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We propose a preliminary design concept for the external force compensator. An arrangement of lever-wheel

arrangement with a group of springs producing counter torque to compensate for external force. The springs
are fixed on adjustable pivot points to allow compensation of a range of payloads. We introduce the use of self-
locking worm gears to ensure the compensator’s torque is purely applied on either the wheel or the lever. We
investigated the compensator design with a 2-DOF manipulator which consists of two orthogonal rotational
joints. We present a design methodology to the compensator together with a selection of spring coefficients to
match a certain range of payloads. Results of the simulation show complete compensation of external force is
possible as compensation of certain components of the force vectors.

1 INTRODUCTION

Serial robotic arms are known for their various appli-
cations. The main drawback of using robot manipu-
lators is the large mass of the links which requires us-
ing high-power motors. The majority of energy con-
sumed during operation goes to compensate for the
robot’s own weight while leaving only a smaller part
to manipulate payload (Kim and Song, 2014).
Studies on gravity compensation show a variety
of approaches to passively compensate for the robot’s
weight reducing the torque required by the robot’s
joints (Arakelian, 2016). The traditional method is to
use a counterweight (see Figure 1a) (Arakelian et al.,
2000). This method allows for increasing payloads.
However, it increases energy consumption as the total
potential energy of the manipulator is increased due
to the increased weight. Another method is to add
a single-component compensator that can be spring-
based or pneumatic-based as shown in Figure 1b.
These elements change the non-linear dynamic be-
havior of the manipulator to a different behavior due
to the introduction of their own non-linear behavior
to the manipulator’s statics and dynamics. Integrat-
ing compensators with manipulators changes stiffness
properties (Klimchik and Pashkevich, 2022). An in-
vestigation of stiffness properties and identification
of manipulators with spring-based compensators is
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presented in (Klimchik et al., 2013), investigation of
stiffness properties of manipulators with pneumatic-
based compensators is presented in (Klimchik et al.,
2017). Nevertheless, compensators provide support
to the manipulator and enhance its stiffness properties
for enhanced manipulation of payload.

Other studies introduce gravity compensation us-
ing auxiliary mechanisms with springs like the one
introduced in (Gopalswamy et al., 1992). They used
a parallelogram mechanism coupled with torsional
springs to counter-balance gravitational torques in
manipulators’ joints. The advantage of using springs
is that they have lightweight hence, the increase of
the manipulator’s total potential energy is insignifi-
cant. Studies that use springs for counter-balancing
introduce various mechanisms with different types of
results. An example of compensation using an auxil-
iary mechanism is shown in Figure 1c. Some studies
show a partial reduction of gravity torques as in (Kim
and Song, 2014) where they used the parallelogram
mechanism as an auxiliary system to transform the
vertical base axis to consequent manipulator’s joints.
At each joint, a spring connects between the link and
the vertical reference frame allowing the compensa-
tion of the major part of the joint’s torque. partial
compensation of gravity torques for different types of
manipulators was considered by (Morita et al., 2003),
(Agrawal and Fattah, 2004), (Kim et al., 2016) and
(Chung et al., 2016) where planar and a spacial cases
were investigated.

The design of compensator for multi-DoF manip-
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Figure 1: Different methods for counter-balancing.

ulators is complex and increases in complexity for a
larger number of degrees of freedom. Another factor
that affects complexity is the level of compensation as
partial compensation of gravity torques is less com-
plex than complete compensation. Moreover, design-
ing a compensator for a planar case is less complex
than for a spacial case. (Cho and Kang, 2014) pro-
posed an analytical approach based on the analysis
of the eigenvalues of the potential energy of articu-
lated manipulators. The advantage of this approach is
that it shows the decoupling of torque terms and pro-
vides a systematic approach for determining the num-
ber of springs needed and their locations. Similarly
(Cho et al., 2012), (Kim and Cho, 2017), (Lin et al.,
2010) and (Chung et al., 2016) considered the com-
plexity of the spacial for complete compensation of
gravity torques. While some studies considered pla-
nar cases as in (Lin et al., 2012) and (Jhuang et al.,
2018). Some studies considered reducing the com-
plexity by introducing different components as cams
(Koser, 2009). Other studies went beyond service ma-
nipulators and considered different systems like reha-
bilitation devices as in (Nakayama et al., 2009).

