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Abstract: This paper designs a new class of actuators for the downhole traction robot system to
achieve high-accuracy transmission, which is realized by the planetary roller screw mechanism
(PRSM). As the downhole environment is a non-structure one, which increases the difficulty of the
load analyses and distributions of the downhole robot system to complete a predesigned mission.
Traditional achievements about the mechanical behavior analyses of PRSM ignore the effects of radial
loads and torque elastic deformation errors, which are inevitable for the downhole robot actuator, and
the results of which would affect the load distribution and fatigue life of the PRSM-aided actuator. To
assist the complex task, in this study the mechanical behavior analyses of PRSM for the downhole
robot system are investigated by considering axial loads, torque elastic deformation errors, and radial
loads. Moreover, the calculation models for contact load distribution and fatigue life are established
by utilizing the equivalent contact load and Hertz contact theory. Two cases for the robot actuator in
the downhole environment are addressed, the results of which indicate that the contact load change
and decrease with the thread growth direction of the PRSM, the first several threads bore most of the
loads, and the last several threads only took a few loads. Additionally, the fatigue life reduces sharply
under the condition that the axial loads, radial loads, and rotation speeds increase. Compared with
the other two effectors, the fatigue life is more sensitive to the radial loads. The results show the
sustainability of the presented screw–roller–nut and provide a potential reference for the downhole
robot actuator motion analyses.

Keywords: downhole robot actuator; PRSM; elastic deformation errors; axial loads and radial loads;
load distribution; fatigue life

1. Introduction

Horizontal wells are widely used in the exploration and development of deep sea
complex oil and gas resources. As the depth and the length of horizontal wells continue to
increase, it is urgent to create a new model to deal with the increasingly complex mission
of resource explorations, which can be realized based on horizontal wells and downhole
robot technologies.

The concept of the downhole robot was first proposed by H. Jørgen in 1987 [1], which
can be divided into two categories according to its structural characteristics and application
conditions: downhole traction robots and downhole drilling robots [2]. Downhole robots
play an indispensable role in drilling and completion operations to transport downhole
tools to designated locations, and to achieve explosive fracturing. Additionally, the down-
hole robot can solve the buckling deformation of coiled tubing, the difficulty of running
downhole tubing strings in horizontal well logging, fracturing, and other operations. Nowa-
days, the downhole robot has been widely used in downhole operations in long horizontal
complex wells.
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The structure of the downhole robot mainly includes a right and left body-support
mechanism, traction mechanism, power mechanism, and so on. As shown in Figure 1,
according to their structures and different actuators, downhole traction robots can be
divided into three categories, which are the wheeled traction robot, pedrail traction robot,
and telescopic traction robot. Additionally, more concretely, the driving forces of the
downhole robot can be founded as two kinds, i.e., hydraulic cylinder and motor. Compared
with the other two traction robots, the telescopic type has a good performance in terms
of passing over the obstacle. From the perspective of driving power in the hydraulic
cylinder scheme, some complex oil circuits should be designed and arranged in a small
robot system, which decreases the flexibility of the downhole robot system. On the other
hand, the unnecessary oil circuit can be omitted in the motor driving framework, and the
power supply and communication can be integrated. This motivates the motor-driven
actuator design of this study.

Figure 1. Brief introduction of the downhole robot system.

It should be noted that the traction devices used by the previous downhole robots
are hydraulic telescopic and wheeled [3,4]. However, the wheeled downhole robots have
a large diameter and cannot be used in tiny boreholes [5]. On the other hand, signal
feedback is troublesome during the operation of the robots for the hydraulic power traction
condition. Additionally, the solenoid valve is limited to withstand high temperatures;
indeed, the solenoid valve and hydraulic oil passage are easy to enter and block impurities,
which limits the application of the hydraulic telescopic power mechanism [6–8]. From the
transmission accuracy and control response speed perspective, the planetary roller screw
mechanism (PRSM) has been widely used in aerospace, ships, medical equipment, special
machinery, weaponry, and other precision fields [9,10] owing to its high transmission
accuracy in recent years. However, only a few studies have investigated the application of
PRSM to downhole robot systems. This work presents a class of downhole robot systems,
the traction actuator mechanism of which is a planetary roller screw traction mechanism
one. The PRSM is a power unit that converts the rotational motion of the lead screw into
the linear motion of the nut, which can achieve a precision transmission task. With the
PRSM actuator mechanism, the actuator is driven by a motor rather than a hydraulic
ram, which implies that the structure is simplified due to the omission of some hydraulic
oil circuits. With the continuous development and application of long horizontal wells,
the well structure will have local bending an inclination due to the change of deflection
parameters in long-horizontal complex-structure wells. When the robot works in the
downhole, the non-structural shaft wall will cause different degrees of extrusion to affect
the robot. In addition, the high temperature and pressure in the downhole have also posed
challenges to its mechanical behaviors and fatigue life.

