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Dynamic characteristics and vibration reduction 
performance of a novel Bi‑TRMD
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Abstract：A novel bidirectional tuned rolling mass damper 
（Bi‑TRMD） device is proposed， and its dynamic character‑
istics and vibration reduction performance are investigated.  
The device achieves the performance goal of bidirectional vi‑
bration reduction for a tuned rolling mass damper with a 
single concave structure.  First， the Bi‑TRMD device is in‑
troduced， and its three‑dimensional （3D） mechanical model 
is established.  The motion equations of the model are de‑
rived using the Gibbs‑Appell equation， and a trajectory pre‑
diction method for the sphere and structure within the model 
is developed.  This method demonstrates that the rolling mo‑
tion of the sphere around orthogonal axes is nearly indepen‑
dent within a limited range， enabling the simplification of 
the 3D model into a two‑dimensional （2D） model.  The ac‑
curacy of this simplification is validated through case analy‑
sis.  The vibration reduction parameters are optimized using 
the 2D model and Den Hartog theory， leading to the deriva‑
tion of mathematical expressions for the optimal frequency 
ratio and damping ratio.  Subsequently， the bidirectional vi‑
bration reduction performance of the Bi‑TRMD is analyzed.  
The results show that under white noise excitation， the 
Bi‑TRMD achieves a bidirectional peak acceleration reduc‑
tion rate that is 9. 92% and 7. 79% higher than that of trans‑
lational tuned mass dampers （TMD） with the same mass.  
These findings demonstrate that the proposed Bi‑TRMD ef‑
fectively achieves two‑directional vibration reduction with a 
single concave structure， offering superior vibration reduc‑
tion performance.
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The tuned rolling mass damper （TRMD） reduces vi‑
brations by providing a reaction force to the con‑

trolled structure through the reciprocating rolling motion 
of a mass （sphere or cylinder） on a concave surface.  
This design offers the advantage of saving vertical space 
compared with traditional pendulum tuned mass dampers 
（TMDs）， making it a subject of extensive study.  Cur‑
rent research on TRMDs mainly focuses on addressing 
wind‑induced vibrations in high‑rise structures［1］， such 
as TV towers［2‑3］ and offshore wind turbines［4‑6］， and 
mitigating the seismic response of multi‑high‑rise build‑
ings［7‑8］.  Furthermore， some researchers have combined 
TRMDs with pounding TMDs to further enhance vibra‑
tion reduction performance［9‑10］.  Additionally， TRMDs 
are utilized in mechanical engineering and medical equip‑
ment to control device vibrations［11‑13］ and assist in treat‑
ing patients with hand tremors［14］.  These studies high‑
light the space‑saving advantages and superior vibration 
control capabilities of TRMDs.

Most studies on TRMDs are based on simplified 
two‑dimensional （2D） models， which are limited to 
one‑direction vibration reduction.  The potential of 
TRMDs to achieve bidirectional vibration reduction us‑
ing a rolling sphere on a single concave surface remains 
underexplored， particularly as interest in bidirectional vi‑
bration control continues to grow［15‑18］.  To address this 
gap， establishing a three‑dimensional （3D） model and 
deriving a general mathematical characterization is essen‑
tial.  Náprstek et al.  ［19‑20］ developed a 3D model incorpo‑
rating the six degrees of freedom of the sphere to investi‑
gate its nonlinear behavior on the concave surface.  How‑
ever， a more comprehensive 3D model is required to fur‑
ther analyze the bidirectional vibration reduction perfor‑
mance of TRMDs with a single concave surface.