In this paper, we are considering a preliminary
concept of an adaptive compensator in which a com-
bination of linear springs is integrated. The adaptation
appears in the form of adjustment of springs fixation
points in order to produce various values of counter-
torque for the same robot configuration. This aims
to compensate payload and adapt to the changes in
the payload. The concept depends on coupling robot
joints with a combination of springs producing a sum
of torque to counter the payload torque. This al-
lows complete compensation for the constant payload
around the robot’s whole workspace while being able
to re-adjust components’ stiffness to match different
payloads. A 2-DoF spacial manipulator is mounted
with the proposed compensator. We considered the
arrangement of the mechanical connections however,
we did not present calculations of transmission ratios.
The system is tested in simulation and the results to-
gether with design recommendations are presented.

e
(a) A 1-DoF system with (b) Spring suspension
external force and spring with an adjustable fixa-
suspension. tion point.

Figure 2: Compensation of a single-component force with
1-DoF system.

2 STATIC MODELING FOR A
SINGLE-COMPONENT FORCE
COMPENSATOR

A single-component force compensator is addressed
in this section. The goal is to show a method to com-
pensate a force component using a single spring by
adjusting one of its fixation points. Figure 2a shows
a 1-DoF system with one link of length / and rotated
with angle g. The mass of the link is not considered.
A spring with stiffness coefficient k is connected at
point A at a vertical distance a from the ground and at
point B at distance b along the link. An external force
F is applied on the tip of the link pointing downwards
making the force vector F = [0,0,—f,]” and the tip
position as follows.

Z:[lsin(q) 0 lcos(q)]T @)

where L is the position vector pointing from the center
of rotation to the tip of the link.

It is possible to calculate the torque due to external
force using cross product.

T=LxF=[0 —fIsin(g) 0] ©)

where T is the torque due to external force around the
center of rotation.
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A spring with proper stiffness coefficient can pro-
duce counter torque that eliminates the effect of the
force and makes the sum of torques around the joint
equals to zero at any angle g.

F,=BAk 3)

where k is the spring’s stiffness coefficient, BA is the
distance vector pointing from point B to point A rep-
resenting the extended length of the spring and Fj is
the force produced by the spring.

,=BxF=1[0 abksin(g) 0] @&

where T, is the torque produced by the spring around
the center of rotation.

As the system should be in equilibrium, the sum
of torques should be zero T+ T, = 0.

a b ksin(q) = f; Isin(q) 5)

And accordingly we can choose the spring coeffi-
cient k. £

k==— 6

b (6)

Figure 2b shows an adjustable pivot point where
only one of the spring’s ends is fixed. By adjusting the
distance b’, we can achieve compensation to a range
of values of applied force.

, [
b:fzﬂ @)

This implies a linear relation between the distance
b and the applied force. This means that the linear
variation of the distance b’ can correspond to a value
range of force that can be compensated.

3 STATIC MODELING FOR A
TWO-COMPONENT FORCE
COMPENSATOR

For systems with multi-DoF, the torque applied on
a single joint due to external force depends on the
whole configuration of the manipulator. This section
aims to show a method using two springs to produce a
counter-torque that depends on two configuration an-
gles 01 and 6,. Figure 3a shows lever-wheel arrange-
ment. The lever and the wheel rotate around the same
center with angles 0 and 0, respectively. Two points
A1 and A, are fixed at some distance a; and a, from
the center of the wheel and set apart with a 90 shift.
Point B is fixed at distance b along the lever. Two
springs with coefficients [k, k] connect point B with
both points A; and A,, respectively.

