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SUMMARY
The majority of current robotic joints are primarily actuated
by rotational mechanisms. These electrical drives have
substantially different features than the features found in
human muscular systems. This paper presents a cost-effective
solution to the backlash of a phenomenon known to cause
positioning errors and other undesirable dynamic effects
in drives. These errors are particularly pronounced when
relatively major changes appear in the pre-load conditions
of the motor such as in the case of a robotic leg or arm
with a high degree of freedom. Current solutions require an
accurate time-varying model of drives that is not available
in the majority of practical cases. Therefore, in this paper a
digitally controlled mechanical solution is proposed which is
inspired by the human flexor–extensor mechanism. The idea
is to construct an antagonistic actuator pair analogous to the
flexor and extensor muscles. In order to obtain good control
performance even in the low-speed range, permanent magnet
stepper motors were chosen as actuators that are commutated
in a digitally closed-loop fashion. The operation of the
controlled structure has been verified in a real experimental
environment where measurements showed good results and
match with previous simulations.

KEYWORDS: Backlash; Robotic joint; Permanent magnet
stepper motor; Closed-loop commutation; Electric drives;
Transmission; Mechatronics; Drives; Motion control.

Nomenclature

b Measure of a backlash as a distance [m]
β Measure of a backlash as an angle [rad]
r Radius of a gear [m]
τ Torque [Nm]
i Current [A]
I Nominal current [A]
θ Angle [rad]
J Inertia [kgm2]
B Viscous friction [Nm s/rad]
F Force [N]
ω Angular velocity [rad/s]
n Gear ratio
N Pole number
x Linear position [m]

* Corresponding author. E-mail: veres.jozsef@itk.ppke.hu

k Feedback strength [1/s]
K Stiffness [N/m]
e Angle difference [rad]
E Angle difference threshold [rad]
T Time period [s]

Subscripts

m Motor
a, b Phase a and b
p Pole
g Intermediate gear
l Load (real)
L Load (estimated)
r Reaction
d Desired
c Computed
t Total
j Index of the elements in pair (1,2)

1. Introduction
Most robotic joints are actuated by rotational mechanisms.
Typically, these mechanisms are driven by electric motors
whose operating speed is higher than what the joints actually
require. Gearboxes are then used to reduce the speed of
joints and also to increase their torque. The incorporation
of a gearbox corrupts the continuity of torque transmission
in most cases because of the backlash phenomenon.
Backlash originates from the gear play that results from
the imperfectness of fabrication or the increased wear level
of mating gears. During static motion this introduces only
positioning errors, but in dynamic cases limit-cycles may
occur. Some mechanical and control solutions that reduce
the effect of backlash are given below.

Starting with the control solutions, it can be concluded
that numerous publications are available in this field.
Most of these papers offer solutions for the modeling
and identification of the mechanical system together with
the backlash phenomenon.1–6 Different approaches include
vibration analysis,7 wavelet analysis,8 utilizing fuzzy logic,9

and Kalman filters.10 Compensation of the effect of backlash
using Stribeck friction was reported in refs. [11] and [12].
Controllers and adaptive controllers for mechanical systems
with backlash can be found in refs. [13–15]. There are papers
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focusing on different applications such as positioning16

or target tracking.17 Hovland et al.18 showed a backlash
identification in robot transmission. Backlash compensation
for a humanoid robot with a disturbance observer,19 as well
as with a genetic algorithm,20 was reported. Turning now to
mechanical solutions, a few examples include anti-backlash
gears, pre-loaded gears, and harmonic drives. The latter were
originally developed for aerospace and military applications
and offer a very low level of backlash with high reduction
ratios in a compact size. These advantages have made the
harmonic drive the most widely used robotic gear type. The
disadvantages of using this type of mechanical solution are
its increased level of elasticity and significantly higher cost.

The cost of an actuator can be an issue, for example, in
the cases where high degree of freedom (DOF) robots are
needed. Good examples of this are the humanoid or biped
robots where tens of joints are usually required to be actuated.
In almost all cases these are series manipulators. According
to Akhter and Shafie,21 a large percentage of these robots are
not equipped with harmonic drives but use standard gears
presumably to be more cost-effective but at the same time
suffering from the effect of backlash.

In this work, a low-cost alternative solution for decreasing
the effect of backlash in robotic joints is presented. This
solution reduces backlash by incorporating a flexor–extensor
pair of low-cost permanent magnet (PM) stepper motors
bundled with low-end integrated gearboxes. The method was
inspired by the biological structure of human limbs; this
inspiration is briefly introduced in the following section.