There are many factors affecting the safety and stability of PRSM. The existing achieve-
ments could provide a theoretical basis for the load distribution calculation and fatigue
life analysis. For example, in [11], the authors studied the effects of uniformly distributed
loads on the carrying capacity of PRSM. Furthermore, an improved iterative algorithm was
proposed for multi-objective optimization, such as for contact deformation and finding the
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best pitch. In [12], Fu et al. studied the influences of unevenly distributed load on the trans-
mission accuracy and life of PRSM; the results show that it will accelerate the destruction of
the thread contact surface and reduce the transmission stability when the screw rotates at a
high speed. The results in [13,14] studied the effects of assembly errors and external loads
on PSRM, and safe transmission mechanisms were discussed. Aur′egan and Yao, et al.,
respectively, investigated the effects of wear behavior, uncertain factors of the elastic–plastic
contact characteristics, and machining errors on the PRSM in [15,16]. In [17], the nature of
the contact with friction between the threaded surfaces in a PRSM was investigated, and the
calculation model was established and simulated. The achievements in [18,19] discussed
the load sharing and pitch deviation of the PSRM. The results show that the deformation
also has a great influence on the fatigue life. More recently, the transmission efficiency of
PRSM was studied in [20–22]; for instance, Mamaev, et al. reached the conclusion that the
stiffness and bearing capacity will increase the transmission efficiency of PSRM in [20].
Auregan, et al. in [21], verified that the reason for reducing the transmission efficiency of
PSRM was the complete sliding of the PRSM pair, which was caused by the plastic–flow
ratio between the thread engagements. In [22], the author discussed Hertz contact model
and a multi-axial fatigue criterion of PSRM, and the results were applied to two cases
to verify the reliability. However, the aforementioned results have rarely discussed the
PRSM utilized in the downhole environment, which is more complex and has some new
challenges. Furthermore, the coupled torque elastic deformations and radial loads for the
PRSM of the downhole robot system not have been explored.

As aforementioned, the performance of PRSM were affected by multiple factors,
including the external loads, elastic errors, and even the complex working conditions.
In this note, a class of traction robot systems was designed. The PRSM is introduced as
the actuator. Additionally, the mechanical behavior of the PRSM used in the downhole
robot system was investigated. The load distribution and fatigue life calculation models
are established. The contributions of this study can be highlighted as follows:

(1) A new actuator is designed for the downhole traction robot system. Compared with
the aforementioned downhole robot in [6–8], in this note, the PRSM is introduced.
Moreover, the driver power can be supported by a motor instead of the hydraulic
cylinder, which indicates that some hydraulic oil circuits can be omitted and then the
structure of the robot system can be simplified.

(2) The mechanical analyses of the PRSM in the downhole environment is investigated.
This is different from the existing achievements in [18–20], where the load distribu-
tions are analyzed by considering axial loads and external deformations. For the
downhole traction robot system, the working environment is a non-structure one,
which means that the radial loads and torque deformations cannot be ignored, and
the load distributions and fatigue life will be affected. In this note, we establish the
calculation and fatigue life calculation models for the presented actuator by consider-
ing the axial loads, radial loads and torque elastic deformations, simultaneously, with
the help of the equivalent contact load and Hertz contact theory.

The remainder of this study is organized as follows. In Section 2, the mechanical
model is discussed and the problem is formulated. In Section 3, the elastic deformation
error is analyzed. In Section 4, the mechanical behavior analysis is verified. In Section 5,
some simulation results are given. Finally, we conclude this study in Section 6.

2. Mechanical Model and Problem Formulation
2.1. Downhole Robot System Actuator Model Analysis and Design

As mentioned before, two driving power mechanisms are contained in the telescope
traction robots. In this subsection, the comparison results of the two driving power mecha-
nisms in the telescopic traction robot is expressed in Table 1. Some more detail results of
the downhole robots can be found in the work [1].
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Table 1. Comparisons of two driving powers in downhole telescopic traction robot mode.

Power Actuator Model Advantages and Analyses Disadvantages

Hydraulic Hydraulic cylinder Telescopic traction robot Accessories are necessary;
less structure design free-
dom and the control of the
cylinder is difficult

The sensor require-
ment is high and
lacks of feedback
data; control preci-
sion is not so high;
signal transmission is
difficult; control logic
is complicated

Electro-hydraulic Motor and hydraulic
cylinder

Wheeled and Telescope More structure flexibility,
higher traction force; good
performance of trade off ve-
locity range

Difficult to control;
larger size; require-
ment of sealing per-
formance; more pa-
rameters to be ad-
justed

Motor (Our presented) PRSM (Our presented) Telescopic traction robot Easy to control; more de-
sign freedom; integration of
power supply and commu-
nication; sensor data can be
transmitted

The mechanical be-
havior of the PRSM
should be analyzed

In this study, we designed a new actuator for the telescopic traction robot to complete
complex tasks in the downhole, as shown in Figure 2. The PRSM is introduced in the
downhole robot system design scheme. In our presented robot, the power is supported
by the motor, and the PRSM is driven by the motor. It should be mentioned that the
PRSM in the robot system can help the robot walk forward in the downhole. However,
as the downhole environment is complex, the PRSM will suffer from radial force and
elastic deformation, which will affect the load distribution on the threads of the PRSM.
To guarantee high transmission accuracy, the mechanical behavior analysis of the actuator
in the downhole should be made.

