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Abstract. An electric screwdriver has been designed to work in an automatic cycle on assembly lines. A characteristic feature
of the screwdriver is the use of a low power motor in comparison with commonly used devices. The work for tightening
a threaded joint takes place at the expense of kinetic energy in components of a drive system and the working screwdriver.
It has been proved that an ability of the screwdriver to perform tightening works is determined by the sum of a mass moment
of inertia in the system of working components and a mass moment of inertia in a motor rotor, reduced to the axis of the
screwdriver bit. The process of tightening is characterized by a number of screwing pulses, screwing torque values at the end
of each pulse and time of screwing process. Limitation for the value of transmitted tightening torque takes place through an
applied overload coupling. The construction work for the screwdriver has been preceded by development of a mathematical
model for screwing process and balance of torque moments acting during each phase of the work. Such approach has made it
possible to calculate a value of kinetic energy in components of a drive and an operating system converted into tightening
work. Kinematic conditions which are to be carried out by the screwdriver at the end of a single tightening pulse have been
determined in order to accumulate kinetic energy and start another tightening pulse.
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MartemaTu4eckasi MOJe/Ib JHEPreTHYECKUX MPOLeccoB
B IIPOMBILIJICHHOM JJIEKTPUYECKOM 0TBEPTKeE

A. HeoquMl), K. I[posz[l), I1. Beceauk?”

D Tro6nuHcKni TexHOMOrHYecknii yauBepenret (JIoGmun, [Tobima),
?Vuusepcuter o60ponsi (Bpro, Yemickas PecryGmuka)

Pedepat. Dnexrpuueckas oTBepTKa Obuia pa3paboTaHa A aBTOMATH4eCKOW paboThl HA COOPOYHBIX JIMHUAX. XapaKTepHOH
OCOOCHHOCTBIO OTBEPTKH SBIISIETCS UCIOJIb30BAHUE JBUIATENs MaJlOi MOIIHOCTH 110 CPABHEHUIO C OOBIYHO NPUMEHSIEMbIMU
ycTpoiicTBamu. PaboTa 1o HaTsSHKEHHIO pe3b0OBOIrO COCAMHEHHS NMPOUCXOJUT 3a CUET KMHETHYECKOH SHEPrUl KOMIOHEHTOB
CHCTEMBI NIpUBO/a U pabouel oTBepTKHU. Jl0Ka3aHO, YTO CIIOCOOHOCTh OTBEPTKH BBIIOJIHATh 3aTSKHBIE PA0OTHI ONPEeeIIeTCs
CyMMOI\/'I MacCOBOI'0 MOMEHTa MHEPIIUU CUCTEMBI pa60lmx KOMITIOHEHTOB U MacCOBOI'0O MOMEHTa MHEPIUU POTOpA ABUTATEII,
MPUBEACHHOTO K OCU HAKOHEYHHWKA OTBEPTKH. Hpouecc 3aTATUBAHUSA XapaKTECPUIYETCSA KOJIUYECTBOM UMITYJILCOB 3aBUHYUBA~
HUA, 3HAYCHUSAMU MOMCHTA 3aBHHYMBAHNA B KOHIIE KaXXJI0I'0 UMITYJIbCa U BPEMEHEM IIPOILIECCa 3aBUHYNBAHUA. Or‘paHquHMe
BEJIMYMHBI TIEPEaBaeMOr0 MOMEHTA 3aTSHXKKH MPOUCXOAUT Yepe3 MPHMEHSIEMYI0 Meperpy304nyo Mydprty. CTpoUTelbHBIM
paboTaM 10 OTBEPTKE NPEAIICCTBOBANA Pa3padOTKa MaTEMaTHYECKOH MOJENM Ipolecca 3aBMHYMBAHUS U 0GalaHCHPOBKU
KPYTSALIMX MOMEHTOB, JEHCTBYIOIIMX Ha KaXKIOM 3Tare paboThl. DTO MO3BOJIMIIO PACCYUTATh 3HAYCHHE KMHETHYECKOU dHep-
MU KOMIIOHEHTOB IPHBOJA U ONEPAIlMOHHOII CHCTEMBI B IIEPEBOJIC Ha 3aTsDKHBIC paboThl. KHEeMaTHueckue ycloBHsi, KOTO-
PpbIe TOJKHBI ObITh BBIIIOJIHEHBI OTBEPTKOW B KOHIIE OJJHOTO MMITYJIbCA 3aTSKKHU, OBLITH OINPEeIICHbI sl HAKOTIJICHUS! KHHETH-
YeCKOH SHEePIUuH ¥ 3aIycKa IPYroro UMITYJIbCa 3aTKKH.
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Introduction