There are related studies in the literature. For parallel
manipulators, Robertz et al.22 and Boudreau et al.23 have
recently published their dual-motor mechanism that can be
used to reduce the level of backlash. The original level
was reported to be reduced by over 90%. Turning to series
manipulators, which are in the scope of this paper, Ohba
et al.24 and Mitsantisuk et al.25 presented their twin-drive
mechanism that is related to the solution of this paper. They
were using direct-drive DC motors, which create a significant
limitation, since without gears the robots that are in the scope
of this paper could not be built due to the lack of adequate
torque capability.

It has to be emphasized that this paper does not target the
area of classical industrial manipulators – where precision
and repeatability are more important than the cost of
actuators – but the robots with high DOF that require
negligible backlash at low cost.

The paper is divided into seven sections. In the next section,
the inspiring mechanism is presented. The description of the
proposed robotic joint is in Section 3. Section 4 contains the
nonlinear model of the joint. The algorithm of motion control
appears in Section 5. The sixth section contains the results of
the simulations and experiments, and in the last section, the
contributions of the work are summarized.

2. The Inspiring Human Flexor–Extensor Mechanism
Human muscles can only exert force in one direction. That
is why it is always necessary to have counterparts to create
repetitive motion with the help of cyclic contractions such
as walking. These muscle groups are called agonists and

Fig. 1. Electromechanical model.

antagonists. Well-known examples are the biceps brachii and
triceps brachii muscles of the upper arm. By using these
antagonistic pairs we are able to perform a wide variety
of motions. For example, if the two antagonistic muscles
are contracted simultaneously, it is possible to change the
stiffness of a joint. In terms of precise coordination of
these muscle groups, complex neural controls are generally
required. However, simple reflex-arcs exist that can realize
fast but very simple reactions.26 A good example of this is the
collateral inhibition of antagonistic muscles that serves as a
basic mechanism of muscle cooperation. This idea inspired
the authors to design and implement an alternative solution
for the backlash problem of low-cost robotic joints.

Our approach is to use a pair of low-cost actuators instead
of a more expensive solution that contains a harmonic drive.
Then one actuator is dedicated for the right turn and the other
for the left turn just as flexing and extending in human limbs.
A smooth motion can be realized with a proper control by
mimicking a simple reciprocal innervation of two muscle
groups. The main advantage of this approach is that the
backlash of the joint can be almost completely eliminated
with a simple digital control that is implemented using a
low-end microcontroller.

3. Description of the Proposed Robotic Joint
As introduced in the previous sections, this approach uses a
pair of actuators. These include gearboxes with a significant
level of backlash. Figure 1 shows the structure of the pro-
posed joint. The two actuators that are facing in an opposite
direction are attached to a fixed body (Link 1). The outputs of
the gearbox axes are directly coupled with the output of the
robotic joint that is actuated (Link 2). The following conven-
tion is used: Motor 1 is assigned to the right turn (flexing) and
Motor 2 for the left turn (extending). This could be arbitrarily

https://doi.org/10.1017/S0263574713000015 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574713000015


Backlash reduction of robotic joint using commutated stepper motors 791

Fig. 2. Photo of the implemented prototype.

set but the above written convention is used. The gearboxes
are low-end spur type and are integrated with permanent
magnet stepper motors. These are three-stage gearboxes
with a gear reduction ratio of 100:1 (n1 = n2 = 10). The
total backlash (βt ) of an individual gearbox is 0.0192 rad.
Nowadays permanent magnet stepper motors are becoming
affordable and are widely used not only in the industry but
even in the field of aerospace engineering.27 These motors
or the hybrid types combined with a simple microcontroller
can perform well28–31 even in the low-speed region.

In order to actuate the joint, low-cost, two-phase, bipolar
permanent magnet stepper motors were chosen. Each of
these has six pole-pairs with 8 � coil resistance and 24
mH coil inductance. The nominal current is 0.45 A with
holding torques of 0.012 Nm. The inertia of the rotors is
1.5 × 10−6 kg m2 with a motor constant of 0.004 Nm/A.
Both motors are equipped with on-axis rotary encoders. Non-
contacting sensors are widely used nowadays because these
are less prone to wear out. Optical encoders are used as
standards, but recently the magnetic-type rotary encoders are
becoming a good alternative solution. The latter one offers a
cost-effective way of angular measurement at the price of the
decreased maximal spatial resolution. In this paper AS5045-
type sensors are used that provide 12-bit absolute resolution.
This is equivalent to a 4096 CPR that is acceptable for these
robots. The sampling rate of the sensor is 10.4 Khz. Besides
the two sensors that measure the angular position of two
motors, one more sensor is used. It is optional, and is used
here to assist the verification of backlash reduction.