Figure 2. The presented downhole robot system

2.2. Analysis and Problem Formulation

The three dimensional model of the downhole robot system is shown in Figure 3a.
The downhole robot system works in a retractable mode, as shown in Figure 3b, to complete
the downhole task, eight steps are consisted in one cycle motion. The motion procedure of
the robot system can be expressed as follows.

(a) Initial position. The left support cylinder, left support arm, PSRM, right support arm,
and right support cylinder are all in the initial states, which are shown as in Figure 3;

(b) The left support mechanism of the robot system works with the cylinder;
(c) The motor rotates forward; the nut moves forward to drive the right support arm and

the right main body to move forward;
(d) The left support arm contracts and moves forward with the left retractable cylinder;
(e) The right support arm completes the operation of the contract with the right support

cylinder;
(f) The motor rotates in reverse and nut fixed; the screw draws the right support cylinder

and the right main body to move forward;
(g) The right support arm completes the support operation with the right support cylinder;
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(h) The left support arm completes the operation of the contract with the left support
cylinder, and then goes back to state b;
Repeat steps b–h.

(a)

(b)

Figure 3. (a) The three-dimensional model of the downhole robot system; (b) the working mechanism
of the downhole robot system.

It should be noted that during the working procedure, the mechanical behavior of
PRSM is one of the most important parts of the robot system. In what follows, the contact
load and the deformation of the PRSM are analyzed when the downhole robot works.
The scheme of the PRSM of the robot system is depicted in Figure 4. We number the threads
of each roller individually along with the axial direction. For the downhole robot system,
two cases are contained to complete the predesigned task.

Figure 4. The threads number of each roller for the downhole robot system.

Case 1: The robot moves forward through the screw and roller, which are driven by
the motor. In this condition, the nut is fixed and the screw is rotating and moving.

Case 2: The forward motion of the accessory support frame happens through the
movement of the nut. In this condition, the screw is driven by the motor and only rotates
without moving.

Before we give our main results, the following assumption is made.
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Assumption 1 ([23]). The deformations considered of the screw to roller and roller to the nut are
elastic and satisfy the Hertz contact theory.

Assumption 2. The centrifugal force and gyroscopic moment are neglected.

3. Elastic Deformation Error Analysis of the PRSM
3.1. Robot Elastic Deformation Error in Case 1

When the screw works in condition 1 in the downhole robot, it means that the motor
drives the screw to rotate and move, and the axial load Fa is shown in Figure 5. In this
condition, an additional radial load Fζ exists as the screw drags some accessories and the
downhole environment is non-structural. Additionally, a torsion deformation occurs when
the screw works.

Figure 5. The diagram of the deformation in case 1.

For the downhole robot system in case 1, when the screw rotates and moves, the thread
plays the main role in power and motion transmission. From the results in [24,25], the de-
formations caused by axial loads Fa and torsional T in the axis direction can be obtained
as follows,

λa1 =
4Falx

Eπdz
(1)

where λa1 is the axial deformation caused by the tension load. lx denotes the nut work-
ing position. E represents the elastic modulus of materials, and dz is the diameter of
screw thread.

λb =
16Tlslz
π2d4

zG
(2)

where λb represents the axial deformation caused by the driving torque. T is the driving
torque. lz denotes the lead of the screw. ls is the length of screw against the torque, and G
is the shear modulus.

In order to drag the accessories, the driving torque can be calculated as

T =
Falz
2πµ

(3)

where µ denotes the transmission efficiency. From the Equation (3), Equation (2) can be
reformulated as

λb =
8Falz2ld
π3d4

zGµ
(4)
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Then, the total deformation error of the screw in the axial direction can be obtained as

λs = λa1 + λb =
4Falx

Eπdz
+

8Falz2ld
π3d4

zGµ
(5)

3.2. Robot Elastic Deformation Error in Case 2

As expressed in Figure 6, in this condition, only pressure deformation occurs in the nut,
which means that the total deformation λs = λa2, and the deformation can be obtained as

λa2 =
4Falx

Eπdz
(6)

Figure 6. The diagram of the deformation in case 2.

Now we are in the position to analyze the contact deformation of the threads of
screw-to-roller and roller-to-nut of the downhole robot system.

4. Mechanical Behavior Analysis
4.1. Robot Contact Deformation Analysis

As described in Figure 7, Fζ denotes the radial loads. When the robot moves in the
downhole, the PRSM is subjected to a non-structure radial force. As a result, a non-structure
radial deformation of the roller at different position is generated correspondingly when the
roller rotates. As expressed in Figure 7, the solid line denotes the initial position without
the non-structure radial force, and the dashed line represents the new position when the
nut is subjected to the radial loads. For the downhole robot system, the axial loads of screw
and nut are the prior known knowledge and then the axial deformation can be obtained. It
should be noted that the axial loads of each roller are not equal and difficult to calculate
when the robot moves in the hole through the PRSM. In this study, the axial deformations
of each roller of all threads are identical, and the radial deformations can be calculated
by [26]

ζr(n,j) = ζr cos ϕi (7)

where ζr is the radial deformation, ϕi is the so-called position angle of the ith roller.
By defining the angle between two adjacent rollers φ = 2πna

z , where z and na represent the
number of rollers and work cycles. Then, ϕi can be calculated as

ϕi = θ + (i− 1)φ (8)

By changing the value of θ, the radial deformations of all the threads can be calculated.
In this study, the equivalent deformation concept is adopted, i.e., the normal deforma-

tions of the screw-to-roller and roller-to-nut are calculated by

ζe(n,j) = ζa(n,j)sin β
/

cos v + ζr(n,j) cos β cos φ (9)

where ζe(n,j) denotes the equivalent normal deformation of the thread, ζa(n,j) is the axial
deformation, β and v are the contact angle and helix angle, respectively.
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Figure 7. The diagram of deformation when subjected to radial loads.