The power screwdriver is an assembly tool
used for driving in threaded fasteners. In automa-
ted assembly processes, special importance is gi-
ven to the problem of microprocessor control of
the device's operation and the possibility of smooth
regulation of the tightening torque while maintai-
ning its value within the specified tolerance ran-
ge [1-4]. These requirements mean that screwdri-
vers must be designed in a way that will allow
them to be used in integrated control and operation-
parameter-monitoring systems. In [5], a control
method based on artificial networks has been pre-
sented. The authors in article [6, 7] presents the
results of research on the original screwdriver for
industrial applications in the event of the need to
obtain the value of the tightening torque in narro-
wer tolerances. The operating of the screwdriver is
supervised by the control program, which has im-
plemented algorithms for selecting the operating
mode. The program also allows archiving opera-
ting parameters and visualization of on-line charac-
teristics of screwing.

A new criterion that has recently been proposed
for electric screwdrivers requires that the tools be
optimized toward reduced energy consumption by
the drive motor. Studies [8—10] report the results of
analyses of the impact of the electric motor's load
mode and power consumption on the functional

parameters of electric screwdrivers. These tests
allowed the authors to analyze changes in the de-
sign of working components necessitated by an
increase in the energy efficiency coefficient of the
electric motor. Paper [11] reports the results of ex-
perimental studies aimed at calculating differences
in electric energy consumption of a screwdriver
with a set tightening torque. Two variables of the
screwing process were manipulated: the angular
velocity of the screwdriver bit and the number of
impacts. Tightening torque and energy consump-
tion were studied as a function of angular velocity
of the screwdriver bit and the operating time of the
impact mechanism It was concluded, with regard
to the possibilities of controlling the operation
of the impact screwdriver, that it was impossible
to obtain a desired tightening torque by setting
the working time of the impact mechanism and
the initial angular velocity (turning rate) at which
a threaded connector was driven in.

Another method of reducing the energy con-
sumption of an electric screwdriver is to analyze
changes in the kinetic energy of the components of
the power transmission (drive) mechanism and the
working components during the screwdriving pro-
cess and then use these data to select an appropri-
ate motor. The original screwdriver described in
this present article is a tool [4] which uses a shunt-
wound DC motor with a voltage of 30 V and a
torque-limiting overload clutch (fig. 1).

Fig. 1. Testing bench for screwing parameters: a — tool to measure course of force and torques in the process of screwing [12];
b — screwdriver on testing bench
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The operating principle of the screwdriver

In designing the screwdriver, we performed de-
sign synthesis to make sure that the structure and
functional features of the drive system and the
working components system would allow to ex-
ploit the kinetic energy of the device for perfor-
ming external work.

The kinematic forces of the individual compo-
nents of the screwdriver are generated under the
influence of the operation of the motor coupled to
a planetary gear transmission (fig. 2). They are a
function of the motor's angular velocity ., the
transmission ratio #,, and the torque setting of the
overload clutch. The rotational speed of the motor
changes during a work cycle as a result of increa-
sing tightening torque of the threaded fastener and
a lack of a motor power reserve. The kinematic sys-
tem is switched on and off depending on the rela-
tionship between the value of the tightening torque
of the threaded fastener and the torque set on the
overload clutch. The system is disengaged when
the tightening torque of the threaded connector
exceeds the torque setting in the clutch. The sum of
the values of the mass moment of inertia of the
working components system and the mass moment
of inertia of the motor's rotor, reduced to the axis
of the screwdriver bit 7., determines the ability of
the screwdriving head to drive in a threaded fas-
tener of a given diameter. The movement of the
screwdriver bit driving in a threaded connector is
related to the movement of the spindle characte-

rized by diameter D, thread pitch H, and length of
the threaded part L.