Taking the lever rotation of the value 8; while the
rotation of the wheel of 0,. If the wheel and the lever
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(a) Geometric representation of lever-wheel mechanism with
2-DoF compoensator.

(b) Geometrical representation of worm gear meshing on the
back side of the lever-wheel mechanism.

(c) A show case where the lever rotates with angle 6; while the
wheel rotates with angle 62.

Figure 3: The concept of using the lever-wheel arrange-
ment.

rotate in the same direction, a value of (6; — 0,) can
be realized. While if they rotate in opposite direc-
tions, a value (0] + 0;) can be realized, taking the
counter-clockwise direction as the positive direction.
Figure 3c presents realization of 6; — 0,. Taking the
lever’s reference frame where the x-axis points along
the lever, makes the position vector of points Aj,As
and B as follows:

B=1[b,0,0]"
Ar=aj[cos(8;—8,) 0 sin(8—62)]" (8
As=ay[—sin(81—82) 0 cos(8; —62)]"

The torque generated by the spring between points
A1 and B can be formulated as follows:

Tay = k1 ~A1 X (B—Al) (9)

where kj is the stiffness coefficient of the spring con-
necting between points A; and B and 7,1 is the torque
produced by this spring.

Tayy = —ki a1 b sin(q1 — q2) (10)

where T,, y is the y-component of T, as the x and z
components equal to zero.



Figure 4: 2DoF manipulator.

Similarly, for the spring between points A, and B:
’Ca2=k2-A2><(B—A2) (11)
which makes the y-component 1, , as follows.

Tayy = —ka az b cos(q1 — q2) (12)

Making the sum of torques Ty, around the center
of rotation as follows:

Tsum = Talo’JrTuz-,y
= —klalbsin(ql —QQ) —kzaszOS(ql —QQ) (13)

Using a self-locking worm gear ensures that the
torque is applied on the wheel and prevents the lever
from getting affected by this torque. Figure 3b shows
that the lever is coupled with a worm gear. We can
realize different values for t,, by making distances
a1 and a; to be adjustable as illustrated for the case in
Figure 2.

4 STATIC MODELING FOR A
FORCE COMPENSATOR FOR A
2-DoF MANIPULATOR

This section presents the use of the system proposed
in Section 3 to compensate a 3D external force act-
ing on the end effector of a 2-DoF manipulator shown
in Figure 4. It has two orthogonal rotational joints ro-
tate with joint coordinates g and g, with links’ length
Iy and l,. An arbitrary force F = [fy, fy, f2]” is ap-
plied on the tip of the second link. The goal is to
compensate torque of the manipulator’s joints using
the system presented in Figure 3. we can calculate
the manipulator’s tip pose and the manipulator Jaco-
bian taking and arbitrary configuration Q = [q1,¢2]"
as follows:

I sin (g2) cos(q1)
X = | Lsin(q;)sin(g2) (14)
I + b cos(q2)
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where X is a 3D position vector representing position
of the end effector.

Then we can derive the manipulator Jacobian by
calculating the partial derivative of the vector X with
respect to joint coordinates dX /dg;

—Iysin(g;)sin(g2) lcos(qr)cos(qa)
J=| bLsin(g2)cos(q1) lrsin(gi)cos(q2) | (15)
0 —lpsin(q7)

where J is the manipulator’s Jacobian.
The Jacobian matrix is used to map the external
force to joints’ torques by taking its transpose.

t=JTF (16)

where 7T is vector of joint torques [t1,7>]” and F is the
applied external force vector.
This makes torque of the joints as follows.

T) = — filasin(q1) sin (q2) + fylacos (q1)sin(q2) (17)

where 7 is the torque in the first joint.

T2 = frlacos(q1)cos (q2)
+ fylasin(q1)cos (q2) — f:lasin(q2)  (18)

where 7, is the torque in the second joint.