In this study， we introduce bidirectional connection el‑
ements between the structure and the sphere to enhance 
the vibration reduction performance and adaptability of 
the TRMD.  Furthermore， by accounting for the bidirec‑
tional translational degrees of freedom of the structure 
and incorporating bidirectional connection elements be‑
tween the structure and the ground， our model more ac‑
curately represents the real‑world behavior of TRMDs.  
Based on these developments， we propose a novel bidi‑
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rectional TRMD （Bi‑TRMD） device and investigate its 
dynamic characteristics and vibration reduction perfor‑
mance.
1　Dynamic Characteristics of Bi‑TRMD

1. 1　Configuration of Bi‑TRMD

The configuration of the novel Bi‑TRMD is illustrated 
in Fig. 1.  A sphere rolls along a concave orbit covered 
with a steel ring.  As the sphere rolls， it exerts a horizon‑
tal force on the steel ring， causing it to translate.  At the 
same time， the vertical displacement of the sphere is dis‑
sipated.  The steel ring is connected to surrounding slid‑
ers through multi‑section telescopic sleeves， enabling the 
horizontal displacement of the sphere to be transmitted to 
the sliders.

According to the above configuration， elastic restoring 
and viscous damping forces are generated by compress‑
ing the spring and viscous damper， respectively， as the 

slider moves along the guide rail.  The Bi‑TRMD 
achieves its tuning function by adjusting the spring.
1. 2　Universal 3D model of Bi‑TRMD

A universal 3D model of the Bi‑TRMD is illustrated in 
Fig. 2.  In this model， the sphere is assumed to undergo 
pure rolling and is treated as a rigid body.  The point O 
represents the stationary point fixed to the ground， G is 
the center of the sphere， and C is the contact point be‑
tween the sphere and the sphere‑concave orbit.  Points A 
and H are fixed at the bottom and center of the 
sphere‑concave orbit， respectively.  α and β are a pair of 
orthogonal planes fixed to the sphere‑concave orbit.  M 
denotes the mass of the structure， and m is the mass of 
the sphere.  The radius of the sphere is r， while R is the 
radius of the sphere‑concave orbit.  Kx and Ky， as well as 
Cx and Cy， represent the restoring stiffness and damping 
coefficients， respectively， between the sphere‑concave 
orbit and the ground.  Similarly， k1x， k1y， and c1x， c1y are 
the restoring stiffness and damping coefficients， respec‑
tively， between the sphere and the sphere‑concave orbit.  
Fx and Fy are the external excitations acting on the x and 
y directions of point A.  uA is the displacement of the 
sphere‑concave orbit relative to the ground， uC is the dis‑
placement of point C relative to the sphere‑concave or‑
bit， and uG and u'G represent the displacements of point G 
relative to the ground and the sphere‑concave orbit， re‑
spectively.  The relative velocities of the sphere are illus‑
trated in Fig. 3.  The vectors u̇C and u̇'G are proportionally 

Fig. 1　Configuration of Bi⁃TRMD.  （a） 3D view； （b） Side view； 
（c） Top view

Fig. 2　3D model of the novel Bi‑TRMD

Fig. 3　Relative velocities of the sphere
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distributed across the profile， with the same directions.  
Therefore， we can obtain

u̇G = u̇A + ρu̇C （1）
where ρ = ( R - r ) /R.

According to geometric principles， the following equa‑
tions can be derived and formulated：

u̇Cx = ωy(uCz - R) - ωzuCy （2）
u̇Cy = -ωx(uCz - R) + ωzuCx （3）

u̇Cz = ωxuCy - ωyuCx （4）
where the symbols with subscripts x， y， and z represent 
the projections of the corresponding vectors， such as ω  
and uC， onto the x， y， and z axes.

The Gibbs‑Appel equation is introduced：
∑∂G

∂q̈
= ∑Qs （5）

where G is the energy of acceleration； q̈ is the second de‑
rivative of generalized coordinates with respect to time； 
Qs is generalized force corresponding to generalized coor‑
dinates.

|G | = 1
2 M ( ü2

Ax + ü2
Ay ) + 1

2 JG( ω̇2
Gx + ω̇2

Gy + ω̇2
Gz ) +

1
2 ( ü2

Gx + ü2
Gy + ü2

Gz ) （6）
where JG is the moment of inertia of the sphere about its 
center G， and JG = 2

5 mr2； ωG is the angular velocity of 
the sphere spin around G.