The tightening operation takes place at the ex-
pense of the kinetic energy of the components of
the drive and the working components. The course
of the screwdriving process shows that the de-
mand for kinetic energy for the tightening opera-
tion is short-lasting and the maximum kinetic ener-
gy necessary for fastening occurs only in the phase
of tightening the threaded fastener. The basic con-
clusion that follows from the assumption that the
cycles of installing in threaded fasteners are exe-
cuted automatically is that none of the components
of the drive system and working components can
reach a zero angular velocity. The above also im-
plies that these systems (power transmission and
working components) can only transmit a limited
portion of the kinetic energy necessary for tighte-
ning the threaded connection. For the screwdriver
to be able to operate in a continuous fashion, after
performing the external work, the whole system
should accumulate energy to reach the same angu-
lar velocity before the next cycle. This requires
a comprehensive analysis of functional relation-
ships between the drive system and the working
components system, which will allow proper selec-
tion of a motor, a gear transmission ratio, and the
weight of the working components which perform
rotational motion.

The parameters and variables which describe
the operation of the screwdriver reflect the course
of the screwdriving process shown in fig. 3, 4.

Screwdriver bit  Clutch Nut Spring  Spindle  Gear box Engine
t & 7 = \
g S AP T NN S N Y _
T L T ik T
= |
—|_ o e D) e & e e e+ ﬁ

Fig. 2. Diagram of screwdriver construction
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Fig. 3. Screwing process realized by screwdriver:
a — theoretical course of screwing process: ¢ — tightening time;
t; — time of clutch-off; #, — time of energy accumulation;

T —period of one screwing impulse; M,,, — frictional torque
during normal screw-driving phase; M,, — sum of frictional
torques in drive and working component systems;

M, — tightening torque; b — curve illustrating screwing
for M6 B 6.8 bolt by means of screwdriver [4], in-screwing
parameter measurement on device [12]; 1 — moment on thread;
2 — axial force in bolt; 3 — friction moment under bolt head

M,

(st (Pd (P

Fig. 4. Theoretical course of screwing process:

M, — frictional torque during normal screw-driving phase;
M, — tightening torque; @y, — rotation angle of threaded joint
at the end of normal screw-driving phase; ¢, — rotation angle

of threaded joint at the end of tightening phase
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Equation of motion for a system
in the tightening and clutch-off phases

During the tightening phase, the tightening
torque transmitted by the screwdriver bit to the
threaded fastener increases to M, Once this value
has been reached, the overload clutch disconnects.
Kinetic energy of the drive and operating system of
the screwdriver

2

E =1t g, 3|+
2772 i
1 p H ’ 1 p H ’ v
+_mn (ps_ T (PS.
2 2mi, 2 2mi,
Energy dissipation function
. p.H
D=M,(1-1,)¢, +M,(1-n)+F,| 2= | (2)
2mi,
Potential energy
1 H H H
E ==k iy g imegP (3
"2 2mi, 2mi, 2mi,

Components of the Lagrange equation of the
second degree

E . 2
a.k :]s(.ps—'—]UR(pS-'—mn H (ps+
0P, i 2mi,
: @)
2mi,
i GEA = [S+IURL2 ¢)s+
dt\ 0, i,
s s (5)
m H Y. m H Y.
n 2Tfip (Ps 1 27_”.1) (Ps'
By deleting the first part
1 ) 1 1
I, +1,, l_—Z] =(1,4; +[UR)I_—2:IZ = ©
p p p

After substitution, we get

d [ OE, 1. H Y.

— | — =L 50, +(m, +m)| — .7
dt a(psj Zlf, (ps ( n 1){27_CZ j (ps ( )

P
Energy dissipation function

oD
LM (-
% J(1-m,)+
(8)
1 H
M —(1-m)+F
" Sip( n)+E, 2mi)
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Equation of motion for a system in the tighte-
ning and clutch-off (disengagement) phases

1. Y.
Izg(Ps +(m, +m1)(?j o, +

Ly

1 H
+| =k+m, +m, —+
2 27'czp
1- H
+MS (1_n9)+ . +F:)p . :Md' (9)
i 2Ttlp

The value of the kinetic energy of translational
motion and the value of potential energy are negli-
gibly small in relation to the kinetic energy of rota-
ry motion. It is then true that