The implemented prototype is shown in Fig. 2. The
two permanent magnet stepper motors are denoted by (A)
and the corresponding gearboxes by (B). On the top of
the motors, (C) denotes the magnetic encoders and the
driving circuits. A3979 is used as a motor driver along
with a PIC24HJ12GP202 16-bit microcontroller. The driver
features internal PWM current control and its reference value
is updated by the microcontroller. (D) marks the optional
load side encoder that measures the angular position of Link
2 with respect to Link 1. (E) and (F) indicate Link 1 and
Link 2 respectively. The full motion control algorithm is
implemented onboard, which means a PIC24FJ16GA002

Fig. 3. Normalized static torque characteristics of the stepper motor.

microcontroller is responsible for complete digital control
(G). Personal computer is only used for data acquisition.

4. Modeling of the Joint

4.1. Stepper motor model
The instantaneous torque of the permanent magnet stepper
motor can be written as follows:32

τ = −Km[iasin(Npθ) − ibcos(Npθ)], (1)

where Km (Nm/A) is the motor constant, ia (A) is the current
in phase a, ib (A) is the current in phase b, Np is the number
of the rotor poles, and θ (rad) is the mechanical angle of the
rotor.

Figure 3 shows this static torque characteristic. It is
modeled as a sinusoid-like function of the rotor’s angular
position where the higher harmonics, such as the 4th
harmonic (the cogging torque), are neglected. Both one-
phase and two-phase excitations are plotted (the latter two-
phase excitation was chosen since it offers more torque).
The static torque is normalized and the stable points (o),
which represent the rotor’s rest position if no external load is
applied, are marked.

Then the differential equation of the motor’s dynamics is
given by33

d2θ

dt2
= −Kmiasin

(
Npθ

) + Kmibcos
(
Npθ

) − Bω

J
, (2)

where ω (rad/s) is the mechanical angular velocity, B

(N ms/rad ) is the viscous friction coefficient, and J (kg m2)
is the inertia of the rotor.

The coils are excited with full-stepping method that can
be written as34

ia = Isin(Npθd ), (3)

ib = Icos(Npθd ), (4)
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Fig. 4. Illustration of the backlash.

where I (A) is the nominal current of the motors’ coil and θd

is the desired angle, where θd ∈ [π
4 , 3π

4 , 5π
4 , 7π

4 ].

4.2. Gear train and backlash model
First assume that the transmission of the motors are free of
backlash and all the elastic deformations are neglected. In
this case the angular position of the load can be written in
the following forms:

θl = θm1

n1n2
= θg1

n2
= θm2

n1n2
= θg2

n2
, (5)

where n1 is the reduction ratio between the first and the
second stage and n2 is the reduction ratio between the second
and the last stage. This linear formula turns to be highly
nonlinear once the effect of the backlash is added. Two
different scenarios are usually distinguished: Contact Mode
(CM) when the two mating gears are in contact, and the
Backlash Mode (BM) when these are disengaged.13 Figure 4
shows a gearplay between mating gears. The value of the
backlash measured as a linear distance is denoted by b. It can
be approximated by using the angle β (rad) and the radius r1

as follows:

b ≈ βr1, (6)

since β is a small angle. Similarly, it is equal to the radius of
gear 2 multiplied by the angle of backlash measured on the
second gear. In the literature there are different approaches
to model the effect of backlash.4, 5, 10, 15 One of these is the
contact model type, that is, using nonlinear reaction forces.14

The idea is to model the occurring contact between the
mating gears with a nonlinear elastic force that depends on
the relative position (x) of the mating gears. The starting
point (x = 0) is when the gears are at the center of the empty
space. The relative position of the mating gears is defined as

x = r1θ1 − r2θ2. (7)

For simplicity, a piecewise linear function is used to express
reaction forces, which can be seen in Fig. 5.

f (x) =

⎧⎪⎨
⎪⎩

K(x + b/2) x < −b/2
0 |x| ≤ b/2
K(x − b/2) x > b/2

. (8)

Fig. 5. Piecewise linear function for backlash modeling.