Using the Gibbs‑Appell equation， we obtain the dy‑
namic equations：

( J + mρ2 R2 ) ω̇x + mρ2(uCy Z3 - Z2 ζ ) - mρüAy ζ =
-ρmguCy + ρ2 ζ (k1yuCy + c1yu̇Cy ) （7）

( J + mρ2 R2 ) ω̇y + mρ2( Z1 ζ - uCx Z3 ) + mρüAx ζ =
ρmguCx - ρ2 ζ (k1xuCx + c1xu̇Cx ) （8）

( J + mρ2 R2 ) ω̇z + mρ2( Z2uCx - uCy Z1 ) +
mρ ( üAyuCx - üAxuCy ) = ρ2uCy(k1xuCx + c1xu̇Cx ) -
ρ2uCx(k1yuCy + c1yu̇Cy ) （9）

(m + M ) üAx + mρ ( Z1 + ω̇y ζ - ω̇zucy ) =
Fx - (KxuAx + Cxu̇Ax ) （10）

(m + M ) üAy + mρ ( Z2 + ω̇zuCx - ω̇x ζ ) =
Fy - (KyuAy + Cyu̇Ay ) （11）

where Z1 = ωyu̇Cz - ωzu̇Cy， Z2 = ωzu̇Cx - ωxu̇Cz， Z3 = ωxu̇Cy -
ωyu̇Cx， ζ = uCz - R， J = 2

5 m ( R - r ) 2.
The combination of Eqs.（2）‑（4） and Eqs.（7）‑（11） 

yields the general solution for the motion equations of the 
3D model of the novel Bi‑TRMD.  The fourth‑order 
Runge‑Kutta numerical method is then used to simulate 
the trajectory of the sphere and the structure.
1. 3　Mutual interaction around orthogonal axes dur‑

ing sphere rolling

The rolling of the sphere around orthogonal axes in‑
volves mutual interactions， as shown by the mathemati‑
cal characterization of the 3D model.  Four cases of the 
Bi‑TRMD were selected to investigate these interactions， 
with parameters detailed in Table 1.  The amplitude of 
the harmonic load in the x‑direction was fixed at 25 kN， 
while the amplitude in the y‑direction was gradually in‑
creased from 25 to 225 kN.  Simulations were conducted 
over a 600‑s duration for each case.  Fig. 4 illustrates the 
projected trajectories of the sphere center on the x‑y plane 
under harmonic loads of varying amplitudes in the 
y‑direction （25， 125， and 225 kN）.

As illustrated in Fig. 4， the x‑direction displacement of 
the sphere remains nearly constant when the amplitude of 
the harmonic load in the y‑direction is 25 and 125 kN.  
This suggests that the rolling motions about the orthogo‑
nal axes are nearly decoupled under these conditions， as 
evidenced by the nearly rectangular projection diagrams.  
However， when the y‑direction load amplitude increases 
to 225 kN， the x‑direction displacement shows a signifi‑
cant increase， indicating that the rolling of the sphere 
around orthogonal axes significantly influences each 

other.  This suggests a strong coupling between the or‑
thogonal rolling motions， as reflected in the volute‑like 
projection diagrams.

To draw a more general conclusion， the ratio of the 
y‑direction sphere center steady‑state maximum displace‑
ment to （R−r） is used as a reference to quantify the rate 
of change in the x‑direction steady‑state maximum dis‑
placement of the sphere center G and the structure as the 
y‑direction load increases， as illustrated in Fig. 5.