LYo M, {(1—n‘.)+1?—”} +
’ (10)

P ll’

H
om,
P

where /; — mass moment of inertia of the engine's
rotor; I, — mass moment of inertia of the engine's ro-
tor, reduced to the axis of the screwdriver bit;
¢, — rotation angle of the engine rotor; [y — mass
moment of inertia of work system elements; i, —
transmission ratio; m, — weight of the nut; m; — mass
of components of the working system without a nut;
F,, — strength of friction resistance in sliding combi-
nation of the elements of the screwdriver; k — spring
stiffness; n — mechanical efficiency of the working
system; 1, — efficiency of the engine.

Energy losses in the drive system of the screw-
driver described by the energy dissipation func-
tion D mean that at time t, the system does not
reach velocity ¢, but a certain angular velocity ¢,.

It is then true that

Izl._z(Pled’ P, <0 =Q,. (11
p
According to this assumption, the work re-
quired for tightening and disconnecting the clutch
is done at the expense of the kinetic energy of the
system. Quantitatively, total work can be expres-
sed as

Pq
L = [Kodo, (12)
0

where ¢, — tightening angle of the threaded faste-
ner; K — threaded fastener constant.

Tightening torque M,, tightening angle ¢,, and
threaded fastener constant K as a function of dia-
meter d of the screw being inserted [7]:
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M, =0,0699d>**"; r*=0,9978;
K =2,3262d"7; r* =0,9674;
9, =0,03d"*"; > =0,993.

If at the starting time of the screwdriving pro-
cess 4,, the system has velocity ,, and at the mo-
ment of disengagement ¢, it has angular veloci-
ty oy, the following condition determining the ki-
netic energy of a system being in rotational motion
during the tightening and disengagement phase is
satisfied

0,51.¢7 —0,51.¢; =0,5K (¢,)’. (13)

From this equation, one can calculate the angu-
lar velocity of the working components system
after the tightening operation

. ., K
P =[P, T (9,)" (14)

z

Equation of motion for a system
in the phase of energy accumulation

The energy accumulation phase starts when the
overload clutch is disconnected. The direction of
rotation of the drive motor changes, the compo-
nents of the drive system and the working compo-
nents are unloaded and their angular velocity in-
creases. The equation of motion of the drive sys-
tem and the working components system of the
screwdriver during the energy accumulation phase
has the following form

i} 1. H Y.
IS(PS +IURll._2(‘PS +(mn +m2)[ﬁ] (PS +
p p

+(lk+mng+m2gji_+ (15)
2 27

4

1- H

+M&' (l_ns)+ (pS'+F;] _(.Pvz_MoAE‘

‘ ‘ i, ‘ Y 2mi b v
The sum of the kinetic energy of translational

motion and potential energy is negligibly small in

relation to the kinetic energy of rotary motion. The

following equation is then obtained

.. 1. . 1=
]s(ps +]URll._2(PS +Ms (l_ns)(Psl_n+
p p (16)
+F:)p (Ps 2T5ip :_MopAE'

The initial conditions for the system are de-
fined by relationship (14). The system is loaded
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with frictional torque M,,4¢. This torque is equal to
the frictional torque occurring during the normal
screwdriving phase, which means that the frictio-
nal torque in the energy accumulation phase can be
expressed as

MopAE = Msw + M

op?

where M, — frictional torque during the normal
screwdriving phase, M,,, = 0.005M,; M,, — sum of
frictional torques in the drive and working compo-
nents systems; m, — mass of workpiece parts ex-
cept for the nut, passive part of the coupling and
screwdriver bit; Iyz — mass moment of inertia
of workpiece parts except for the nut, passive part
of the coupling and screwdriver bit.

