism.

ymax [mm]

k p = 0.25 p = 0.5 p = 0.75 p = 1.25 p = 1.5 p = 1.75 p = 2

k = 1.1 260.69 278.28 299.70 306.87 298.20 293.29 290.14

k = 1.2 204.04 214.94 228.53 232.36 226.41 223.07 220.93

k = 1.3 182.17 189.90 199.75 201.86 197.16 194.54 192.87

k = 1.4 170.81 176.55 184.05 184.98 181.06 178.89 177.51

k = 1.5 164.05 168.41 174.23 174.27 170.89 169.03 167.86

k = 1.6 159.71 163.04 167.59 166.89 163.92 162.31 161.30

k = 1.7 156.77 159.31 162.85 161.54 158.90 157.47 156.58

k = 1.8 154.71 156.62 159.34 157.49 155.12 153.85 153.06

k = 1.9 153.23 154.63 156.67 154.35 152.20 151.06 150.35

k = 2 152.14 153.13 154.60 151.85 149.89 148.86 148.22

Table 13. Results of the total size of the mechanism Lx.

Lx [mm]

k p = 0.25 p = 0.5 p = 0.75 p = 1.25 p = 1.5 p = 1.75 p = 2

k = 1.1 479.61 526.54 583.65 403.69 291.82 228.50 187.76

k = 1.2 318.15 353.05 396.54 275.68 198.27 154.80 126.96

k = 1.3 244.01 273.59 311.33 217.56 155.66 121.19 99.21

k = 1.4 198.77 225.09 259.45 182.24 129.72 100.70 82.29

k = 1.5 167.48 191.47 223.47 157.77 111.73 86.49 70.56

k = 1.6 144.25 166.40 196.60 139.50 98.30 75.88 61.79

k = 1.7 126.19 146.83 175.54 125.19 87.77 67.57 54.93

k = 1.8 111.70 131.04 158.48 113.58 79.24 60.84 49.38

k = 1.9 99.81 118.01 144.31 103.92 72.15 55.26 44.77

k = 2 89.88 107.04 132.31 95.74 66.15 50.54 40.88

Table 14 shows the computed values of the target function F(k) of the seven-bar linkage
7-PR(RRRR)RP, which considered the normalized values of the total height and total size
of the mechanism.

As already mentioned before, the target function should be maximized in order to
obtain the optimal value for the coefficient k. The maximum value of the target function F(k) is
obtained for the coefficients k = 1.1 and p = 2, which indicates the optimized seven-bar linkage.

The corresponding lengths of the links l31, l32, l3, and l4, the minimum stroke smin, the
maximum stroke smax, the minimum input transmission angle µ3min , the total height of the
mechanism ymax and the total size of the mechanism Lx are further presented in Table 15.
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Table 14. Target function output for different values of the variables k and p.

F(k)

k p = 0.25 p = 0.5 p = 0.75 p = 1.25 p = 1.5 p = 1.75 p = 2

k = 1.1 −0.0497 −0.0375 −0.0226 0.1658 0.2415 0.2844 0.3120

k = 1.2 −0.0795 −0.0773 −0.0745 0.0489 0.1014 0.1310 0.1499

k = 1.3 −0.0801 −0.0830 −0.0868 0.0063 0.0485 0.0720 0.0870

k = 1.4 −0.0743 −0.0804 −0.0884 −0.0144 0.0216 0.0415 0.0542

k = 1.5 −0.0667 −0.0751 −0.0862 −0.0256 0.0062 0.0236 0.0346

k = 1.6 −0.0590 −0.0689 −0.0824 −0.0320 −0.0034 0.0122 0.0219

k = 1.7 −0.0517 −0.0627 −0.0780 −0.0357 −0.0096 0.0046 0.0134

k = 1.8 −0.0448 −0.0566 −0.0733 −0.0378 −0.0136 −0.0006 0.0074

k = 1.9 −0.0385 −0.0508 −0.0686 −0.0388 −0.0163 −0.0043 0.0031

k = 2 −0.0328 −0.0455 −0.0641 −0.0391 −0.0180 −0.0069 0

Table 15. Geometrical parameters of the optimized seven-bar linkage.