The analysis shows that when the unidirectional rela‑

Table 1　Parameters of the cases in the 3D model of Bi⁃TRMD
Case

A
B
C
D

r/m
1.5
1.5
1.5
1.5

R/m
2.5
5.0
7.5
10

ρ/(kg·m−3)
7 850
7 850
7 850
7 850

M/106 kg
1
1
1
1

Kx/(MN·m−1)
8.60
2.45
1.44
1.00

Ky/(MN·m−1)
10.30

2.96
1.73
1.20

Cx/(kN·s·m−1)
11.7
62.8
40.8
40.0

Cy/(kN·s·m−1)
128.0

68.8
52.5
42.8

ωFx/s−1

2.9
1.6
1.2
1.0

ωFy/s−1

3.2
1.7
1.3
1.1
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tive displacement at the sphere center G is within 0. 2（R 
− r）， the rolling of the sphere around the orthogonal axes 
can be considered nearly decoupled （with a change rate 
of less than 5%）， and the displacement change rate of 
the structure remains within 2%， meeting engineering re‑
quirements.  Beyond this range， the coupling between 
the orthogonal rolling motions becomes more pro‑
nounced.
2　Optimization of Vibration Reduction Param‑

eters for Bi‑TRMD
According to engineering experience， the long struc‑

tural period of high‑rise buildings suggests that the mo‑
tion range of large TMDs is within ±1 m and typically 
does not exceed the designed 0. 2（R-r）.  Building on the 
findings in Section 1， subsequent research can utilize a 
simplified model， assuming the rolling motions about or‑
thogonal axes are nearly decoupled.

2. 1　Simplification and validation of the mechanical 
model

2. 1. 1　Establishment of a simplified 2D model
A 2D simplified model of the Bi‑TRMD on the x‑z 

plane is illustrated in Fig. 6， where θ represents the angle 
of rotation of the sphere about its center.

By applying the Gibbs‑Appel equation， the following 
equations are derived.

Fig. 5　Rate of change in the x⁃direction steady⁃state maximum displacement.  （a） Sphere； （b） Structure

Fig. 4　Projection diagrams of the sphere center displacement on the x⁃y plane under harmonic loads with varying amplitudes in the 
y⁃direction.  （a） Case A； （b） Case B； （c） Case C； （d） Case D

Fig. 6　Simplified 2D model of Bi‑TRMD on the x‑z plane
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( M + m ) ü'Gx + Cxu̇'Gx + Kxu'Gx + m ( R - r ) ( φ̈ cos φ -
φ̇2 sin φ) = Fx （12）

7
5 m ( R - r ) φ̈ + mü'Gx + mg sin φ + k1x( R - r ) sin φ +

c1x( R - r ) φ̇ cos φ = 0 （13）
When the center displacement is less than 0. 2 ( R - r )， 

sin φ ≈ φ， cos φ ≈ 1， and φ̇2 are considered higher‑order 
infinitesimals.  Consequently， Eqs.（12） and （13） can 
be reorganized as
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úM + m m ( )R - r

m 7
5 m ( )R - r { }ü'Gx

φ̈ + é

ë
êêêê

ù

û
úúúú

Cx 0
0 c1x( )R - r { }ü'Gx

φ̇ +
é

ë
êêêê

ù

û
úúúú

Kx 0
0 mg + k1x( )R - r { }ü'Gx

φ = ì
í
î

ü
ý
þ

Fx( )t
0 （14）

From Eq.（14）， the angular frequency of Bi‑TRMD 

ωdx can be deduced：
ωdx = 5( )mg + k1x( )R - r

7m ( )R - r
（15）

2. 1. 2　Validation of the simplified 2D model
To validate the 2D simplified model under the appli‑

cable conditions， Case D from Table 1.  was selected as 
an example， with the loading parameters defined as 
shown in Table 2.  The trajectory curve of the sphere 
based on the 3D model is illustrated in Fig. 7， while the 
displacement time‑history curves for the structure and the 
sphere， for both models， are illustrated in Fig. 8.