The values of stiffness K and individual backlash b are
expected to be identical for all the stages of gear trains. The
numerical values are approximated by experimental results
that are presented in Section 6. By using Eq. (7) the reaction
force acting on the teeth of gear 1 can be defined as follows:

Fr = f (r1θ1 − r2θ2), (9)

and the torques of gear 1 and 2, created by the reaction forces
acting on the mating teeth are given by

τ1 = Frr1, (10)

τ2 = −Frr2. (11)

4.3. Complete model
The complete electromechanical model of the proposed joint
is modeled as a five-inertia system that includes backlash
and viscous friction. According to the naming conventions
of Fig. 1, the index of m refers to the motor number and the
first stage of the gearbox, g refers to the second stage, and l

refers to the load and the last stage. Then by using Eqs. (2),
(6), and (9) the complete model becomes

d2θmj

dt2
= τmj

− Bmωmj
− Fmgj

rm

Jm

, (12)

d2θgj

dt2
= −Bgωgj

+ Fmgj
rgm − Fglj rgl

Jg

, (13)

d2θl

dt2
= τl − Blωl + (Fgl1 + Fgl2 )rl

Jl

, (14)

τmj
= −Km[iaj

sin(Npθmj
) − ibj

cos(Npθmj
)], (15)

iaj
= Isin(Npθdj

), (16)

ibj
= Icos(Npθdj

), (17)

Fmgj
= f (θmj

rm − θgj
rg), (18)

Fglj = f (θgj
rg − θlrl), (19)

where j , which can be 1 or 2, denotes the element of
the actuator pair. B coefficients are the viscous damping
coefficients and τl represents all the external forces acting
on the load. Jm denotes the combined inertia of the motors
and the first stage. Jg is the inertia of the intermediate
stage and Jl indicates the inertia of the load and the last
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Fig. 6. Flowchart of the closed-loop commutation.

Fig. 7. Block diagram of the motion control of the joint.

stage. The numerical values were numerically computed on
the available CAD drawings of the parts. The forces Fmgj

are the reaction forces acting on the mating gears of the
first stage (m) and the intermediate stage (g), and similarly
Fglj is the reaction force of the intermediate and the last
stage (l).

5. Motion Control
The control input to the system is the angular velocity
reference (ωref) of the joint. As the first assumption, this
specifies the rate of change of the desired positions of two
motors. This means that the desired angular velocities of the
motors are given by

ωd1 = ωref, (20)

ωd2 = −ωref. (21)

An open-loop commutation scheme could enforce the
desired angular velocity command if proper acceleration
and deacceleration phases were added to prevent the loss
of synchronism. This would imply the commonly used

trapezoidal speed profile. Unfortunately even that could
not guarantee the synchronism in the presence of unknown
external loads, therefore closed-loop commutation is used.
In order to keep the commutation synchronized with the
rotor, error variables are defined for feedback that are
defined as

ej = θmj
− θdj

(22)

Figure 6 shows the flowchart of two individual motor com-
mutations. In order to prevent the loss of synchronism, if the
error is greater than a predetermined threshold (E = 0.2 rad),
the current step is delayed until it falls below the threshold.

The closed-loop commutations of the stepper motors
are just the low-level parts of the whole motion control.
The high-level part is responsible for the generation of the
commanded angular velocities (ωcmdj

). The block diagram
of the complete motion control can be seen in Fig. 7. In
order to reduce the level of backlash, a cross-connected
feedback is taken. βd is the desired level of angle difference
and it is defined as follows:

βd = bt rm = βtn1n2, (23)

where bt is the total backlash of the gearbox given as a linear
distance, βt is the angle of the total backlash expressed at
the last stage, and k is a constant that sets the strength of the
error feedback. As can be seen in Fig. 7, the control tries to
drive the actuators on the two sides (flexor and extensor) in
a way to make βd − (θm1 − θm2 ) approach zero. The closer
it drives to zero the less the resulting backlash. Then the
position of the load can be approximated by

θl ≈ θm1 + θm2

2n1n2
= θL. (24)

Since θl is also measured, the comparison of the two
trajectories becomes a good benchmark for the operation of
the system.

6. Simulation and Experimental Results
For running the simulations MATLAB 8 was used with
the help of a built-in numerical differential equation solver,
which is based on the variable step Runge–Kutta method.

In order to create a basis for comparison, a new system is
introduced. If one of the flexing–extending actuator pair is
removed, a standard robotic joint would be achieved. Let
the actuator denoted by index j = 2 be omitted, which
means the motor and the gears are physically removed.
The corresponding complete model is the same as derived
previously but j is limited to one and Fgl2 is set to be zero.
In the following, it is referred to as the standard case and the
original one as the flexor–extensor case.

Figures 8(a) and (b) illustrate two of the model validation
results where the standard case was used. Both figures show
the measured and simulated θl load positions as two different
τl external load torques were applied at about t = 0.6 s. The
motors were excited with the maximum constant current in
order to produce the maximum holding torque that prevented
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Fig. 8. Results of the model validation.
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(c) Zoom at the simulation and measured data

Fig. 9. Simulation and experimental results of the standard case.