Parameter Value Unit

Link l31 206.53 [mm]
Link l32 103.26 [mm]
Link l3 103.26 [mm]
Link l4 113.59 [mm]

Minimum stroke smin 43.64 [mm]
Maximum stroke smax 93.88 [mm]

Minimum input transmission angle µ3min 24.61 [◦]
Total height of the mechanism ymax 290.14 [mm]

Total size of the mechanism Lx 187.76 [mm]

The representation of the optimized seven-bar linkage 7-PR(RRRR)RP in the folded
position and in the extended position is presented in Figure 10.
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6. Performance Analysis of the Optimized Seven-Bar Linkage 7-PR(RRRR)RP
6.1. Type I and Type II Singularities

First, in order to analyze the performance of the optimized seven-bar linkage 7-
PR(RRRR)RP, the Jacobian matrix determinants Jq and Jx must be determined:

det
(

Jq
)
=

∣∣∣∣∣
∂F3(X,Q)

∂s3

∂F3(X,Q)
∂s6

∂F6(X,Q)
∂s6

∂F6(X,Q)
∂s6

∣∣∣∣∣ = 0 (36)

det(Jx) =

∣∣∣∣∣∣
∂F3(X,Q)

∂xM

∂F3(X,Q)
∂yM

∂F6(X,Q)
∂xM

∂F6(X,Q)
∂yM

∣∣∣∣∣∣ = 0 (37)

where the transmission functions are as follows:

F3(X, Q) = yM
2 + s3

2 + l31
2 − l42 − 2·s3·l31·cosφ3−

−2·yM·l31·sinφ3 + xM
2 + 2·xM·s3 − 2·xM·l31·cosφ3

(38)

F6(X, Q) = yM
2 + s6

2 + l61
2 − l52 + 2·s6·l61·cosφ6−

−2·yM·l61·sinφ6 + xM
2 − 2·xM·s6 − 2·xM·l61·cosφ6

(39)

The vector of the input parameters of the seven-bar linkage is Q =
[
s3s6]

T and the
vector of the output parameters is X =

[
xMyM]T . In order to have a singularity-free

workspace, both Jacobian matrix determinants Jq and Jx must have values different than
zero so that both type I and type II singularities are avoided.

In order to have a better overview of the performance of the optimized seven-bar
linkage, the next figures will also include the results for the other seven-bar linkages,
obtained for the same optimal coefficient k = 1.1 and for the other values of the design
coefficient p.

Figures 11 and 12 show that the singularities of type I and type II are avoided in the
entire dexterous workspace, since no value of the Jacobian matrix determinant Jq nor Jx is
zero. Still, the structures that are the closest to reach singularities positions are the ones
computed with coefficient p = 0.75 and p = 1.25.
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6.2. Local Manipulability Index (LMI) and Global Manipulability Index (GMI)

The first performance index [33] is the local manipulability index (LMI), which is
defined as the absolute value of the Jacobian matrix determinant:

LMI = | det J | =
∣∣∣ det

(
Jx J−1

q

)
| (40)

Figure 13 presents the values of the normalized local manipulability index, which
were obtained by implementing the minimum-maximum normalization algorithm that
rescaled the initial values in the range of [0; 1]. The values closer to 1 are considered to
indicate a better maneuverability of the linkage.
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Furthermore, the global manipulability index (GMI) can be obtained by computing
the local manipulability index (LMI) across the entire dexterous workspace W, according to
the following equation:

GMI =

∫
w

1
LMI dw∫
w dw

(41)

The global manipulability indexes for the optimized seven-bar linkage, computed
with the coefficients k = 1.1 and p = 1, as well as for the other values of the design coefficient
p, are given in Table 16.

Table 16. Global manipulability index (GMI).