As illustrated in Fig. 8， the trajectory curves of both 
the structure and the sphere from the 3D and 2D models 
are highly similar， thereby validating the accuracy of the 
simplified 2D model.
2. 2　Optimization of vibration reduction parameters 

based on the simplified 2D model
The vibration reduction parameters of a TMD typi‑

cally include the frequency ratio， damping ratio， and 
mass ratio.  To determine the optimal frequency and 
damping ratios for the Bi‑TRMD， these parameters 
must be derived using the validated simplified 2D 
model and the Den Hartog principle， as the motion ex‑
pression of the Bi‑TRMD differs from that of conven‑
tional TMDs.

Table 2　Load information

Load form
Harmonic 

load

Load time 
history/s

600

Load 
direction
Bidirec‑

tional load

Load characteristics
ωFx = 1.0 s−1, ωFy = 1.1 s−1, the 

amplitude of loads is 75 kN

Fig. 7　Trajectory curve of the spherical center G.（a） Space trajectory； （b） Projection on the x⁃y plane； （c） Projection on the y⁃z 
and x⁃z planes

Fig. 8　Displacement time⁃history curves of the structure and the sphere.（a） x⁃direction of the structure； （b） y⁃direction of the 
structure； （c） x⁃direction of the sphere； （d） y⁃direction of the sphere
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2. 2. 1　Optimal frequency ratio
We assume that （1） the structural damping Cx is 0 and 

（2） the external excitation is a harmonic load.
Fx( t ) = P sin (ωt ) （16）

where P is a constant representing the amplitude of har‑
monic load.

The system’s transfer function is obtained by applying 
the Laplace transform to Eq.  （14）：

H ( jω) = é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úH ( )jω 11 H ( )jω 12
H ( )jω 21 H ( )jω 22

（17）

Among these， the most significant influence on the 

structure is H（jω）11：
H ( jω )11 =

7
5 m ( )ω2dx - ω2 + c1xωj

[ ]Kx - ( )m + M ω2 é
ë
êêêê ù

û
úúúú7

5 m ( )ω2dx - ω2 + c1xωj - m2ω4

（18）
Define the following parameters：
μ = m

M，ω2M = Kx

M ，f = ωdx

ωM
，g = ω

ωM
，x0 = P

Kx
，ξ = c1x2mωdx

（19）
The dynamic magnification factor AM（g） of the struc‑

ture is given by

AM( g) =
|
|

|
| H ( )jω 11 P

x0
=

ì
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î

ï
ïï
ï

ï
ïï
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ï
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（20）

The curve family still follows the fixed‑point theory.  
As illustrated in Fig. 9， when μ is 0. 05 and f is 0. 96， 
the amplification coefficient curves intersect at two com‑
mon points， irrespective of the value of ξ.  According to 
the fixed‑point theory， f opt can be determined when the 
two common points of the curve are equal：

f opt = 1 + 2
7 μ1 + μ （21）

2. 2. 2　Optimal damping ratio
Through the adjustment of ξ to maximize the curve at 

the common point， ξopt can be determined.  However， 
the derived analytical expression is too complex.  There‑
fore， the analytical expression for ξopt is derived from the 
data for the mass ratio μ ∈ （0， 0. 5］， and a simplified ex‑
pression is fitted.  The fitted expression for ξopt is ex‑
pressed as

ξopt = 1. 626μ
3. 129μ + 3. 097 （22）

As illustrated in Fig. 10， the analytical and fitted ex‑
pressions for ξopt are compared when μ ∈（0， 0. 5］.  In 
this range， the root‑mean‑square error is 3. 11 × 10−7， in‑
dicating a good fit.

3　Bidirectional Vibration Reduction Perfor‑
mance of Bi‑TRMD

3. 1　Scheme design

To investigate the bidirectional vibration reduction per‑
formance of Bi‑TRMD， two schemes were compared.  
Scheme Ⅰ utilizes two orthogonal translational TMDs， 
while Scheme Ⅱ uses the Bi‑TRMD with the same total 
mass as the two translational TMDs.
3. 2　Structure and load information

The structure information is presented in Table 3， and 
the load information is detailed in Table 4.