We can expand the torque formulas using the
trigonometric identities switching multiplication into
addition as follows:

1 1
T =S cos(q1 +q2) — 5/l cos(q1 —q2)

1 ) 1 .
+ Efylz sin(q1 +¢2) — Efylz sin(q1 —q2) (19)

and similarly for 1t

1 1
=5 cos(q1 +q2) + b2 cos(q1 —q2)

1 . 1 )
+5hk sin(q +g2) + Sk sin(g1 —q2)
— lez sin(qg) (20)

This expansion of torque expressions shows the
similarity between those expressions and the one de-
rived from the system in Section 3. This means that
it is possible to design a combination of the system in
Figure 3a to compensate for the external force acting
on the manipulator.

4.1 Compensator Design for the First
Joint
Using the system in Figure 3 , we can compensate for

the torque applied to the joint. The system in Fig-
ure 3c compensates for terms with angle difference
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q1 — q2- A second system where the level rotates in
the reverse direction can be used to compensate for
terms with angle sum g +¢». Considering the wheels
rotate with angle ¢; and one lever rotates with an-
gle g» and —¢q», respectively. This will allow real-
izing all the four terms in Eqn. (19). Each system has
a point B and 2 points A. This makes the compen-
sator for the first joint has two points B and B, and
4 points Aj,A7,A3 and A4. Due to mechanical con-
straints, points A,A>,A3 and A4 will be fixed to the
ground while points By and B, are can rotate with an-
gles g1 —g» and g1 + g7, respectively. When the sec-
ond joint rotates with angle g», the lever angles can
be adjusted by values g, and —¢», respectively. The
counter-torque will compensate for the torque of the
first joint as the worm gear will eliminate the reac-
tion on the second joint. By realizing this system, the
value of the counter-torque will be as follows:

Te,1 = kiarbycos(q1 — q2) +kz az bysin(q) —q2)
— k3 az bycos(q1 +q2) — k4 a4 bysin(g; +¢q2)  (21)

By comparing eqs. (19) and (21), we can find
equivalent terms where nonlinear terms can be elimi-
nated and we can realize sum of torques T + 7,1 = 0.
We can select spring constants as follows:

fx lcos(q1 —q2)
2
which makes k; as follows:

fx 12
k= 23
' Y ar by (23)
similarly for the k»,k3 and k4, we get the following

expressions:
_ Hh _ fib  hhk
k2 - k3 = ) = ——
2a; by 2a3 by 2a4 by
Here, we managed to select stiffness coefficients

of the springs that would compensate the torque on
the first joint at any configuration.

= kiaibicos(q1 — q2) (22)

(24)

4.2 Compensator for the Second Joint

Performing the same procedure as for the first joint,
we can choose the design parameters for the second
joint. Here, there will be an extra component added to
compensate for the 5 term — £,/ sin(q>) in Eqn. (20)
which is similar to the system in Figure 2b. This
makes the compensator for the second joint contain
5 springs, 5 points A;, and 3 points B;.

T2 = —ks as by cos(q1+q2) — ke ae by sin(q1 +¢2)
—k7 a7 bycos(q1 —q2) —kg as by Sin(ql —42)
+k9 ag b5 sin(qz) (25)
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Figure 5: Model of adaptive force compensator for the first
joint; mechanical coupling of A| with A3 and A, with A4.

We can choose spring constant using the same
procedure as for the first compensator.

&b  hhk &b
ks = ke = k=
2a5 b3 2616 b3 2a7 b4
(26)
ke — fy b ko — f
8 2 ag b4 ag b5

At this point, a compensation scheme for the
whole manipulator is realized based on the presented
equations. Although the number of parameters to be
adjusted to achieve adaptation is big, further reduc-
tion is possible due to mechanical constraints that can
be imposed.