P GMI

k = 1.1

0.25 0.3982
0.5 0.4255

0.75 0.5132
1.25 0.7167
1.5 0.6292

1.75 0.5704
2 0.5421

6.3. Condition Number, Local Condition Index (LCI) and Global Conditioning Index (GCI)

The next index is the condition number (CN), which is a measure of the degree
of independence of the columns manipulator’s Jacobian matrix [33] and is defined as
the product between the absolute value of the Jacobian matrix determinant J and its
inverse determinant:

CN = ∥ J ∥·
∥∥∥J−1

∥∥∥ (42)

Due to the fact that the condition number (CN) takes values in the range of [1,+∞], it is
more relevant to further consider the inverse values of the condition number (CN), known
as the local condition index (LCI), which can be computed with the following relationship:

LCI =
1

CN
(43)

The values of the local condition index (LCI), a kinematic performance measure, for
the optimized seven-bar linkage, computed with the coefficients k = 1.1 and p = 1, as well
as for the other values of the design coefficient p, are presented in Figure 14. An ideal value
of LCI is considered to be closer to 1.

Furthermore, the global conditioning index (GCI) can be obtained by computing the
local condition index (LCI) across the entire dexterous workspace W with the following
relationship:

GCI =

∫
w

1
CN dw∫
w dw

(44)

The values of the global conditioning indexes (GCI) for the optimized 7-PR(RRRR)RP
seven-bar linkage, computed with the coefficients k = 1.1 and p = 1, as well as for the other
values of the design coefficient p, are given in Table 17. Similarly, better performance is
associated with a GCI value closer to the ideal value of 1.



Robotics 2024, 13, 177 20 of 24
Robotics 2024, 13, x FOR PEER REVIEW 20 of 24 
 

 

 

Figure 14. Local condition index (LCI). 

Table 17. Global condition index (GCI). 

 p GCI 

k = 1.1 

0.25 0.7260 

0.5 0.7219 

0.75 0.7078 

1.25 0.5407 

1.5 0.6655 

1.75 0.7005 

2 0.7153 

6.4. Kinematic Conditioning Index (KCI) 

Another similar measure of the performance is the kinematic conditioning index 

(KCI), which is expressed in percentage and is computed with the following equation: 

𝐾𝐶𝐼 =
1

𝐶𝑁𝑚𝑖𝑛
∙ 100 [%]   (45) 

The values of the kinematic conditioning indexes for the optimized seven-bar link-

age, computed with the coefficients k = 1.1 and p = 1, as well as for the other values of the 

coefficient p, are given in Table 18. 

Table 18. Kinematic conditioning index (KCI). 

 p KCI 

k = 1.1 

0.25 99.9911% 

0.5 99.9989% 

0.75 99.9955% 

1.25 99.9046% 

1.5 99.9976% 

1.75 99.9925% 

2 99.9753% 

Figure 14. Local condition index (LCI).

Table 17. Global condition index (GCI).

P GCI

k = 1.1

0.25 0.7260
0.5 0.7219

0.75 0.7078
1.25 0.5407
1.5 0.6655

1.75 0.7005
2 0.7153

6.4. Kinematic Conditioning Index (KCI)

Another similar measure of the performance is the kinematic conditioning index (KCI),
which is expressed in percentage and is computed with the following equation:

KCI =
1

CNmin
·100[%] (45)

The values of the kinematic conditioning indexes for the optimized seven-bar linkage,
computed with the coefficients k = 1.1 and p = 1, as well as for the other values of the
coefficient p, are given in Table 18.

Table 18. Kinematic conditioning index (KCI).

P KCI

k = 1.1

0.25 99.9911%
0.5 99.9989%

0.75 99.9955%
1.25 99.9046%
1.5 99.9976%

1.75 99.9925%
2 99.9753%
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Better performance of the 7-PR(RRRR)RP seven-bar linkage is once again associated
with a kinematic conditioning index (KCI) value closer to 100%.

6.5. Local Stiffness Index (LSI)

The last performance index is the local stiffness index (LSI), which depends on multiple
parameters such as the control system, the geometry, and the material of the elements, as
well as on the actuators type [34], and can be computed with the following equation [35]:

LSI = K·JT ·J (46)

where K is a scalar value (usually 1) that indicates each actuator’s stiffness.
Figure 15 presents the local stiffness index (LSI) for the optimized seven-bar linkage,

computed with the coefficients k = 1.1 and p = 1, as well as for the other values of the
coefficient p.
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7. Design of the Optimized Seven-Bar Linkage 7-PR(RRRR)RP and the Medical
Disinfection Robot

Following the performance analysis, this chapter presents the design of the optimized
seven-bar linkage 7-PR(RRRR)RP with the computed parameters.

