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Abstract 
We present a new mechanical oscillator architecture that can be made insensitive to linear and angular accelerations while keeping 
constant oscillation frequency. The oscillator has the kinematics of a Watt linkage, so we call it a Watt oscillator. 
In order to predict its behaviour when it is subjected to external forces, we propose an analytical model using simplifying hypotheses. 
The solutions given by the analytical model were tested using an FEM model in order to obtain a dynamically balanced mechanism  
with frequency insensitive to external forces. A satisfactory correspondence between theory and FEM was found. 
 
Conceptual design, Dynamic, Modelling, Silicon 

 

1. Introduction  

In previous work, we introduced 2-DOF oscillators as time 
bases for mechanical timekeepers [1,2,3,4]. These remove the 
complex and inefficient escapement used in all previous 
mechanical timekeepers and replace it with a simple crank 
mechanism. In order to obtain a suitable watch time base. The 
oscillator should be insensitive to the orientation of gravity, so 
we have pursued research on 2-DOF oscillators satisfying this 
condition. One method of constructing a 2-DOF oscillator is to 
combine in parallel two 1-DOF oscillators, see [5], and in this 
paper we study a particular 1-DOF oscillator to produce a gravity 
insensitive 2-DOF combination.  

The 1-DOF oscillator considered here is based on the four-bar 
linkage invented by James Watt and presented in his 1784 steam 
engine patent, see [6]. In this linkage, the point 𝑀 at the center 
of 𝐴𝐵 moves in an approximate straight line for small rotations 
around 𝑂1and 𝑂2, see Fig. 1.  

 

 
 

Fig. 1. Classical Watt four-bar linkage 

 
We consider here the Watt oscillator shown in Fig. 2, where 

identical inertial masses (1) and (2) rotate around 𝑂1and 𝑂2 and 
there are torsional springs at 𝑂1, 𝑂2 and at 𝐴, 𝐵. 

 
By acting on both the centers of mass and the inertia of the 

linkages, our oscillator is intended to be 

 Balanced: the mechanism is insensitive to linear and 
angular accelerations. 

 Frequency is insensitive to gravity: the force of gravity 
modifies stiffness and affects the  frequency of the 
oscillator.  We claim that our oscillator can be made 

insensitive to gravity orientation in the plane of the 
oscillator. 

 

 
 

Fig. 2. Watt oscillator 

 
We provide a pseudo-rigid model to quantify analytically the 

effects of accelerations on a Watt oscillator. We deduce a 
configuration minimizing the effect of external acceleration on 
the oscillator's behavior. We then give equations indicating how 
to tune frequency. The results are validated using an FEM model. 
Finally, coupling two Watt oscillators in parallel based on this 
structure yields a 2-DOF oscillator that is dynamically balanced 
with frequency insensitive to gravity. 

2. Modelling and balancing the Watt oscillator      

2.1. Parametrization 

 
Fig. 3 shows the Watt oscillator with its corresponding analysis 
graph, using SI units. Here AA’ (solid x,1) and BB’ (solid x,2) are 
the two inertial levers connected by A’B’ (solid x,3), which we 
call the  Wattbar X. These segments are connected to each other 
by revolute joints with rotation angles satisfying 
 

𝜃𝑥,1 = 𝜃𝑥,1
′  

𝜃𝑥,2 = 𝜃𝑥,2
′  

𝜃𝑥,1 = −𝜃𝑥,2 = −𝜃 
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Fig. 3. Watt oscillator kinematics with its analysis graph 

 
As in Fig. 3, torsion springs are placed at each joint and they 
produce torque proportional to their rotation 
 

𝑇𝑘𝑥,1
= 𝑘𝑥,1𝜃𝑥,1 

𝑇𝑘𝑥,1
′ = 𝑘𝑥,1

′ 𝜃𝑥,1
′  

𝑇𝑘𝑥,2
= 𝑘𝑥,2𝜃𝑥,2 

𝑇𝑘𝑥,2
′ = 𝑘𝑥,2

′ 𝜃𝑥,2
′  

 