From the Hertzian contact theory, the equivalent contact load of the contact point can
be calculated via:

<e(n,j) = κ

(
1

Gra + Grb
ζe(n,j)

) 3
2

(10)

where κ is an indicator with κ ∈ {0, 1}, which means that the threads are contacting when
κ = 1, and the threads contact are abnormal when κ = 0. Gra and Grb represent the stiffness
coefficients in the contact threads of the screw-to-roller and roller-to-nut, which can be
obtained as [27]  Gra =

Qes
πmvs

3
√

9E2 ∑ ρas
/

4

Grb = Qen
πmvn

3
√

9E2 ∑ ρan
/

4
(11)

where Qes and Qen are two elliptic integral parameters of the screw-to-roller and roller-
to-nut contact threads. mvs and mvn denote two semi-axis coefficients of the two contact
threads. ∑ ρas and ∑ ρan represent the curvature sum of the two contact interfaces.

Remark 1. In this study, the PRSM will be subjected to radial loads and axial loads during the
working process in the downhole environment. However, in the existed achievements, most of the
studies have only considered axial loads and the corresponding load distributions. There are rare
results that have discussed the axial loads and radial loads simultaneously, and it should be noted
that the loads of each roller of the PRSM are not equal when considering the radial loads. From this
point of view, the equivalent contact load and Hertz contact theory are used to calculate the loads of
all threads in this work.

By combing Equations (7)–(11), the equilibrium equations in the radial and axial
direction can be expressed by

Fζ −
N
∑

n=1

Pz
∑

j=1
ζe(n,j)cosβ cos φ = 0

Fa −
N
∑

n=1

Pz
∑

j=1
ζe(n,j) sin β cos v = 0

(12)

where N and Pz stand for the numbers of rollers and threads. Furthermore, the axial load

of the nth roller can be calculated by Fan =
Pz
∑

j=1
ζe(n,j) sin β cos v.

4.2. Robot Contact Load and Deformation Analysis

As described above, two cases are considered for the downhole robot system. In case 1,
the screw is moving and the nut is fixed, which implies that the screw is in tension and
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the nut is in compression (Sc − Nt). In case 2, the screw rotates and the nut moves, which
means that both the screw and nut are in compression (Sc − Nc).

4.2.1. Deformation in Sc − Nt

As shown in Figure 8, denoting =S(n,j) and =N(n,j) as the thread contact loads of the
screw and nut, when the PRSM works on the equilibrium point, the axial load for the case
can be obtained as [23]

=S(n,j) = =N(n,j) = Fan −
j−1

∑
h=1

ζe(n,h) sin β cos v (13)

where ζe(n,h) can be solved by (12).

(a) (b)

Figure 8. The sketches of the axial deformations in two cases.

Furthermore, when the screw is driven by a motor and subjected to external loads,
some errors are evitable for the PRSM. Additionally, correspondingly, the following equa-
tions are derived

h̄SZ(n,j) = h̄w − h̄q =
1

sin β cos v

(
υSZ(n,j−1) − υSZ(n,j)

)
−
(
<SZ(n,j−1) −<SZ(n,j)

)
(14)

where h̄SZ(n,j) denotes the contact deformation in the screw to roller interface, which
satisfies the Hertz condition. υSZ(n,j−1) and υSZ(n,j) represent two consecutive contact
surfaces of the screw-to-roller. <SZ(n,j−1) and <SZ(n,j) are the contact interface axial elastic
deformation errors of jth and (j− 1)th threads caused by driven torque and loads.

Similarly, the deformation occurs in the roller-to-nut with elastic errors can be calcu-
lated by

h̄ZN(n,j) = h̄d − h̄ f =
1

sin β cos v

(
υZN(n,j−1) − υZN(n,j)

)
−
(
<ZN(n,j−1) −<ZN(n,j)

)
(15)

where υZN(n,j−1) and υZN(n,j) express two consecutive contact surfaces deformations of
roller to nut. <ZN(n,j−1) and <ZN(n,j) depict the elastic deformation errors of jth and
(j− 1)th threads in the roller to nut interface caused by driven torque and loads.