Table I. Comparison of test results.

Configuration/Method βc

Standard/Simulation 0.01913 rad
Standard/Experiment 0.01892 rad
Flexor–Extensor/Simulation 0.00087 rad
Flexor–Extensor/Experiment 0.00118 rad

the applied external torque to back drive the motor. The
position of the load was set to one extremum of the empty
space created by the gearplay.

Then the applied external torque forced the load to move
toward the other extremum. The smaller 0.5-Nm torque
created a small overshoot that corresponds to the impact
of the mating gears. The load position after the impact is
just slightly bigger than the original backlash of the gearbox.
The larger one caused a bigger impact and showed a damped
oscillatory motion with a settled position equal to almost the
twice of the original backlash.

Figures 9 and 10 show the comparison of new flexor–
extensor approach with the standard approach. In both cases
the angular velocity reference (ωref) was given. In order
to realize a smooth back and forth motion that is needed
to analyze the moment of the direction change, sinusoidal
velocity reference was given.

Figure 9(a) shows the simulation results of the directly
measured (θl) and approximated (θL) position of the load.
Since there is no external disturbance, the position of the load
follows the position of the motors with a small difference. The
difference between the two curves is enlarged in Fig. 9(c).

As the motion of the motors changes direction, the
mating gears smoothly travel the empty space caused by
the backlash. First, it creates positional inaccuracy and then
in the presence of external disturbances (e.g., caused by other
joints) it can create high impacts as shown in Fig. 8(b).
The real measurement is shown in Fig 9(b) and the zoomed
counterpart is depicted in Fig. 9(c). The measured curves
show the raw signals that are not filtered and therefore contain
some noise.

Now turning to the new approach proposed in this paper,
the simulation results are obtained by using the flexor–
extensor case depicted in Fig. 10(a). By using the identical
reference velocity that was used before and recording the
same system variables, the difference between the two
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Fig. 10. Simulation and experimental results of the flexor–extensor case.

curves disappears. The enlargement in Fig. 10(b) also shows
a significant reduction. The experimental results of this
approach showed similar effect in Fig. 10(c). By zooming
into the curves in Fig. 10(d), small deviations that are
comparable to the noise base of the sensor became noticeable.

However, precise measurement of the position-dependent
backlash can be challenging, but by using θl and θL and
the applied bidirectional motion, the measurement of the
remaining level of the backlash could be approximated.35

In order to have a quantitative comparison, a specific mean
value is defined as follows:

βc = 1

T

∫
T

|θl(t) − θL(t)| dt, (25)

where T is the period of the sinusoid that was given as
a velocity reference. This mean value gives a comparison
basis to compare the results and gives an approximation of
the remaining level of backlash. It averages the difference
of the direct measure and the calculated position of the load
through one period of the bidirectional motion.

Table I shows the quantitative results where the standard
case almost exactly reproduced the original backlash value.
In the standard case, the difference between the simulation
and the experiment is about 1% (2.1 × 10−4 rad). This value
for the proposed flexor–extensor case is slightly larger than
25% (−3.1 × 10−4 rad), which is caused presumably by the
relatively low positional resolution; however, the difference
in absolute terms matches well with the preceding case.
Comparing the standard and flexor–extensor case, simulation
showed 1 − 0.00087

0.01913 = 95.45% reduction in the average of
the remaining backlash. Real measurement showed 1 −
0.00118
0.01892 = 93.76% reduction that is just slightly less compared
with the simulation result.

Table II. List of constants.

Bm 8 × 10−5 Nm s
rad Jm 1.76 × 10−7kg m2

Bg 1.1 × 10−4 Nm s
rad Jg 0.4 × 10−7kg m2

Bl 1.05 × 10−1 Nm s
rad Jl 7.5 × 10−4kg m2

K 1.46 × 106 N
m b 7.8 × 10−4 m

rm, rg2 3.7 × 10−3 m rg1, rl 3.7 × 10−2 m

All constants that are used during the simulations are listed
in Table II.

7. Conclusion
A new improved actuation system for robotic joints has been
described in this paper. The proposed joint consists of two
stepper motors that are operated in a flexor–extensor fashion
inspired by the structure of human limbs. With this solution,
a method was given for minimizing the effect of backlash
by applying a simple high-level control algorithm. Real
measurement data show a good match with simulation results
and clearly support the practical applicability of the approach.
Based on the experimental results the mean reduction of the
backlash was over 90%.
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