 
Fig. 4. Parametrization of the center of mass of solid i 

 
For 𝑖 = 1,2 the solid 𝑥, 𝑖 has mass 𝑚𝑥,𝑖  and  inertia 𝐽𝑥,𝑖   at its 

center of mass 𝐸𝑥,𝑖 (see Fig. 4 for parametrization), where 

𝐴𝐸𝑥,𝑖
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝑒𝑥,𝑖([cos(𝜑𝑥,𝑖) − sin(𝜑𝑥,𝑖) 𝜃𝑥,𝑖]𝑥 

+ [sin(𝜑𝑥,𝑖) + cos(𝜑𝑥,𝑖) 𝜃𝑥,𝑖]𝑦 ) 

The solid 𝑥, 3 has a mass 𝑚𝑥,3 and center of mass 𝐸𝑥,3, where 

𝐴′𝐸𝑥,3
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = 𝑒𝑥,3(cos(𝜑𝑥,3) 𝑥 + sin(𝜑𝑥,2) + cos(𝜑𝑥,2) 𝑦 ) 

 
and 

𝐴𝐴′⃗⃗ ⃗⃗⃗⃗  ⃗ = −𝐻𝜃𝑥,1𝑥 + 𝐻𝑦  

𝐴′𝐵′⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = −𝐿𝑥  

𝐵𝐵′⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝐻𝜃𝑥,2𝑥 − 𝐻𝑦  

 
The gravity acceleration is 

𝑔 = 𝑔(cos(𝜑𝑔) 𝑥 + sin(𝜑𝑔)𝑦 ) 

The dashed lines represent the Watt oscillator in its deformed 
shape, for small rotations.  
 
2.2. Analytical model 

 
We assume that all solids are considered infinitely rigid. Gravity 
acts on all solids except the frame in the xy plane. The revolute 
joints are ideal frictionless joints. A small angle assumption is 
used. 

Using Newton’s laws, we find the static force that gravity 
applies to the Wattbar X. The equation has form 

𝐾(𝜑𝑔) ⋅ 𝑋 = 𝐹(𝜑𝑔)  

where 

𝐹(𝜑𝑔) = 𝐴 ⋅ cos(𝜑𝑔) + 𝐵 ⋅ sin (𝜑𝑔) 

 

(1) 

and 

𝐴 =
𝑔

𝐻
(𝑒𝑥,1𝑚𝑥,1 sin(𝜑𝑥,1) − 𝑒𝑥,2𝑚𝑥,2 sin(𝜑𝑥,2) + 𝐻𝑚𝑥,3)  

(2) 
𝐵 =

𝑔

𝐻
(𝑒𝑥,2𝑚𝑥,2 cos(𝜑𝑥,2) − 𝑒𝑥,1𝑚𝑥,1 cos(𝜑𝑥,1))  

 
and 

𝐾(𝜑𝑔) = 𝐾𝑒𝑞 + 𝐶 ⋅ cos(𝜑𝑔) + 𝐷 ⋅ sin(𝜑𝑔) (3) 

 
where 

𝐾𝑒𝑞 =
𝑘𝑥,1 + 𝑘𝑥,1

′ + 𝑘𝑥,2 + 𝑘𝑥,2
′

𝐻2  (4) 

 
and 

𝐶 =
𝑔

𝐻2𝐿
(𝑒𝑥,1𝑚𝑥,1 cos(𝜑𝑥,1) 𝐿 + 𝑒𝑥,2𝑚𝑥,2 cos(𝜑𝑥,2) 𝐿

− 2𝑒𝑥,3𝑚𝑥,3 sin(𝜑𝑥,3) 𝐻) 
(5) 

𝐷 =
𝑔

𝐻2𝐿
(𝑒𝑥,1𝑚𝑥,1 sin(𝜑𝑥,1) 𝐿 + 𝑒𝑥,2𝑚𝑥,2 sin(𝜑𝑥,2) 𝐿

+ 𝑚𝑥,3𝐿𝐻 + 2𝑒𝑥,3𝑚𝑥,3 cos(𝜑𝑥,3)𝐻) 
 