From the Equations (14) and (15), the combined axial deformation errors by consider-
ing the elastic deformation errors can be obtained as

h̄(n,j) = h̄w − h̄q + h̄d − h̄ f

= 1
sin β cos v

(
υSZ(n,j−1) − υSZ(n,j)

)
−
(
<SZ(n,j−1) −<SZ(n,j)

)
+ 1

sin β cos v

(
υZN(n,j−1) − υZN(n,j)

)
−
(
<ZN(n,j−1) −<ZN(n,j)

)
= 1

sin β cos v

[
υr(n,j−1) − υr(n,j)

]
−
[
<r(n,j−1) −<r(n,j)

] (16)
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where υr(n,j−1) = υSZ(n,j−1) + υZN(n,j−1), υr(n,j) = υSZ(n,j) + υZN(n,j), <r(n,j−1) = <SZ(n,j−1) +<ZN(n,j−1),
<r(n,j) = <SZ(n,j) +<ZN(n,j).

For the downhole robot system in case 1, the axial deformation can also be formulated as h̄S(n,j) =
=S(n,j)ρa

2Es As

h̄N(n,j) =
=N(n,j)ρa
2EN AN

(17)

where h̄S(n,j) and h̄N(n,j) represent the deformations in the screw-to-roller and roller-to-nut
contact threads. ρa stands for the pitch, Es. EN , As, and AN are the elastic modulus and
cross sectional areas of the screw and nut, respectively. As and AN can be calculated as
As = πRs

2, AN = π
(

R2
N1 − R2

N2
)
, where Rs is the radius of the screw. RN1 and RN2 are

the external and normal radius of nut.
In accordance with (17), similar to (16), the combined axial deformation can be

obtained as

h̄(n,j) = h̄S(n,j) + h̄N(n,j) =
=S(n,j)ρa

2Es As
+
=N(n,j)ρa

2EN AN
(18)

By combing (16) and (18) yields,

=N(n,j)ρa(AN + As) sin β cos v

2Es As AN
=
[
υr(n,j−1) − υr(n,j)

]
− sin β cos v

[
<r(n,j−1) −<r(n,j)

]
(19)

According to the Hertzian contact theory, the following recursive condition can
be derived

<e(n,j−1)
2
3 −<e(n,j)

2
3 =

sin β cos v[<r(n,j−1)−<r(n,j)]
(Gra+Grb)

+

(
Pz
∑

j=1
ζe(n,j) sin β cos v−

j−1
∑

h=1
ζe(n,h) sin β cos v

)
ρa(AN+As) sin β cos v

2Es As AN(Gra+Grb)

(20)

Now, we are in the position to analyze the deformation of case 2.

4.2.2. Deformation in Sc − Nc

For the Sc − Nc condition, the axial load =S(n,j) and =N(n,j) of the screw and nut can
be reorganized as [23] 

=N(n,j) = Fan −
j−1
∑

h=1
ζe(n,h) sin β cos v

=S(n,j) =
j

∑
h=1

ζe(n,h) sin β cos v

(21)

Moreover, accordingly, the deformations in the threads of the screw-to-roller and
roller-to-nut in the axial direction can be calculated similarly as in Equations (14) and (15),
while the roller-to-nut deformation is revised as

h̄ZN(n,j) = h̄ f − h̄d =
1

sin β cos v

(
υZN(n,j) − υZN(n,j−1)

)
−
(
<ZN(n,j) −<ZN(n,j−1)

)
(22)

From (14) and (22), the total axial deformation by considering the elastic deformation
error can be obtained as

h̄(n,j) = h̄w − h̄q + h̄ f − h̄d

= 1
sin β cos v

(
υSZ(n,j−1) − υSZ(n,j)

)
−
(
<SZ(n,j−1) −<SZ(n,j)

)
+ 1

sin β cos v

(
υZN(n,j) − υZN(n,j−1)

)
−
(
<ZN(n,j) −<ZN(n,j−1)

)
= 1

sin β cos v

[
ῡr(n,j−1) − ῡr(n,j)

]
−
[
<̄r(n,j−1) − <̄r(n,j)

] (23)
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where ῡr(n,j−1) = υSZ(n,j−1) + υZN(n,j), ῡr(n,j) = υSZ(n,j) + υZN(n,j−1), <̄r(n,j−1) = <SZ(n,j−1) +<ZN(n,j),
<̄r(n,j) = <SZ(n,j) +<ZN(n,j−1).

By combing (17) and (21), it is straightforward that

h̄(n,j) = h̄S(n,j) + h̄N(n,j) =
=S(n,j)AN ρa

2Es As AN
+
=N(n,j)Asρa
2EN As AN

=

(
Fan−

j−1
∑

h=1
ζe(n,h) sin β cos v

)
AN ρa

2Es As AN
+

j
∑

h=1
ζe(n,h) sin β cos vρa Asρa

2EN As AN

(24)

Furthermore, according to the Hertzian contact theory, the corresponding recursive
equation in case 2 can be obtained as

<e(n,j−1)
2
3 −<e(n,j)

2
3

=
sin β cos v[<̄r(n,j−1)−<̄r(n,j)]

Gra+Grb
+

j
∑

h=1
ζe(n,h) sin β cos vρa Asρa sin β cos v

2EN As AN(Gra+Grb)

+

(
Fan sin β cos v−

j−1
∑

h=1
ζe(n,h)sin2βcos2v

)
AN ρa

2Es As AN(Gra+Grb)

(25)