Fig. 10　Comparison of analytical and fitted curves for the opti‑
mal damping ratio

Fig. 9　Amplification coefficient curves for different damping 
ratios

Table 3　Structure information
M/106 kg

5
Kx/(MN·m−1)

5.00
Ky/(MN·m−1)

6.00
Cx/(MN·s·m−1)

0.10
Cy/(MN·s·m−1)

0.109 54
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3. 3　Parameter selection

According to Den Hartog’s classic formulas ［21］， the 
parameters for the two orthogonal translational TMDs 

were selected as shown in Table 5.  Using Eqs.（15）， 
（21）， and （22）， the parameters for the Bi‑TRMD were 
selected as shown in Table 6.  The vibration reduction in‑dexes are referenced from Ref.［22］.

3. 4　Bidirectional vibration reduction performance 
under two schemes

The Pearson correlation coefficients （PCCs） between 
the dynamic responses calculated by the 2D and 3D 
models of the Bi‑TRMD are presented in Table 7.  The 
PCC values are close to 1， indicating a strong correla‑
tion between the calculation results of the two models， 
further validating the accuracy of the 2D simplification.  

The dynamic response results calculated by the 2D 
model are shown in  Tables 8 and 9 as well as Figs. 11 
and 12.

Table 4　Load information
Load form

Zero mean Gaussian white noise load
Load time history/s

600
Load direction
Bidirectional

Load characteristics
Low‑frequency load with a cut‑off frequency of 2 Hz

Table 5　Parameters of the two orthogonal translational TMDs
mx/104 kg

5.55
k1x/(kN·m−1)

54.30
c1x/(N·s·m−1)

6 970
my/104 kg

5.55
k1y/(kN·m−1)

65.15
c1y/(kN·s·m−1)

7.63
Table 6　Parameters of Bi⁃TRMD

r/m
1.5

R/m
9.5

ρ/(kg·m−3)
7 850

m/105 kg
1.11

k1x/(kN·m−1)
13.50

k1y/(kN·m−1)
43.50

c1x/(kN·s·m−1)
23.25

c1y/(kN·s·m−1)
25.47

Table 7　PCCs between the dynamic responses calculated by 
the 2D and 3D model of Bi⁃TRMD

Direction
x

y

uA

0.999
0.999

aA

0.999
0.998

Table 8　Structural dynamic responses of Scheme Ⅰ and Scheme Ⅱ
Structural dynamic response

Peak displacement/m

Peak acceleration/(m·s−2)

Direction
x

y

x

y

Uncontrolled
0.156 6
0.121 3
0.180 1
0.198 4

Scheme Ⅰ (TMD)
0.100 3
0.085 5
0.128 2
0.141 3

Scheme Ⅱ (Bi‑TRMD)
0.080 2
0.074 1
0.110 4
0.125 8

Table 9　Vibration reduction rates of Scheme Ⅰ and Scheme Ⅱ
Vibration reduction rate