2.3. Balancing 

To statically balance the Watt oscillator, first, the term 𝐹(𝜑𝑔) 

in Equation 1 should be zero, implying that the 𝐴 and 𝐵 
coefficients of Equation 2 should equal zero. We then have the 
solution : 

 
ex,1

=

√(ex,2mx,2)
2
+ (mx,3H)

2
− 2ex,2mx,2mx,3 𝑐𝑜𝑠(φx,2)H

mx,1
 

(6) 

 

𝜑𝑥,1 = 𝑎𝑟𝑐𝑡𝑎𝑛2(𝑒𝑥,2𝑚𝑥,2 𝑠𝑖𝑛(𝜑𝑥,2)

− 𝑚𝑥,3𝐻, 𝑒𝑥,2𝑚𝑥,2 𝑐𝑜𝑠(𝜑𝑥,2)) 
(7) 

 
Then, to finish the static balancing procedure, the effect of 

gravity on the global stiffness of the Watt oscillator should be 
nullified meaning the coefficients 𝐶 and 𝐷 of Equation 4 should 
equal zero. This yields equations  

 

𝑒𝑥,2 = 𝑒𝑥,3

𝐻

𝐿

𝑚𝑥,3

𝑚𝑥,2
 (8) 

𝜑𝑥,2 = 𝜑𝑥,3 −
𝜋

2
 (9) 

 
To dynamically balance the Watt oscillator, its angular 

momentum should remain constant or be set to zero. This 
means that the entire mechanism will no longer export torques 
to the frame. It also means that the frame will no longer be able 
to excite the mechanism via angular accelerations. These imply 
an increase in the quality factor of the oscillator, as for a tuning 
fork.  



  

We calculate the angular momentum of the Watt oscillator at 
the point 𝐴 and project the result along the 𝑧 axis 

 

𝜎𝐴,Σ/𝑅 = [𝐽𝑥,2 − 𝐽𝑥,1 + 𝑚𝑥,2𝑒𝑥,2
2 − 𝑚𝑥,1𝑒𝑥,1

2 − 𝑚𝑥,3𝐻
2

+ 𝑚𝑥,2𝑒𝑥,2(2 sin(𝜑𝑥,2)𝐻 − cos(𝜑𝑥,2) 𝐿)

− 𝑚𝑥,3𝑒𝑥,3 sin(𝜑𝑥,3) 𝐻]�̇� 

 
In order to dynamically balance the Watt oscillator we have 

𝐽𝑥,1 = 𝐽𝑥,2 + 𝑚𝑥,2𝑒𝑥,2
2 − 𝑚𝑥,1𝑒𝑥,1

2 − 𝑚𝑥,3𝐻
2

+ 𝑚𝑥,2𝑒𝑥,2(2 sin(𝜑𝑥,2) 𝐻

− cos(𝜑𝑥,2) 𝐿)

− 𝑚𝑥,3𝑒𝑥,3 sin(𝜑𝑥,3)𝐻 

(10) 