In this subsection, the mechanical analyses of the presented PRSM have been made
by referencing the work in [23] and some ball rollers in [26]. The calculation process
seems similar to the results in [23]. For example, in Section 3.2, the recursive equations
of the contact load on the threads of two cases have been calculated; for details see (20)
and (25). In Sections 2.2.2 and 2.2.3 of the work in [23], the contact deformations are
also calculated. The calculation ideas of the work in our study and [23] may be similar,
and this can be explained as follows. On the one hand, the force analysis model after
simplifying for the downhole traction robot actuator is similar to the work in [23], i.e., both
the external loads are axial load and radial load, and the difference lies in that the driven
torque elastic deformation is considered. Additionally, the parameters of the PRSM are
designed according to the downhole traction robot working condition, which are different
from the work in [23]. On the other hand, the contact theory used in the two achievements
are similar. In our study and the work in [23], the equivalent Hertz contact theory is utilized
to analyze the contact load distribution, which in return implies that some equations and
calculation idea may similar.

4.3. Downhole Robot Contact Load and Deformation Coefficient Analysis

As depicted in the aforementioned part, for the downhole robot system, the driven
torque and external loads will cause elastic deformations and even errors, which will
degrade the transmission accuracy in return. It should be also noted that elastic deforma-
tions will cause the change of load distribution. By considering the elastic deformation,
the deformation coefficient is investigated in this note. Similar to [23], to express the defor-
mation rate, we define this coefficient as the ratio of the normal contact deformation in the
condition without and with the elastic deformation errors.

λ̄(n,j) =
ζsw(n,j)

ζst(n,j)
(26)

where ζsw(n,j) and ζst(n,j) denote the normal contact deformation in the condition without
and with the elastic deformation errors.

Here, by considering the contact load and the Hertzian contact theory, we have

λ̄(n,j) =

(
<sw(n,j)

<st(n,j)

) 2
3

(27)
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where <st(n,j) and <sw(n,j), respectively, represent the contact loads by considering the
elastic deformation errors or not.

When the PRSM works, the load distribution is very important. We introduce the load
coefficient to better show the mechanical behavior of the PRSM, which is defined as follows

ε(n,j) =
<sw(n,j)

min
(
<sw(n,j)

) (28)

where ε(n,j) is the load coefficient, <sw(n,j) denotes the minimum value of contact load

min
(
<sw(n,j)

)
.

4.4. Fatigue Life Analysis

For the downhole robot system, the non-structured environment increases the diffi-
culty of analysis of the PRSM. As the PRSM would work for a long time in the downhole,
the PRSM switches back and forth between the two cases to guarantee the complex task.
Moreover, the fatigue life is a crucial performance that should be emphasized. From the
stress life method, the estimation of fatigue lifetime is given as follows [23,26]

LS =
Ns(κs + 1)

60wsκs(κs + 2)
(29)

where Ns = kα
ms N0, κs = ds

dr
, ws is the rotating speed. kα and N0 are the stress ratio and

circulation of the material, ms is an index corresponding to the material, and ds and dr are
the diameters of the screw and roller, respectively.

Remark 2. It should be noted that the effects of the fatigue of roller screws can be listed as materials,
stress, working conditions, and other effectors, such as lubrication. Here, we use the fatigue life
equation of ball screws to estimate the fatigue life of roller screws, which means that (29) is not an
accurate result, it is an estimation of fatigue life.

Remark 3. In Section 2.4 of the work in [23], the authors have considered the lifetime and mechan-
ical analyses for the PRSM when subjected to axial load, radial load, and machine errors. However,
in this study, the considered PRSM is utilized in the downhole environment, the parameters and
working conditions are different from the case in [23] but somewhat similar. We established our
estimation lifetime model by referencing [23,26], and the ball rollers. The idea of the lifetime estima-
tion model is similar to [23], and we hope we can consider some more complex conditions for the
downhole robot actuator, such as the lubrication analysis and thermal analysis in our future work,
and that we can establish some more accurate calculation model for the lifetime by carrying out some
experimentation.

5. Analytical Calculations and Discussions

In this section, some numerical analyses are given to show the validity of the presented
model for the downhole robot system. The calculation flow can be seen in Figure 9, and the
detail analysis parameters are given in Table 2.
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Figure 9. The mechanical behavior analysis flow of the downhole robot system.

Table 2. The designed parameters of the PRSM for the downhole robot system.

Parameters (Unit) Screw Roller Nut

Radius (mm) 15 5 25
Contact angle (◦) 45 45 45

Starts 5 1 5
Pitch (mm) 0.8 0.8 0.8

Number 1 10 1
External radius (mm) / / 30

Additionally, the left parameters are given as E = 2.12× 1011 (Pa), N0 = 2.5× 108,
ms = 6.

5.1. The Effects of Axial and Radial Loads

For the downhole robot system, two cases are contained in a complete work procedure.
In case 1, the axial loads are chosen to be Fa = 20 KN, Fr = 4 KN. Additionally, Fa = 30 KN,
Fr = 4 KN in case 2.