Energy losses described by the energy dissipation
function mean that in the real system the motor does

not reach velocity ¢, but a certain velocity ¢,

LQy + Lyp, @, 1_2 =M,z O, <P <0, (17)

P
The equation of motion in the energy accumu-
lation phase is used to calculate the angular veloci-

ty of the end link ¢,. Because

1S+1UR1—1 (13)

l.z — SR>

P

where sz — mass moment of inertia of the compo-
nents of the drive system and the working com-
ponents reduced to the rotor of the drive motor;
M,,; — sum of frictional torques in the drive and
working components systems reduced to the motor
shaft; M, — frictional torque during the normal
screwdriving phase reduced to the motor shaft

- 0.005M,

L

The frictional torque reduced the motor shaft
has the following value
M, =M, +M, . (19)

opAE

After substitution, we get:

M + Mf’[’~“ = MZS (O‘)Z‘S‘ - (was )? (20)

Sws

(DZS
ISR(T):_MopAE; (21)
do M
I,—=—"%=(0__—o). 22
SR dt ® ( SWS ) ( )

zs

The solution to the equation is:

d_m = k] ((Dsw,

7 —o); (23)

A
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o=ce +o (24)

where ., — rated speed of the engine; ®,,, — angu-
lar velocity of engine loaded M, torque; k; — con-
stant

zs
For ¢t =t, = 0, ® = oy, hence constant ¢
c= _(wax + O‘)k ip : (25)

By integrating the equation we get

1 o
(p=c0mt+k—l(oam—mkzp)e "+¢. (26)

Fort=0,90=0

¢ = —kl(mm —w,i, ). (27)

1
Finally, we get

1 . —kt
(pzmmtJr;l(mm —oakzp)(e —1). (28)

Angular speed of the screwdriver bit at the end

of the energy accumulation process
0. =+0,, ~(0, ~0d,)". @9)
i, i

During the energy accumulation phase, the sys-
tem must return to its initial state, i. e. reach ve-
locity ®. = w,, or, in other words, to reach an angu-
lar velocity that will allow the screwdriver to ope-
rate again

o, =0, — ((Dm — @y, )e’k". (30)

On the basis of the analyses of energy changes
during the phases of the screwdriver's operation,
design synthesis was performed to select the pa-
rameters that would allow the screwdriver to be
used for driving in M6-M12 screws (tab. 1, 2).
The exact range of screw diameters was de-
termined by the maximum torque exerted by the
screwdriver M; = 50.4 N-m.

The tightening cycle may be implemented ac-
cording to the two methods. The method of single
pulse provides a short time of technological process
while maintaining the condition that the screwing
torque is equal to tightening torque. During the me-
thod of successive individual pulses the bolt is tigh-
tened with i = 1...n pulses, of which the nth allows
the development of the tightening torque. This me-
thod in practice is used when tightening the bolts
with the dimensions of M§-M12.
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Table 1
Technical data of screwdriver
Drive engine Mass moment of inertia of
Description Symbol | Value Description Symbol Value
Power N 30 W |Engine rotor reduced to axis
of screwdriver bit I 0.0076 kg-m®
Rated turning moment M 0.1 N-m |Engine rotor I 0.00037 kg-m2
Rated angular speed o, |314 rad/s |Work system elements Iyg 0.000107 kg-m?
Rated voltage U 30V |Components of drive system and working components
reduced to rotor of drive motor I 0.000375 kg-m?
Table 2
Values of screwing parameters obtained when screwing bolt M6
Description Symbol Value
Tightening torque My 8.6 N-m
Frictional torque during the normal screwdriving phase M, 0.043 N-m
Angular speed of the beginning of the screwing process 0, 62.72 rad/s
Angular speed of the end of the screwing process Wy 51 rad/s
Tightening angle oy} 0.86 rad

CONCLUSION

Electric screwdrivers are designed to meet two
main criteria: they have to deliver a high tightening
torque at a low power of the screwdriver motor and
consume a minimum of energy. The available lite-
rature provides analyses related to the reduction of
power consumption by the screwdriver's motor; at
the same time, many articles pay attention to diffi-
culties in controlling the screwdriver's operation.
This article presents a different approach to the
problem of energy consumption in screwdrivers.
The analysis focused on changes in the kinetic
energy of the components of the drive system and
the working components of the device in the dif-
ferent phases of its operation. It was shown that the
sum of the values of the mass moment of inertia
of the working components and the mass moment
of inertia of the motor's rotor, reduced to the axis
of the screwdriver bit, determined the ability of the
screwdriving head to drive in a threaded fastener
of a given diameter. The parameters of the newly
designed screwdriver for driving in fasteners in the
diameter range M6-M12 were collated, and the
parameters and variables of the screwdriving pro-
cess were identified.
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