4.3 Parameters Reduction

To realize this derivation into mechanical implemen-
tation of these parameters means we will need to add
9 adapting actuators to adjust points [A[,A,...,Ag].
However, we can see similarities that will allow fur-
ther reduction of the adaptation parameters. As we
can select distances a; as design parameters, we are
allowed to assume equality relationships between cor-
responding points. For example, eqs. (23) and (24)
show that if we select k| = k3, we can mechanically
couple points A; and A3. hence, distances a; is equal
to a3 and by turn distance b, is equal to b, .

il  fib
2611[)1 a 2 as b2

Applying the same concept to k» and k4, makes
distance ay = a4. Figure 5 shows a scheme of com-
pensator realization for the first joint.

As for the second joint, we can do the same for
eqn. (26). This allows mechanical coupling of points
as with a7 and ag with ag provided that distance b3 =
by.

Applying these constraints, counter torque terms
Tc,1 and T, > can be reduced as follows:

@7

Te,1 = ki ay by (cos(g1 —g2) —cos(q1 +g2))
+k3 a3 by (sin(q1 — g2) —sin(q1 +q2))  (28)



Te = ks as by (—cos(q1 —q2) —cos(q1 +¢2))
+kg ag b3 (—sin(q1 — q2) —sin(q1 +¢2))
+ko ag bssin(gq2) (29)

Each of counter torque EQs. (21) and (25) can
be realized as an independent system mounted on the
corresponding actuator’s shaft. The wheel mounting
points A; are rigidly coupled with the actuator’s shaft
while the lever mounting point b; is connected with
the other actuator to realize the value of g or —q. Fig-
ure 6 shows a scheme of how the model can be real-
ized.

4.4 Adaptation to Change in External
Force

The proposed derivation of counter-torque and design
realization shows a method to achieve static balancing
to some arbitrary external force. However, in reality,
it is more realistic to have a counterbalancing mecha-
nism that can adapt to a range of forces. We propose
to make distances a; variable so it allows the counter-
torque mechanisms to produce a range of torques that
can statically compensate for a value range of exter-
nal force. This became possible as this approach in-
troduces decoupling of torque components that can
be realized into simple mechanical components which
consist of simple mechanisms as shown in Figure 3a.
Depending on the scheme introduced in Figure 5, it is
possible to mount linear actuators to adjust distances
a;. In the case of the first joint, only two linear ac-
tuators are needed to adjust counter torque. As for
the second joint, three linear actuators are needed. we
can rewrite EQs. (19) and (20) to match EQs. (28) and
(29), respectively.

1
=5 (cos(q1 +g2) —cos(q1 — q2))

1
+ EfyZZ (sin(g1 +¢g2) —sin(q1 —q2)) (30)

1
T = Efxlz (cos(q1 +q2) +cos(q1 — q2))

1
+ EfyIZ (sin(q1 +¢q2) +sin(q1 — g2))
— fehsin(g2)  (31)

By examining corresponding terms in torque and
counter-torque equations, we can find that each adap-
tive parameter corresponds to the force’s components.
For example, taking correspondence of the first term
of both EQs. (30) and (28) we can find that distance a
affects the counter-torque part that corresponds only

External Force Adaptive Compensator for Serial Manipulators

to the force component f,. Hence, we can deduce the
value of distance a; only based on the value of f.

)
a = fiz % by (32)

Similarly, for other force components, we can find
that each component has a corresponding adjustable
parameter in each joint. For change in the value f;,
it is enough to adjust distances a; and as. Also, for
change in the value of f,, distances a3 and ag need to
be adjusted. While for changes in f;, only distance ag
needs to be adjusted.

The choice of spring constants k; can be done pro-
vided the design requirements. The range of payload
is a design requirement that is necessary to meet. To
achieve this, we need to decide on the range of pay-
load force [fnin, fmax] @and on the range of distance a
[@min, Gmax). Then we can choose the proper value of
the spring constant to achieve this ratio as follows.

f(x,y,z),max - f(x,y,z),min %

ki = (33)

Ajmax — Ajmin 13
where f(,,) is either x,y or z component of the ap-
plied force.