From the calculation flow in Figure 9, the corresponding relationship of the contact
load and thread number of the two cases can be obtained. The results can be found in
Figures 10–15. As depicted in Figures 10–12, the contact load distribution of case 1 for
the designed PRSM actuator of the downhole robot system is presented when the PRSM
is subjected to axial loads, radial loads, and elastic deformation errors. From Figure 10,
the contact loads of all the rollers decreases along the roller axial direction. The results are
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consistent with the real application and can be explained as follows. The first several threads
bear most of the loads, and the last several threads take only a few loads. Additionally,
the #1 and the #10 rollers bear the two largest loads, and the loads that are distributed on
other rollers reduce gradually from the radial direction. One can also find that the roller
that without radial loads bears the lowest contact load. The result indicates that the radial
loads should act on the PRSM as uniformly as possible, which in return can help to design
and explore good trajectory planning. It should also be noted that the last two threads of
the screw, roller, and nut decrease dramatically for the downhole robot system.

Figure 10. Contact load distribution in different threads of the robot system of case 1.

Figure 11. Contact load distribution cycling process without radial load of case 1.

To show the effects of the radical loads on the PRSM, Figures 11 and 12 express
the load behaviors in several cycling processes. From Figure 11, we take the first roller
as an example. When there are no radial loads, the contact load stays the same in the
cycling process, and different threads have their loads. As each roller has the similar load
distribution, we only provide the #1 roller of the PRSM. Shown in Figure 12, one can see
that the contact load varies when the radial loads are applied to the PRSM. Different from
the results in Figure 11, when the radial loads are considered, the bearing force of the
roller changes periodically, and different values appear alternately at different positions on
the circumference.
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Figure 12. Contact load distribution cycling process with radial load of case 1.

Figure 13. Contact load distribution in different threads of the robot system of case 2.

Figure 14. Contact load distribution cycling process without radial load of case 2.
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Figure 15. Contact load distribution cycling process with radial load of case 2.

Figures 13–15 show the load distribution behaviors of case 2 for the robot system,
where the contact load behaviors are similar to the case 1. For example, the contact load
decreases in the axial direction of each roller, and the mechanical behavior of the first
and last rollers are the closest but there are still differences. This phenomenon can be
understood as follows: on the one hand, the effect of axial loads on the rollers is relatively
symmetrical; however, for the robot system, the downhole is not a structural environment,
which means that the radial load is not an ideal symmetrical one for the rollers in the
circumferential direction. Meanwhile, an angle exists in the first and last roller. As observed
from Figures 14 and 15, one can see that the contact load of each thread maintains in the
same without radial loads and varies when the external radial loads are applied to the
PRSM. As the load distribution behavior of each roller is similar, in this note, we take the
first roller as an example. The results show that the radial loads have significant effects on
the load distribution, which means that the contact load may be different once the radial
loads become inconstant.

5.2. The Effects of Axial Load

Figures 16 and 17 show the load distributions on the threads with different axial
loads and the same radial loads. As each roller has a similar load distribution, we take
one of them as an example in this note. From Figures 16 and 17, we can see that each
load has a corresponding curve. When the PRSM works, the load distribution on the
threads will increase on the condition that the axial load increases. On the other hand,
the total load reduces along the thread number increasing direction, which has the same
tendency in Figures 10 and 13. We can also see from the two figures that the curve has some
partial overlap, which means that each thread could be subjected to the same load with the
increasing axial load when the PRSM works in both cases of the downhole robot system.
The results show us the contact load law of the roller, which gives us the idea that the load
optimization could be made based on the results in the two figures, and this part can also
extend to our future work.
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Figure 16. The effects of different axial loads in case 1.

Figure 17. The effects of different axial loads in case 2.

5.3. The Effects of Radial Loads

Figures 18 and 19 express the effects of the radial loads. As depicted before, the down-
hole is a non-structural environment, and the radial loads are inevitable which have
important influences on the PRSM. As expressed in the two figures, when the screw drags
the tools to walk forward in the hole or the nut pushes the tools forward, with the growth
of the thread number, the load distribution decreases when the PRSM is subjected to a fixed
radial load. In Figures 18 and 19, one can see that when there are no radial loads, the total
loads are distributed only on the first dozen threads, and the subsequent threads hardly
share the loads, which has the same tendency in Figures 10 and 13. From the two figures,
we can also see that the total load distribution decreases in the threads’ growth direction,
and only the radial loads are distributed on the last dozen threads. This means that the
radial loads influence each thread, while the axial loads mainly affect the front threads of
the PRSM.
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Figure 18. The effects of different radial loads in case 1.

Figure 19. The effects of different radial loads in case 2.

5.4. The Results of the Fatigue Life

Figures 20 and 21 show the results of the fatigue life of the PRSM in case 1, to inves-
tigate the effects of external loads on the threads and explore the influences of rotation
speeds on the fatigue life. In these cases, we set ws = 100 rpm, ws = 300 rpm, ws = 350 rpm,
ws = 500 rpm, and ws = 700 rpm. As shown in Figure 20, we assume that Fr = 4 KN,
and Fa = 10 KN, Fa = 20 KN, Fa = 30 KN, Fa = 42 KN, and Fa = 55 KN. We can see
from Figure 20 that the fatigue life decreases rapidly first and then decreases slowly with
the increase of axial load. More specifically, when the axial loads increase from 10 KN to
20 KN, the fatigue life reduces from nearly 12,000 h to nearly 7000 h. Moreover, when the
axial loads increase from 20 KN to 55 KN, the fatigue life reduces from nearly 7000 h to
nearly 4000 h, which means that the fatigue life is more sensitive when the axial loads are
relatively small and not so sensitive when the axial loads become large. This tendency can
also be found in (30). Additionally, from Figure 20, one can also see that the fatigue life
reduces sharply with the growth of rotation speed and the same external load. One can
also see that the fatigue reduces faster when the axial loads are small and slower when
the axial loads become bigger, which implies that the fatigue life is more sensitive under
relatively small axial loads and low rotation speed changes.
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Figure 20. The fatigue life with different axial loads of case 1.