Peak displacement 
reduction rate/%

Peak acceleration 
reduction rate/%

Direction
x

y

x

y

Scheme Ⅰ (TMD)
35.93
29.46
28.82
28.78

Scheme Ⅱ (Bi‑TRMD)
48.76
38.91
38.70
36.57

Increased vibration reduction rate
12.83

9.45
9.92
7.79

Fig. 11　Displacement time⁃history curves of the structure under different structural states.  （a） Controlled and uncontrolled in the 
x⁃direction； （b） Scheme Ⅰ and Scheme Ⅱ in the x⁃direction； （c） Controlled and uncontrolled in the y⁃direction； （d） Scheme Ⅰ and 
Scheme Ⅱ in the y⁃direction
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Scheme Ⅱ demonstrates a more significant bidirec‑
tional vibration reduction performance compared with 
Scheme Ⅰ ， as illustrated in Figs. 11 and 12.  The de‑
tailed structural dynamic responses and vibration reduc‑
tion rates of Scheme Ⅰ and Scheme Ⅱ are provided in 
Tables 8 and 9.  The peak displacement reduction rates of 
the Bi‑TRMD increased by 12. 83% and 9. 45% in the x 
and y directions， respectively， compared with the transla‑
tional TMD with the same mass.  Furthermore， the peak 
acceleration reduction rates increased by 9. 92% and 
7. 79% in the x and y directions， respectively.  These re‑
sults indicate that the proposed Bi‑TRMD effectively 
achieves bidirectional vibration reduction with a single 
concave structure， exhibiting superior vibration reduc‑
tion performance.
4　Conclusions

（1） The sphere’s rolling around the orthogonal axes is 
nearly decoupled when the unidirectional horizontal dis‑
placement at the sphere’s center is within 0. 2（R-r）， as 
the mutual influence of its displacement along the x and y 
axes remains below 5%.
（2） The mathematical expressions for the optimized vi‑

bration reduction parameters （f opt and ξopt） have been de‑
rived.  These parameters f opt and ξopt enable the design of 
key parameters such as R， r， k1x， k1y， c1x， and c1y in the 
mechanical model of the proposed Bi‑TRMD.
（3） The peak displacement reduction rates of the 

Bi‑TRMD are increased by 12. 83% and 9. 45% in the x 
and y directions， respectively， compared with those of 
translational TMDs with the same mass under white 
noise excitation.  Furthermore， the peak acceleration re‑
duction rates increase by 9. 92% and 7. 79% in the x and 
y directions， respectively.  These results demonstrate that 
the proposed Bi‑TRMD effectively achieves bidirectional 
vibration reduction with a single concave design， offer‑
ing superior vibration reduction performance.

（4） This study provides a comprehensive investigation 
into the vibration reduction control mechanisms， method‑
ologies， and performance of the proposed Bi‑TRMD， of‑
fering valuable insights for engineering design with clear 
physical implications.
（5） It has been demonstrated that nonlinear vibration 

reduction devices can yield superior vibration reduction 
effects ［23‑24］.  Therefore， further exploration of the non‑
linear vibration reduction performance of the Bi‑TRMD 
is necessary.  In addition， the friction within the 
Bi‑TRMD should be further examined to enhance the au‑
thenticity of the mechanical model.
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新型Bi‑TRMD的动力特性与减振性能
宋昱达 1，2， 李祚华 1，2， 甯家飞 1，2， 宋廷苏 3， 滕军 1，2

（1.哈尔滨工业大学（深圳）智能土木与海洋工程学院，深圳518055； 2.广东省土木工程智能韧性结构重点实验室，

深圳518055；3.深圳防灾减灾技术研究院，深圳518003）
摘要： 提出了一种新型双向滚动式调谐质量阻尼器（Bi‑TRMD）装置，研究了该装置的动力特性与减振性

能，实现了滚动式调谐质量阻尼器（TRMD）单凹面双向减振的性能目标。首先，介绍了 Bi‑TRMD 装置并建

立其三维力学模型，基于 Gibbs‑Appell方程推导了该模型的运动方程，确立了模型中球体与结构的轨迹预测

方法。基于该预测方法揭示了在限定范围内球体绕正交轴近似独立滚动的特性。进而将三维模型简化为

二维模型，并以算例分析验证了简化的正确性。基于二维模型和 Den Hartog 理论优化了减振参数，得到了

最优频率比和阻尼比的数学表达式。最后，分析了 Bi‑TRMD 的双向减振性能。结果显示，在白噪声激励

下，与同质量的平动调谐质量阻尼器（TMD）相比，Bi‑TRMD 的双向加速度峰值减振率分别提升了 9. 92% 和

7. 79%，表明所提出Bi‑TRMD可实现单凹面双向减振并具备优越的减振性能。

关键词：Bi‑TRMD；TMD；动力特性；轨迹预测；减振参数优化；减振性能
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