 
The frequency 𝑓𝑊𝑎𝑡𝑡  of the Watt oscillator is given  

𝑓𝑊𝑎𝑡𝑡 =
1

2𝜋
√

𝐾𝑒𝑞

𝑀𝑒𝑞
 

 
The linear equivalent stiffness 𝐾𝑒𝑞  is given by equation (4) and 

the equivalent mass 𝑀𝑒𝑞 is found using an energy-based 

approach 
 

1

2
𝑀𝑒𝑞𝑉𝐴′,𝑅

2 =
1

2
𝐽𝑥,1,𝑒𝑞�̇�

2 +
1

2
𝐽𝑥,2,𝑒𝑞�̇�

2 +
1

2
𝑚𝑥,3𝑉𝐴′,𝑅

2  

 
where 

𝐽𝑥,1,𝑒𝑞 = 𝐽𝑥,1 + 𝑒𝑥,1
2 𝑚𝑥,1 

𝐽𝑥,2,𝑒𝑞 = 𝐽𝑥,2 + 𝑒𝑥,2
2 𝑚𝑥,2 

𝑉𝐴′,𝑅
2 = 𝐻2�̇�2 

 
so that 

𝑀𝑒𝑞 =
𝐽𝑥,1,𝑒𝑞 + 𝐽𝑥,2,𝑒𝑞

𝐻2
+ 𝑚𝑥,3 

3. FEM verification 

In order to validate our analytical results, we created an 
unbalanced Watt oscillator Comsol FEM software using the 
Multibody dynamics physics module. 

 
 

Fig. 5. Comsol model of an unbalanced rigid body Watt oscillator 
based on the kinematic shown in Fig. 3. The mechanism is represented 

in its nominal position (solid line) and deformed position (colored 
blocs). The circles represent movable counter weights used to balance 

the structure. Displacement in mm. 

 
The parameters of the FEM model are given in Table 1 

Table 1. Numerical values of the Watt oscillator 

Fixed 
parameters 

Numerical value 
Fixed 

parameters 
Numerical value 

H 10e-3 𝒎𝒙,𝟏 325e-6 

L 20e-3 𝒎𝒙,𝟐 325e-6 

𝒌𝒙,𝟏 0.2e-3 𝒎𝒙,𝟑 219e-6 

𝒌𝒙,𝟏
′  0.2e-3 𝒆𝒙,𝟑 8.66e-3 

𝒌𝒙,𝟐 0.2e-3 𝝋𝒙,𝟑 3.01 

𝒌𝒙,𝟐
′  0.2e-3 Thickness 1e-3 

 
3.1. Static balancing 

 
Fig. 6. Static balancing results 

 

We used Equations (6) and (7) to compute the position of the 
center of mass of solid 𝑥, 1 which cancels out the sag of the Watt 
oscillator. 
 

3.2. Frequency insensitivity 

 
Fig. 7. Frequency insensitization results 

 

We used Equations (6), (7), (8) and (9) to compute a new 
position of the center of mass of solids 𝑥, 1 and 𝑥, 2 which 
statically balance the Watt oscillator and render it insensitive to 
the direction of gravity.  
 
3.3. Dynamic balancing 
 
Table 2. Numerical values for the rotating stage 

Fixed parameters Numerical value 

RS inner diameter 13e-3 
RS outer diameter 15e-3 

RS density 1e-6 
RS thickness 1e-3 

 
In order to evaluate the effect of dynamic balancing, we placed 
the Watt oscillator on a rotating stage centered in the middle of 



  

the structure, see Fig. 8. When the oscillator is not dynamically 
balanced, the torque it generates while oscillating is transferred 
to the rotating stage (RS), which will then rotates on itself. 
Following the dynamic balancing procedure using equation (10), 
it is expected that the torque transmitted to the rotating stage 
is reduced so its displacement is also be reduced. The 
parameters used for rotating stage are given in Table 2. 
 

 
Fig. 8. Comsol model of the Watt oscillator mounted on a rotative 

stage (larger ring). While oscillating, if not dynamically balanced, the 
Watt oscillator will transmit torque to the rotative stage and make it 

rotate. The colors represent the total displacement in mm. 

 

 
Fig. 9. Dynamic balancing results 

 
The simulation results (see Fig. 9) indicate a factor of 5 

reduction in  exported torque produced by the Watt oscillator. 

4. Conclusion and perspectives     

We defined and analyzed a 1-DOF Watt oscillator and showed 
it could be balanced to be insensitive to linear and angular 
accelerations, including the direction of gravity.  
These results allow us to generate 2-DOF oscillators composed 
of two Watt oscillators kinematically connected in parallel, 
which we have named Wattwins, see Fig. 10.  

 
Fig. 10. The 2-DOF Wattwins oscillator 

 
We have designed and constructed this oscillator in silicon and Fig. 11 

shows this construction with 25mm outer diameter.  

 
Fig. 11. Constructed Wattwins oscillator 
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