Figure 21. The fatigue life with different radial loads of case 1.

From Figure 21, one can observe that the fatigue life reduces sharply under the
condition that the axial loads remain the same while the radial loads increase gradually.
More precisely, the fatigue life reduces fast when the radial loads increase from 1 KN
to 2 KN, and the fatigue life reduces slower when the radial loads turn 4 KN to 8 KN.
Compared with the result in Figure 20, we can see that the fatigue life is more sensitive to
the radial loads than the axial loads. Figures 22 and 23 show the results of the fatigue life of
the PRSM in case 2. As each roller has a similar tendency, in this subsection, we take one of
the rollers as an example. Similar to the results in case 1, the influences of different axial
loads, radial loads, and rotation speeds are considered. The results show that the fatigue
life reduces sharply at first and then slower, and the variation tendency is similar to case 1.
The results in turn indicate that excessive radial force should be avoided as far as possible
in the operations of the downhole robot system.
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Figure 22. The fatigue life with different axial loads of case 2.

Figure 23. The fatigue life with different radial loads of case 2.

6. Conclusions

In this work, a new downhole robot actuator is presented by introducing the PRSM,
and the mechanical behavior analysis is developed for the PRSM during the operations in
the downhole environment. The torque and axial elastic deformation errors and the influ-
ence of the radial loads are considered when establishing the calculation load distribution
model. The fatigue life analysis is also executed. The effects of the axial loads and radial
loads on the contact load distribution and the fatigue life are simulated. The following
conclusions can be obtained:

(1) The contact load decreases with the thread growth in the downhole robot system
when it subjected to radial and axial loads. The first several threads bear most of
the loads, and the last several threads take only a few loads. The axial loads are
almost distributed on the first several threads while the effects of the radial loads are
distributed on each thread.

(2) In the condition that the PRSM works in a different cycling process, when there is
no radial load, the contact load stays the same in the cycling process, and different
threads have their loads. When the PRSM is subjected to a radial load, the contact
load varies periodically, and the mechanical behaviors have similar properties.

(3) For the condition in which the axial loads are different and that in which the axial
loads are consistent, the contact load distribution varies and decreases along the axial
direction. The tendency in two cases of the downhole robot system stay similar to
some degree. Additionally, when the axial loads stay constant and the radial loads
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increase, the contact load is distributed only on the first dozen threads while the
subsequent threads hardly share the loads.

(4) The rotation speed and external load would affect the fatigue life of the PRSM of the
robot system. The fatigue life reduces sharply under the condition that the axial loads,
radial loads, and rotation speeds increase gradually. Compared with the axial load,
the fatigue life is more sensitive to the radial load, which indicates that the radial
load should be as small as possible, and the load distribution optimization could
be investigated.
However, the numerical analyses of the stress and strain contours are not simulated in
this study, which can help to verify the results of the designed actuator. Indeed, this re-
mains one of the working directions of our study. Additionally, the dynamic analyses,
lubrication, and load distribution optimization can also extend to our future work.
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Nomenclatures

Fζ the radial load
Fa the axial load
T driving torque
λa1, λa2 the axial deformation caused by the tension load in case 1 and

in case 2
λb the axial deformation caused by the driving torque
λs the total deformation error of the screw in the axial direction
ζr the radial deformation
β, v the contact angle and helix angle
Gra,Grb the stiffness coefficients in the contact threads of the screw to

roller and roller to nut
=S(n,j),=N(n,j) the thread contact loads of the screw and nut
h̄SZ(n,j), h̄ZN(n,j) the contact deformation in the screw to roller interface and the

roller to nut with elastic errors
ρa the pitch
Es, EN the elastic modulus of screw and nut
As, AN the cross sectional areas of screw and nut
υSZ(n,j−1), υSZ(n,j) two consecutive contact surfaces of the screw to roller
<SZ(n,j−1),<SZ(n,j) the elastic deformation errors of jth and (j− 1)th threads in

the screw to roller t interface
υZN(n,j−1), υZN(n,j) two consecutive contact surfaces deformations of roller to nut
<ZN(n,j−1),<ZN(n,j) the elastic deformation errors of jth and (j− 1)th threads in

the roller to nut interface
Fan the axial load of the nth roller
N the numbers of rollers
Pz the numbers of threads
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ζsw(n,j), ζst(n,j) the normal contact deformation in the condition without and
with the elastic deformation errors

λ̄(n,j) the deformation coefficient
ε(n,j) the load coefficient
LS the fatigue lifetime
ws the rotating speed
ds the diameter of screw
dr the diameter of roller
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