This implies that we can choose spring coeffi-
cients to match a desired range of payload. This
means that it is possible to change the range of force
compensation by only changing the spring coeffi-
cients for the same geometric model of the manipu-
lator.

S DISCUSSION

The proposed system presents a preliminary concept
to completely compensate joints’ torque due to an ex-
ternal force. As a manipulator is a multi-body mech-
anism, the external force applied on the end effec-
tor introduces non-linear torque on the manipulator’s
joints. This approach depends on the decomposi-
tion of non-linear terms and introduces equivalent me-
chanical components with linear springs to counter
this non-linear torque. By coupling these mechan-
ical components with the manipulator’s joints, they
can apply a sum of torques that is equivalent to the
applied torque to achieve static balancing.

It is useful to select design parameters according
to a range of payloads. As eqn. 33 shows that the
ratio f/a is constant and allows an easy choice of
the value of the corresponding spring constant. The
choice of the other parameters is mainly geometrical
and bound to the dimensions of the manipulator and
available space.

The use of self-locking worm gears is crucial to
realizing this concept. The worm gear ensures the
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Figure 6: A schematic representation of system assembly.

pure application of the counter-balancing torque on
the intended joint and blocks any reverse torque from
displacing other joints. It acts as a one-way gate to
both motion and torque. This allows mechanical po-
sition feedback from other joints to the compensator
of a certain joint while these joints will not be affected
by the counter-balancing torque produced by this cer-
tain compensator. Other mechanical components are
introduced to realize correct motion ratios.

6 RESULTS

Two main scenarios were tested in simulation. The
first case is when ¢g; was given a constant arbitrary
value /4 while g5 is spanning between [0,7]. In the
second case, it is the reverse of the first case. Link
length were assigned the values [y = I, = 500mm. The
value of distances [by,...,bs| are assigned a constant
value of 250 mm. Span distance of [a1,...,aq] is as-
signed to be [0 : 100] mm. An external force of value
F = [100,50,80]” (N) is applied on the tip of the sec-
ond link. . Values of spring constants k; are calculated
using eqs. (23),(24) and (26). Simulation results show
that we can achieve complete compensation of exter-
nal force in any configuration around the work space.
Figure 7 shows the simulation’s results.

The selection of spring constants can be adjusted
provided the range of external force acting on the end
effector. It is more practical to select the design pa-
rameters of a robotic system according to the intended
payload for this system. Selecting the range of pay-
load and range of length a; as design parameters can
help with choosing the proper value of the spring con-
stant. Figure 8 shows different ranges of force com-
ponents that the system can compensate for with dif-
ferent values of k; provided the range of distance a;.
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Figure 7: Torque of the 2-DoF manipulator with the pro-
posed force compensator.
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Figure 8: Range of force compensation for different values
of k with certain range of distance a.

7 CONCLUSION

This paper proposes a preliminary concept for an
adaptive external force compensator in which a com-



bination of springs is integrated. Springs’ fixation
points can be adjusted to produce a counter-torque
that can statically balance a range of applied exter-
nal forces. The design of this compensator shows that
torque due to payload can be decoupled and compen-
sated with a combination of linear springs. Variation
of payload can be compensated by adjusting the dis-
tance of one of the springs’ fixation points. The ratio
between the range of the payload and the distance that
can be spanned by the fixation point can determine
the value of the spring coefficient. The paper presents
the use of the compensator with a 2-DoF manipula-
tor. The simulation shows that a complete compen-
sation of constant payload can be achieved around the
whole workspace. The adaptation feature allows com-
plete compensation in case the payload has changed.
The design of this system is very complex yet, possi-
ble. This system can be very useful in repetitive tasks
with constant payload while having the advantage of
readjusting for different tasks with different payloads.
The advantage of this system is that it reduces energy
consumed to support payload as the robot’s actuators
need only to support dynamic torques.

In the future, it will be necessary to use this com-
pensator with manipulators with more than 2-DoF and
to test it on real hardware.
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