Figure 16 presents the design of the medical disinfection robot in the folded position
and in the extended position. The robot’s structure consists of a mobile platform and two
identical seven-bar linkages 7-PR(RRRR)RP which have four UV-C light sources mounted
between them. The number of UV-C light sources, as well as their characteristics (e.g.,
diameter, length, wavelength, power), can be selected according to different types of
requirements. For example, Philips offers a large variety of UV-C germicidal lamps for
commercial or professional air, water, and surface disinfection, each one with their own key
features and benefits. The mobile platform, with a size of 500 × 500 × 70 mm, is driven by
four mecanum wheels, each of them actuated independently by a stepper motor in order to
allow the omnidirectional movement of the robot. Additionally, in order to also be able to
perform floor disinfection, a large part of the mobile platform’s bottom (250 × 400 mm)
is cut out. The movement of the medical disinfection robot’s mechanism from the folded
position (minimum configuration) to the extended position (maximum configuration) and
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vice versa is accomplished by a stepper motor through a scissor jack transmission type,
with side guides for a better stability.
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8. Conclusions

The article presented a feasibility study of the seven-bar linkage 7-PR(RRRR)RP used
for the design of a medical disinfection robot with a folding mechanism. Since the current
available disinfection robots cannot operate in small, tight, and narrow areas, the only
solution to be able to effectively disinfect the hard-to-reach areas in medical facilities and
other environments is to use medical disinfection robots with folding mechanisms. Their
structure allows them to operate in multiple configurations based on the area type that
needs to be disinfected, therefore ensuring the effectiveness of the sanitation process.

The initial parameters of the 7-PR(RRRR)RP seven-bar linkage were obtained as a
result of a synthesis method from the inequalities system necessary in order to avoid the
singularities positions of the mechanism. This method considered an arbitrary value of the
coefficient k > 1, which was implemented to substitute the resulting inequalities system
with an equation system, and different values of the design coefficient p. However, by
applying this method, we could not be certain that the optimal 7-PR(RRRR)RP seven-bar
linkage structure was obtained. Furthermore, an optimized synthesis method was applied,
which considered the ratio between the total height and the total size of the mechanism.
The parameters of the seven-bar linkage were computed for different values of the design
coefficient p ∈ [1.1; 2] and different values of the coefficient k ∈ (0; 2]. The optimal
mechanism’s kinematic design and structure was obtained by implementing a target
function, which was computed using the normalized values of the total height and the total
size of the mechanism, each of them having an imposed weight coefficient, c1 and c2. The
normalized values were obtained by implementing a minimum-maximum normalization
algorithm that rescaled the initial values in the range of [0; 1], while the weight coefficients
were both considered to be c1 = c2 = 0.5, which means that both the total height and the
total size of the mechanism are considered equally important. Since the aim was to achieve
the structure with the highest total height and the lowest total size, the target function
needed to be maximized. Furthermore, the optimized seven-bar linkage 7-PR(RRRR)RP
was computed with the parameters that resulted from the optimized synthesis method. The
accuracy and the reliability of the results, as well as the feasibility of the design, are further
strengthened by a performance analysis between the optimal indicated structure from the
optimized synthesis method and other 7-PR(RRRR)RP seven-bar linkage structures, which
were computed with different values of the parameters. Finally, the design of the medical
disinfection robot with a folding mechanism showed its main advantages and its two main
configurations, the folded position (minimum configuration) and the extended position
(maximum configuration).

Future work includes building the medical disinfection robot, as well as performing
experimental tests in order to establish the optimal mechanism’s configuration, the UV-
C disinfection source type (regarding the irradiance, power, and wavelength), and the
optimal disinfection time and distance between the robot and the surfaces that need to be
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disinfected in order to achieve the most effective disinfection process possible. Additionally,
a mobile app will also be developed in order to be able to effectively control and navigate
the medical disinfection robot through the disinfected environment.
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